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Abstract approved 

Field and laboratory tests were carried out to investigate the 

survival of the root-nodule bacterium, Rhizobium trifolii, when 

inoculated onto seeds of the pasture legume subterranean clover, 

(Trifolium subterraneum L. ), in order to improve the nodulation 

and establishmer~t of this plant in acid soils. 

Field experime:r..ts were carried out in four soils in we stern 

Oregon, ranging from pH 5. 4 to 4. 9, and showed that approaching 

l OOo/o nodulation could be obtained either by broadcasting two tons of 

lime per acre over the seedbed prior to sowing with banded super-

phosphate, or by aowing the inoculated seeds directly in contact 

with a previously prepared 1:1 mixture of lime and single super-

phosphate, applied at the rate of 600 or 800 lbs. of mixture per 

acre. These treatments subsequently produced the highest dry 

matter yields. U:r..inoculated treatments, and inoculated treatments 



sown either without fertilizer, or with superphosphate alone, did not 

have effective nodulation and did not establish satisfactory stands. 

Laboratory studies were conducted to investigate the survival 

of rhizobia in pelleted seeds. Tests using serial dilution plate 

counting methods showed that there exi:::ted a wide variation in sur

vival rates in different adhesives and coating materials used for 

pelleting. Attempts to pellet seeds with adhesives and coatmg mate

rials using a yeast-mannitol broth suspension inoculum were all un

successful. Warberg manometric respiration studies showed that 

rhizobial survival was prolonged by using an inoculum suspended 1n 

a sterile peat base. This was confirmed in a plate count test. 

A test in which peat culture inoculum was used measured 

rhizobial survival in seeds pelleted with 40o/o gum arabic solution and 

a range of coating mate rials. It was found that Lake Oswego lime 

was far superior to the other limes and coating materials examined, 

giving a survival of more than 1, 000 bacteria per seed 8 days after 

inoculation. 

Although a satisfactory method of pelleting was obtained, it 

was felt that more laboratory research into pelleting materials, 

followed by extensive field trials, would be required before the 

exact usefulness of pelleted seeds could be estimated. 
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THE SURVIVAL OF RHIZOBIA ON SEEDS 

OF TRIFOLIUM SUBTERRANEUM L. 

INTRODUCTION 

Western Oregon has over two million acres of non-arable 

grazing land, presently of low productivity. Much of the area, which 

is composed mostly of acid soils low in plant nutrients, particularly 

phosphorus, sulphur and nitrogen, could be made more productive by 

the use of dressings of superphosphate, together with the introduction 

of a nitrogen fixing legume. The seasonal variation in climate is 

very marked in western Oregon, however, having a cool winter, dur

ing which plant growth is very slow, and a long dry summer, during 

which the growth of most forage species ceases unless irrigation is 

provided. Hence annual legume species have been found to be the 

most useful in many of the non-irrigable parts of western Oregon, 

particularly on the hill soils of the Coast Range and the western faces 

of the Cascades. 

The most widely used annual legume has been subterranean 

clover (Trifolium subterraneum L. ), which was introduced from 

Australia in 1922. While it has been observed that this legume can 

grow satisfactorily in acid soils and gives excellent production of 

forage, frequent failures have been recorded in trying to establish 
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new plantings, particularly 1n areas where the species has not 

previously been grown. 

It is hypothesized that this 1s frequently due to a failure of the 

plant to become nodulated with an effective strain of the nitrogen 

fixing root-nodule bacterium Rhizobium trifolii soon after emer

gence. In areas of low nitrogen fertility, the plant becomes nitro

gen deficient, often at the second·- or third-leaf stage, and 1s unable 

to survive the cold winter temperatures. It appears that if nod

ulated plants can be once established in these soils, they can be 

satisfactorily maintained. 

Therefore, in this series of experiments, a number of different 

techniques were examined to determine whether nodulation of sub

terranean clover could be improved at the time of establishment. 

In many areas, it is known that the use of large applications 

of lime, often ranging from 1-4 tons per acre, to raise soil pH, 

will improve legume establishment and nodulation, but this is fre

quently physically difficult as well as uneconomical. Reduced lime 

applications in the form of drilled fertilizer mixtures were, there

fore, examined to determine whether nodulation effectiveness could 

be improved. 

Since the amount of cultivation which can be carried out on acid 

hill soils is frequently limited, a laboratory investigation was con

currently conducted to obtain materials and methods designed to 
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prolong the survival of rhizobia by pelleting the seeds. The purpose 

of the pelleting investigations was to facilitate the establishment of 

subterranean clover in areas where it is necessary to broadcast the 

seeds over the surface of the ground into a relatively rough seedbed, 

or to seed aerially with no seedbed preparation. 
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REVIEW OF LITERATURE 

The ability of man to increase agricultural productivity through 

the use of legumes and lime was recognized by the Romans (40, p. 

6-8). However, little ad·Jance was m.:;.de in the understanding of the 

scientific basis of agriculture in the first 18 centuries A. D. Russell 

( 3 7, p. 17) quoted J. Lackmann as having in 18 58 examinecl the nod

ules of leguminous plants, and associated them with living organisms. 

The great French worker, Boussingault, had found m 1838 that 

peas and clover could apparently take nitrogen from the air, while 

wheat could not, but discounted his results as there was no way of 

knowing in what form the nitrogeD had been taken up (20, p. 8). 
\ 

Atwater also stn:ggled with this problem in the U. S. A. (3, p. 374). 

He found that poorly fertilized pea plants obtained more than one 

third of their nitrogen from the air, and healthily growing plants 

obtained greater than one half of their nitrogen from the air. Subse

quently (4, p. 417) he suggested that the liberation of nitrogen ap

peared to be due in some cases, if not all, to "ferments", but added 

(p. 419) that the plants themselves must also be factors in the acqui

sition of atmospheric nitrogen. 

It remained for Hellriegel and Wilfarth, who were quoted in 

translation by Fred, Baldwin and McCoy (20, p. 11), to completely 

solve the mystery of this additional source of nitrogen. In their 
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extensive report published in 1888, they stated that the Gramineae 

are solely dependent on the assimilable nitrogenous compounds pres

ent in the soil, whereas the Leguminosae have a second additional 

source of nitrogen, the free elemental nitrogen of the air, if avail

able soil nitrogen is inadequate for plant growtho Hellriegel and 

WiL 1 :·:h realized that the Leguminosae did not by themselves pos

sess the ability to assimilate the free nitrogen of the air, and con

cluded that the active participation of living microorganisms in the 

soil was absolutely necessaryo The root nodules were recognized 

as standing in a causal relation to the assimilation of free nitrogeno 

Atwater and Woods (5, po 541-547) showed that losses of nitro

gen occurred in corn and oats, and no nodules were present, while 

1n peas and alfalfa, the gains in nitrogen from the atmosphere were 

1n direct proportion to the number of nodules pre sent on the legume 

root so 

Allen and Baldwin (1, p. 415) indicated that nodulation was 

wide spread on those legumes which had been examined for nodule So 

Although only 1, 200 species had been examined, representing 10-lZo/o 

of the total Leguminosae, 88o/o of those examined were shown to bear 

nodule So 

Estimates of how much nitrogen may be added to the soil by a 

leguminous crop are necessarily imprecise, but Butler and Bathurst 

(13, p. 168) suggested that 86 lbso per acre per year was possibleo 
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Hence the need for obtaining adequate nodulation in newly sown 

legume crops was soon realized, though it has been pointed out that 

early experiments were often confused by the presence of rhizobia 

already in the soil (45, p. 30). At first, research centered prima

rily on the crop legumes, but in recent years, the value of legumes 

in pastures has been recognized, and nodulation difficulties have been 

identified in the establishment of new pastures in Australia by Cass

SmithandPitman(l5, p. 61-73)andPaton(34, p. 32), andinthe 

United States by Williams, Lenz and Murphy (49, p. 95). In Europe, 

where legumes have been grown for many years, and a large natural 

rhizobia flora built up, there have been fewer problems. In obtaining 

the satisfactory establishment of a legume pasture, two principal 

factors can be defined. The first is obtaining satisfactory germina

tion and emergence of the seedling. This is a relatively well under

stood process involving suitable soil moisture, pH, aeration, tem

perature, seed depth, viability and genetic adaption. The second, 

which will be further considered, is obtaining effective nodulation of 

the emergent seedling. The importance of this is not always realized, 

but without effective nodulation, the primary advantage of having a 

legume in a pasture mixture is lost, as the pasture legume will be 

consuming soil nitrogen in the same manner as a pure grass stand. 
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Theoretical Considerations 

The biological factors involved in obtaining effective nodulation 

are exceedingly complex, and it is necessary to have as clear an 

understanding of them as possible. Breed, Murray and Smith 

(10, p. 285-288) have defined six species of the genus Rhizobium, 

each species being specifically able to nodulate a limited r~L,1ge of 

legumes. However, within the individual bacterial species, there 1s 

also a wide range of genetic potential, with numerous different 

strains. The significance of this has been shown in Tasmania by 

Paton (34, p. 34) where it was found that local strains of the indi

vidual species were able to fix nitrogen more efficiently than com

mercial strains imported from mainland Australia. Gibson (2l, 

p. 397) found that when 15 varieties of alfalfa were inoculated with 

six different strains of Rhizobium _!Ij_folii, there was a marked dif

ference between the strains of bacteria in their ability to r..odulate 

the alfalfa. In addition, there were significant differences between 

the different host plants in their ability to form nodules, suggesting 

that not only should selections be made for effective strains of root 

nodule bacteria, but also that plant breeders should be encouraged 

to select plants which will be readily susceptible to rhizobial inva

sian for nodule formation. This strain variation among rhizobia 
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also shows the importance of using strains of bacteria which have 

been proved effective, rather than relying on the sparsely scattered 

and possibly ineffective bacteria which may be naturally present in 

the soil. Vincent (44, p. 248) stressed the importance of maintain

lng adequate standards 1n the quality of cornmercial legume inocu

lants, to provide large numbers of organisms of strains suitable for 

the individual plant species being sown. Erdman (19, p. 1o) re

affirmed that when preparing commercial cultures, care should be 

taken to preserve the original stock cultures, the cultures should 

have a wide spectrum of effectiveness, and the strains used must be 

adequately tested in the field as well as in the laboratory and green

house. 

Erdman (18, p. 18) and Vincent (45, p. 31) have indicated that 

1n recent years, there has been a steady improvement in the quality 

of inoculants manufactured commercially. Both in the U. S. A. and 

in Australia, statutory bodies have virtually ceased production of 

inoculants. 

Acidity and alkalinity place restrictions on the growth of 

rhizobia. Fred, Baldwin and McCoy (20, p. 110) indicated that the 

upper limit of growth for most species of Rhizobium in cultures is 

pH 9. 6. The lower limit varies widely, from pH 4. 9 in rhizobia 

cultured from alfalfa, to pH 3. 2 with rhizobia from lupines. They 

further stated (p. 197) that the pH value at which nodulation 1s 
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inhibited by acidity is not as low as that a~ which the free bacteria 

are adversely affected. This was considered to be either due to 

a direct effect on the bacteria before or after they enter the host 

plant, or an indirect effect due to changed metabolism within the 

plant. They indicated that the root noch; LE:. bacteria are more sensi

tive to acidity than is the host plant. Re.::ictions at or near neutral

ity were considered the most favorable for normal plant gruwth and 

nodule formation. 

Like other biological phenomena, the growth of rhizobia is 

temperature sensitive. The conditions ur.der which commercial cul

tures are stored will, therefore, be very important m maintaining 

the quality of the culture up to the time of inoculation. Vincent (45, 

p. 32) found that the death rate of rhizobia in commercial cultures 

doubled for each l2°C. rise in temperature, suggesting that rhizobia 

should be stored under refrigeration. 

Bowen and Kennedy (8, p. 171) examined the maximum tem

peratures at which growth would take place on agar media, and found 

max1ma of 33. 2°C. for rhizobia from clovers, and 41. 0°C. for 

those from medics. They mentioned that at the height of mid- sum

mer, some agricultural soils may exceed 40°C. for up to six hours 

per day at planting depth. They concluded (p. 189) that their results 

supported the the sis that high soil temperatures attained in summer 



l 0 

1n sub-tropical and tropical environments can be a factor han1pering 

the establishment of sown legume pastures. 

Gibson (22, p. 2S) examined the effects of a range of soil tem

peratures from S°C. to 30°C. on plants of four strains of subterra

nean clover which were already effectn ely nodulated. Symbiotic 

nitrogen fixation wa.s found to be reduced at temperatures below 

22°C. and at S°C. was found to be 10-1 7o/o of that achieved <H 18°C. 

At 30°C. marked reductions in nitrogen fixation were also found. 

Calhoun (14, p. S) has summarized temperature data for 

Corvallis, and recorded monthly means below 6°C. in December, 

January and February. Hence cold winter temperatures will mark

edly slow fixation. Adequate soil temperature data are not readily 

available for the Willamette Valley, but records for Hy">lc1p Agron

omy Farm, Granger, Oregon, showed that the average weekly max

imum soil temperature measured at two inches depth was 30°C. or 

more for five weeks in 1963, eight weeks in 1962 and nine weeks 

1n 1961, and extended as late as the middle of September. Survival 

of inoculated bacteria, and nitrogen fixation in established stands 

would be substantially reduced by temperatures of this magnitude. 

There will be, therefore, a relatively short time in autumn when 

nitrogen fixation can take place on newly established stands before 

the onset of cold winter temperatures. The mean monthly maximum 

air temperature is 2S°C. or more in Cor-vallis during July, August 
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and September. During these months, which are the months imme

diately preceding the fall demand for legume inoculants, the deteri

oration of commercial legume bacteria cultures in seed stores will 

be at a max1mum. (45, p. 33 ). 

Light is an important factor of the environment. Recommen

dations have often included keeping inoculated seeds out of the light. 

Fred, Baldwin and McCoy (20, p. 108, 195) stated that there was 

little evidence to suggest that light had any directly injurious effect 

on either the bacteria itself or on the nodule. Light may have im

portant indirect effects on nodule efficiency, however, through 

effects on the host plant. A marked reduction in photosynthesis by 

the plant will result in an over-all reduction in carbohydrates avail

able for plant respiration, and hence a reduction in the formation of 

new nodules. In these circumstances, Butler and Bathurst (13, p. 

173) suggested that the restriction in carbohydrate supply tends to 

cause cessation of fixation and onset of senescence, with a progres

sive necrosis finally resulting in the nodules sloughing off. Hence 

optimum nitrogen fixation is likely to be found during a period of 

optimum net carbohydrate accumulation. 

Rhizobia have a rapid mortality when exposed to desiccation. 

The usual method of inoculating seeds is to place a coating of 

rhizobia, usually suspended in moist peat, around the seeds 

before planting. Vincent, Thompson and Donovan (47, p. 263) 
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showed that when one million bacteria were suspended in water and 

inoculated onto glass beads, less than one thousand remained alive 

after six hours, and there were no significant numbers left after 

18 hours. The addition of 9o/o maltose offered substantial protection, 

and over one hundred thousand organisrn"' remained viable after 18 

hours, although the protective mechanism involved was not ade

quately understood. When the rhizobia were inoculated onto the 

seeds, death rates for treatments with and without maltose were 

greater. An examination of the adhesive gum arabic showed that it 

was also able to offer some resistance to the killing of rhizobia by 

desiccation. Death rates were increased when the inoculated seeds 

were kept in an atmosphere with high relative humidity, as well as 

1n very low relative humidity. 

Desiccation is a maJor hazard in many regions where it is nee

essary to broadcast seeds onto the surface of the soil. Unless rain

fall occurs within a few hours, the likelihood of satisfactory nodules 

being formed from the applied bacteria is remote. The situation is 

little better when new plantings are drilled into a dry seedbed in ad

vance of the opening autumn rains. However, the presence of small 

amounts of moisture, and an adequate covering of soil over the seeds 

will greatly increase the probability of effective nodulation occurring 

(28, p. 3-4). 



13 

In considering the nutrition of the inoculated legume, it 1s 

difficult to separate the effects on the host and the symbiont. 

Vincent (45, p. ll) indicated that rhizobia have a low but definite re

quirement for calcium, though a level of 0. 016 mM. was found to be 

adequate. This contradicted Norris ( 3 3, p. 651) who had hypothe

sized that although magnesium was e s sentia,l, calcium was not. 

Norris suggested further that high levels of calcmm might whibit 

nodulation, and that indescriminate liming should not be used on 

tropical legumes. 

Anderson (2, p. 166) indicated that more molybdenum was re

quired by the symbiont than the host legun"le, and that if insufficient 

molybdenum was available for the bacteria, symptoms of nitrogen 

deficiency would be induced. He suggested that liming soils which 

were below pH 5. 5 could improve nodulation by making molybdenum 

more available, rather ~.han by any direct effect of the lime on the 

bacteria. He concluded that in these circumstances it would be 

cheaper to use small molybdenum dressings rather than large lime 

dressings. 

Although cobalt is not cor,_sidered an essential element for 

plant growth, it has recently been demonstrated by Lowe and Evans 

(32, p. 2ll) to be essential for the nitrogen fixing mechanism of 

rhizobia. Powrie (35, p. 198) reported a significant response to 

cobalt by subterranean clover grown on an acid yellow sandy clay 1n 
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South Australia, in a region also known to be deficient m phosphorus, 

zinc, copper and molybdenum. 

Investigating acid soils in Victoria, Kehoe and Curnow (2 6, 

p. ll) suggested that one effect of liming was to precipitate out the 

free aluminum in the soil, as a result of which the aluminum fell 

below toxic levels which inhibited root growth and nodulation in sub

terranean clover. 

Vincent and Crofts (46, p. 1-30) showed that plants in phos

phate deficient soils had reduced nodulation, even when adequate 

lime dressings were provided. 

Fred, Baldwin and McCoy (20, p. 202) stated that the amount 

and nature of the soil nitrogen were pre~eminent in their influence 

on nodule production. A detailed examination of many experiments 

showed that both nitrate and ammonium salts were depressing to 

nodulation. 

The effect of lowered soil oxygen tension on nodule growth and 

effectiveness has not been extensively studied. However, Bond 

(7, p. 99) found that the weight of all parts of the legumes he exam

ined fell as the oxygen tension was lowered. By providing inorganic 

nitrogen, this effect could be overcome, suggesting that the oxygen 

deficit was affecting the nitrogen fixation mechanism, rather than 

the plant itself. The invasion of bacteria, and the number of 
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nodules formed at low oxygen tensions was not reduced, but the 

nodules formed were noted to be small and stunted. 

Demolon and Dunez ( 17, p. 92) recognized that different 

strains of rhizobia were sensitive to various bacteriophages. They 

suggested that these phage invasions were always to be found in old 

alfalfa stands but not in young stands. They attributed "fa.tigue" of 

alfalfa to the depredations of phage. However, in a more precise 

study, Kleczkowska (2 7, p. 157) examined the distribution and ef

fects of bacteriophage in the 100-year-old clover field at Rotham

stead, and stated that the susceptibility to phage was not related to 

either effectiveness or antigenic structure, and concluded that phage 

was not likely to have any immediately harmful effect on a clover 

crop. 

A number of chemical and biological inhibitions to successful 

nodulation have been recorded. Braithwaite, Jane and Swain (9, p. 

156) concluded that ins'='cticide s and soil sterilants could have some 

inhibitory effects on rhizobia. They suggested that dichloro diphenyl 

trichloroethane (D. D. T. ) and especially benzene hexachloride 

(B. H. C.) should not be used near inoculated seeds. Hely, Berger

sen and Brockwell (23, p. 42) found certain soils in New South Wales 

where nodulation difficulties were experienced, and ascribed this to 

the inability of the rhizobia to colonize the soil due to microbial 

antagonisms being present. Thompson (39, p. 619) showed that the 
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seed coats of subterranean clover contained an undefined antibiotic 

which inhibited the growth of Rhizobium trifolii. This antibiotic 

could be removed from the seed by washing, allowing subsequent 

colonization of the legume roots to proceed u::~inhibited. This was 

subsequently confirmed by Vincent, Thompson and Donovan (47, p. 

266) who showed that water extracts from subterranean clover seed 

coats had a toxic effect on rhizobia when the bacteria were inocu

lated onto inert glass beads. 

Field Investigations 

From the foregoing, it will be seen that the soil and plant pro

vide an extremely complex biological environment for the successful 

effective invasion and nodulation of legume roots by bacteria of the 

genus Rhizobium. Hence it has been necessary on a field scale to 

restrict investigations to the major problem areas of inoculation. 

The three most important are the provision of adequate mineral nu

trition, the amelioration of soil acidity, and the slowing of the death 

rate of the bacteria due to de sic cation on the seed at planting. Since 

the problem of mineral nutrition was not a major factor considered 

in the present investigations, it will not be further discussed here. 

Soil acidity in the rhizosphere environment can be due to two 

factors, either natural soil acidity, or acidity of a band of fertilizer 

into which the seed has been planted. Paton ( 34, p. 34) stated that 
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inoculated seeds should be kept out of contact with acid fertilizers 

such as superphosphate, and suggested that this could be most con

veniently done by sowing the inoculated seeds through a small seeds 

box on the drill. 

In acid soils, however, it becornes more difficult to separate 

the inoculated seed from the acid environment. Rampton (36, p. 10) 

suggested that lime applied at one to two tons per acre would be 

beneficial to the growth of subterranean clover on the more acid hill 

soils of western Oregon. Yet in many instances, the cost of this 

lime, together with difficulties of application, make such a treat

ment unrealistic. 

Paton (34, p. 35) stated that in Tasmania, the sowing of inoc

ulated subterranean clover seeds into bands of lime or lime-super

phosphate mixture had a beneficial effect on the growth and invasion 

by rhizobia. Tiver (41, p. 127) also recommended the use of a l :1 

mixture of lime and superphosphate to correct the poor nodulation 

of subterranean clover and alfalfa. Subsequently, Tiver (42, p. 95) 

ascribed the beneficial use of lime-superphosphate mixture to three 

factors, all interrelated. It was suggested that the lime neutralized 

the acidity of the superphosphate placed near the seed, and that 

added benefits were obtained when the lime and superphosphate were 

mixed two or more weeks before sowing. The use of the lime- super

phosphate band also protected the inoculated seeds against strong 
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soil acidity in the surrounding environment. Faulty nodulation was 

stated to occur invariably in soils below pH 5. 0, and was often en

countered in soils in the range pH 5. 0-5. 5. Lone ragan and Dowling 

(30, p. 464) showed in water culture studies that the growth of 

rhizobia was much more sensitive to acid conditions than was the 

growth of the host plant. 

Calcium has also been shown to be low in some soils, and 

Tiver suggested that where values are below l-2 m. e. /100 gms., 

inoculation problems might be related to a deficiency of calcium as 

well as to low soil pH. 

Little work has been carried out on the use of lime- super

phosphate mixtures in the United States, but preliminary work (38, 

p. 4-5) has shown the method to be succes:=>ful. 

A radically different approach to overcoming the many envi

ronmental hazards involved in getting adequate nodulation of legume 

seedlings was first suggested by Loneragan, Meyer, Fawcett and 

Anderson (31, p. 264) who obtained satisfactory nodulation by pel

leting subterranean clover seeds with lime using a sugar solution 

as an adhesive. Lobb (29, p. 556) showed improved nodulation of 

alfalfa seeds by pelleting, and Cass-Smith and Goss (15, p. 120) 

recommended the pelleting of Barrel medic, (Medica go tribuloide s ). 

In California, however, Williams and Kay (48, p. 207) indicated that 
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the limestone pelleting of subterranean clover was of questionable 

benefit. 

Brockwell (12, p. 643) investigated different methods of 

pelleting seeds. Among adhesives, gum arabic produced better sur

vival of rhizobia than methyl cellulose, although the latter was more 

successful than a proprietary brand culture adhesive, ''Nitracoat. 11 

He stated that whatever adhesiv-e was used, separation of the 

rhizobia from the antibiotic on the seed coat was likely to be benefi

cial. It was also observed (p. 624) that a marked improvement in 

dry weight of foliage, indicating more efficient nodulation, was ob

tained when seeds were coated with dolomite and/ or lime, with dried 

blood added. Charcoal was not a suitable pelleting material. 

Brockwell (12, p. 337) claimed that pelleting of seeds would 

help the survival of effecti~,'e inoculated bacteria on seeds sown into 

dry soils, hot soils, and acid fertilizers, and would protect bacteria 

against desiccation in aerial seedings. He suggested that pelleting 

might also afford a means of protecting the inoculated bacteria 

against invasion competition from indigenous but frequently inefffec

tive bacteria already present in the soil. 

However, the use of pelleted seeds 1n any form in the United 

States has not been widespread, and the introduction of such a 

method of seeding might be difficult, particularly in the light of con

clusions given by Hull, Holmgren, Berry and Wagner (24, p. 31), 
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who stated that after a critical evaluation of every available docu

mented study with pellets, including re-examination of most of the 

seeded sites, pelleted seeds could not be recommended. 
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MATERIALS AND METHODS 

Two separate investigations were made into the survival of 

rhizobia. Part I deals with field experiments carried out to examine 

ways of obtaining better bacterial survival, as measured by im

proved nodulation and establishment. These trials examined the use 

of several fertilizer treatments in areas where it was possible to 

drill the seed and fertilizer into the ground with a grain drill. 

Part II describes laboratory investigations made into the sur

vival of rhizobia on subterranean clover seeds when several inocu

lating media and methods were used, with the eventual aim of trying 

to improve rhizobia survival on surface sown seeds. 

Part I. Field Investigations 

Experiments were planted in western Oregon on a number of 

acid soils stated to be free of previous plantings of subterranean 

clover. This was necessary to insure a low or absent native popula

tion of Rhizobium trifolii. Subsequently, subterranean clover was 

found close to several of these sites, and these areas were aban

doned, since it was probable that native rhizobia populations might 

be sufficiently large to interfere with the experimental results. 
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Experimental areas from which results were obtained were at 

Adair, Grassy Knob, Salem and Peedee. Nodulation results were 

obtained from seedings made at Adair in 1961, 1962 and 1963, and 

yield figures were obtained for the second year's production of the 

1961 Adair seeding. First-year yield data were obtained from the 

seeding planted at Grassy Knob in the fall of 1962, and nodulation 

results were obtained from tests planted at Salem and Peedee in the 

fall of 1963. 

The cultural methods used on each of the sites were generally 

similar. The seedbeds were prepared by disc cultivation and har

rowing. All tests were sown with Mount Barker subterranean clover 

at six lbs. per acre, using a previously calibrated Planet Junior 

single-row hand drill fitted with a disc opener. The plot size used was 

6ft. x 20ft., except at Salem, where plots 25ft. long were used. 

Drill rows within the plots were spaced six inches apart. 

The lime used in all experiments was Lake Oswego lime. 

Where lime- superphosphate and dolomite- superphosphate fertilizers 

were used, they were prepared at least two weeks before use, to 

allow the carbonate fertilizer to neutralize the excess acidity of the 

superphosphate. All fertilizers were drilled with the hand drill at 

the rates indicated, except for the two tons of lime treatments, which 

were broadcast onto the plots by hand, and then mixed into the soil 

with a rototiller or tractor drawn disc harrows. Seeds were planted 
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1n contact with the fertilizers in all treatments except where band 

seeding has been indicated. In order to minimize contamination 

through the equipment, uninoculated seedings were always drilled 

first. Subterranean clover peat inoculum manufactured by The 

Nitragin Company, Inc., Milwaukee, Wisconsin, was used through

out. 

Adair 

The experimental area was situated on Berry Creek in Polk 

County, some ten miles north of Corvallis. The plots were located 

on a gentle slope downhill to the south. The soil was a well drained 

Brunizem at the upper part, but graded to a less well drained allu

vial soil at the lower boundary. The surface horizon was a dark 

brown to brown light silty clay loam with granular structure. The 

profile graded below about ten inches into a color and structural B 

horizon with brown colors, sub-angular blocky structure, and medi

urn silty clay texture. The depth to the shale bedrock was variable, 

but generally less than 30 inches. 

Soil test data for theAdairsite, andfortheother.experimental 

sites are given in Table 1. 
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Table 1. Soil test data from the four experimental sites. 

p K Ca Mg Bases 

pH lb. --~----'"""' m .. e. /1 0 0 gm s. - - - - - - - -

Adair 5.4 7 0.36 9.3 5.0 14.66 

Grassy Knob 5.0 7 0. 21 4.8 1.3 6.31 

Salem 4.9 19 0. 18 l.O 0.5 1. 68 

Peedee 4.9 7 0.44 1.2 1.0 2.64 

The 1961 Adair test, seeded on September 21, 1961, was a 

randomized block design with three replications, designed to investi

gate the effect of inoculation and lime, phosphorus and molybdenum 

fertilizers on the effective nodulation and production of subterranean 

clover. Twelve treatments were provided, and these are defined in 

Table 2. 

The 1962 experiment was planted on September 17, 1962, 

into a dry seedbed. A 3 x 2 x 2 factorial design was used, with three 

rates of lime, 0, 300 and 4, 000 lbs. per acre, two rates of super-

phosphate equivalent to 0 and 25 lbs. phosphorus per acre, and two 

inoculation treatments, inoculated and uninoculated. Three repli

cations were provided. 

The 1963 experiment was laid out as a randomized block ex

periment with three replications, and was planted on September 25, 

1963, into a moist seedbed. The treatments used are given in Table 3. 
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Table 2. Treatments used in the 1961 seeding at Adair. 

p1. uninoculated.25LO 

2. (mixture) uninoculated.p25L300 

3. inoculated.POLO 

4. P Lime pelleted seed, inoculated.
25 

5. P Lime pelleted seed, with Mo added to seed, inoculated.25 

6. (mixture) inocula ted.p25L300 

7. (mixture, Mo added) inocula ted.p25L300 

8. inoculated.P 25 L 4000 

9. P2 5 L with Mo added, inoculated.
4000 

l 0. P 25 L 3 00 (mixture) inoculated with "Nitragin A-B Culture" 

ll. P Lime pelleted seed, with Mo separated, inoculated.25 

12. P L uninoculated.0 0 

(Subscript numerals indicate weight of fertilizer used, expressed as 
lbs. phosphorus and lbs. lime per acre. Molybdenum was applied at 
the rate of 3 oz. sodium molybdate per acre.) 
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Table 3. Treatments used in the test seeded at Adair in 1963. 

1. POLO unino culated. 

2. PoLo inoculated. 

3. p25LO unino culated. 

4. p25LO inoculated. 

5. p25L300 (mixture) uninoculated. 

6. p25L300 (mixture) inoculated. 

7. p25L300 (mixture) inoculated, drilled into L
4000 

broadcast. 

8. p OL4000 inoculated. 

9. p25L4000 uninoculated. 

10. p25L4000 inoculated. 

11. p25L4000 (P banded below seed) inoculated. 

(Subscript numerals indicate weight of fertilizer used, expressed in 
lbs. phosphorus and lbs. lime per acre.) 
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Nodulation counts were made on each of these experiments 

approximately 12 weeks after planting. Two random rows were cho

sen 1n each plot, and the total number of plants in an eight feet 

length of each row was counted. The total number of effectively 

nodulated plants was also counted, and the nodulation expressed in 

percentage. 

In the first instance, nodulated plants were identified by lifting 

the individual plants, washing the soil from the roots, and inspecting 

them for the presence of nodules. Effective and ineffective nodules 

are shown in Plates 1 and 2. However, it was soon realized that a 

correlation existed between nodulation, plant size, and the color of 

the cotyledons and leaves. Small plants with yellow cotyledons and 

leaves were unnodulat~d or ineffectively nodulated. Effectively 

nodulated plants were large, with green cotyledons. Plates 3-9 

show the differences observed between nodulated and unnodulated 

plants with different treatments. In subsequent nodulation counts, 

the roots of plants were examined only when their nodulation status 

was in doubt. 

It was not possible to obtain yield data for the first year's 

production from the Adair tests, since there was extensive plant 

competition from ephemeral weedy annual grasses. Visual obser

vations of seed set were made at the end of the first season, and 

yield data were obtained from the second year's growth of the 1961 
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Plate 1 Plate 2 

Plate 3 

Plate l. Plant with effective nodules. 

Plate 2 . Ineffectively nodulated plant with yellow cotyledons and 
leaves. 

Plate 3. Ineffectively nodulated subterranean clover plants on the 
left, and effectively nodulated plants on the right. 
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Plate 4 Plate 5 

Plate 6 

Plate 4. Smooth white small ineffective nodules. 

Plate 5 .' Comparison between rows of ineffectively nodulated plants 
(above) and effectiv ely nodulated plants (below) in early 
spring. 

Plate 6. Unnodulated plant on the left, 
plant on the right. 

and effectively nodulated 
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Plate 7 

Plate 8 Plate 9 

Plate 7. Subterranean clover ·growing in a 
phosphate mixture . 

band of lime-super

Plate 8. 

Plate 9. 

Large effective nodule on the main root, due to invasion 
of applied bacteria. 

Partially effective nodule on lateral roots, probably due 
to native soil rhizobia. 
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seeding. After the first season, broadcast applications of super

phosphate equivalent to 25 lbs. of phosphorus per acre were made 

annually in the fall. 

Plant harvests were made by cutting a three feet wide swathe 

of herbage from a strip 20 feet long in ea.ch plot, using a Nabonal 

sicklebar mower. The green material was raked and weighed, and 

representative sub- samples of approximately 800 gms. gre:cn weight 

were weighed and oven dried for 24 hours at 180°F. When dry, the 

sub-samples were again weighed and the total dry weight production 

calculated. 

Grassy Knob 

The experimental site was on the prope-::-ty of Mr. Jack Hicks, 

and was situated in northern Curry Cour.ty on hill land about five 

miles north of Port Orford. The plo:s were sown on an acid pod

solic soil consisting of a grey sandy loam overlying a heavy yellow 

clay. The soil was low in total bases (Table l) and especially low 

1n potassium. 

The experiment was laid out in a 3 x 2 x 2 factorial design with 

three replications, designed to test the effects of lime, phosphorus 

and molybdenum on the establishment of subterranean clover. The 

lime treatments were 0, 300 and 4, 000 lbs. of Eme per acre. Two 

phosphorus treatments, 0 and 25 lbs. phosphorus per acre applied 
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as superphosphate, were provided. Plots were also treated with and 

without molybdenum at the rate of 3 oz. sodium molybdate per acre. 

The experiment was seeded on October 19, 1962, into a well pre

pared seedbed. A blanket application of potassium sulphate was 

made over the whole experimental area after emergence of the seed

lings had taken place. It was not possible to obtain nodulation counts 

on this site, but a good weed-free stand was obtained, and a harvest 

of the first year's production was made on June 21, 1963. Similar 

harvest methods were used to those described for the test at Adair. 

The test is being continued to examine the persistence of subterra

anean clover. 

Salem and Peedee 

Two additional sites were utilized in 1963, similar experi

ments being laid out on each. The Salen"l experiment was located on 

the property of Mr. F. McKennon, situated in Marion County about 

five miles south of Salem. The soil was a red brown heavy clay 

loam of pronounced granular structure, with small concretions of 

brown pellets in the surface soil. The well drained soil extended 

to a depth of about three feet, and rested on basalt. The Peedee 

experiment was located in Polk County on the Hukari property, 

approximately two miles south of Peedee, close to, and at an 
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elevation of l 00 feet above, the Luckiamute River. The surface soil 

here was a rich brown silty clay loam about l 0-12 inches deep, and 

containing small iron concretions, The subsoil to a depth of three 

feet consisted of a brown moderately compact clay loam, with bed

rock at 3-6 feet. The soil was well drained, but subjected to some 

washing in winter. The soil test data (Table l) shows that both sites 

were very low in exchangeable magnesium and total bases. 

The main lime treatments used were no lime, three tons of 

calcite lime, broadcast, and three tons of dolomite lime, broadcast. 

The experimental area was harrowed after application of the lime 

treatments. Superimposed across these three lime treatments were 

three drilling treatments, using (l) 35 lbs. phosphorus per acre as 

superphosphate, banded below the seed, (2) 35 lbs. phosphorus and 

400 lbs. calcite lime per acre, applied as a mixture and drilled with 

the seed and (3) 35 lbs. phosphorus and 400 lbs. dolomite lime per 

acre, applied as a mixture and drilled with the seed. All plots were 

sprayed with a micronutrient solution. Inoculated subterranean 

clover was sown at the rate of six lbs. per acre. The experiments 

each had four replications. The Salem trial was planted in plots 

8 ft. x 25 ft. on September 30, 1963, and the Pedee trial in plots 

8ft. x 20ft. on September 2 7, 1963. The percentage nodulation was 

obtained by making a plant count at both sites on January 4, 1964. 
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The counting methods used were similar to those described for the 

experiment at Adair. 
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Part II. Labora.tory Ir.1estigations 

Various workers have suggested the pelleting of inoculated 

seeds as a means of extending the survival of rhizobia, but many of 

these recommendations have been bOJ sed on empirical observations 

in the field that impro';ed nodulation may follow the pelleting of 

seeds. It was therefore decided to examine the componel:cl factors 

of pelleted seeds, namely the coating material and the adhesive, and 

to examine a range of materials which might be utilized. The 

culture used in all the experiments was a commercial strain of 

Rhizobium trifolii isolated from a commercial culture manufactured 

by The Nitragin Company, Inc., Milwaukee, Wisconsin. 

An examination was instituted into the survival of rhizobia 

when inoculated into various coating materials and adhesives. In 

the first test, 13 pellet coating materials we::.-e examined, using 

three replications. The materials were: ( 1) calcium carbonate, (2) 

calcium carbonate to which ~he basic constituents of yeast-mannitol 

agar had been added, ( 3) Lake Oswego lime, ( 4) a l: l Lake Oswego 

lime- superphosphate mixture, ( 5) Baker lime, ( 6) cottrell dust lime, 

a by-product of paper mills, (7) sugar lime, a by-product of the 

sugar beet industry, (8) Gold Hill lime, (9) Durkee lime, (10) 

Weyerhauser lime, a paper mill by-product, (ll) Polk County lime, 

(12) agricultural gypsum and ( 13} ma.gne sium ammonium phosphate. 
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An uninoculated control of calcium ca.rbor..ate was also included to 

test the technique being used. The sources of these and all other 

pelleting materials examined are given in Appendix Table 1. 

The coating materials were oven dried, and 9 gms. were 

weighed out into 200 ml. wide-mouth screw top bottles. The mate

rials were sterilized overnight in an au+:oclave at 15 lbs. pressure, 

and then inoculated with 1 ml. of a water suspension of Rhizobium 

trifolii, equivalent to about 5xl06 organisms. The inoculated bottles 

were stored at room temperature. After ten hours, two weeks and 

four weeks, the number of viable organisms in each treatment was 

counted. Ninety mls. of sterile water were added to the experi

mental vessel to produce the first 1:10 dilution. A serial dilution 

plate count was made from this suspension, using poured plates of 

yeast-mannitol agar. The formula for preparing this culture medium 

is given in Table 4. 

Table 4. Formula for preparing yeast-mannitol agar medium 

Mannitol 
Dipotassium phosphate 
Magnesium sulphate 
Sodium chloride 

Calcium carbonate 
Yeast extract 

Agar 
Distilled water 

10. 0 gm. 
0. 5 gm. 
0. 2 gm. 
0.1 gm. 

3. 0 gm. 
1. 0 gm. 

15.0 gm. 
1. 0 Liter 

The number of organisms was counted after incubating the 

plates at room temperature for fivP days. 
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Since definite differences appeared in this experiment, it was 

repeated with eight coating materials and five adhesives. The tech

niques used for the coating materials were identical to those used in 

the first experiment. 

The adhesives used were made into solutions of approximately 

equal viscosity. The viscosity was recorded by measuring the time 

necessary for a 2 mm. diameter glass bead to fall through 10 ems. 

of adhesive solution. From Stokes' Law, the viscosity is directly 

proportional to the time of fall. The adhesives were sterilized for 

ten minutes at 15 lbs. pres sure 1n an autoclave. Nine mls. of 

adhesive were inoculated with 1 ml. of rhizobia suspension, and 

were treated similarly to the coating materials thereafter. 

The materials used in the second test were: (1) calcium car

bonate, (2) Lake Oswego lime, (3) 1:1 Lake Oswego lime-super

phosphate mixture, (4) Baker lime, (5) suga:r lime, (6) Gold Hill 

lime, (7) Durkee lime, (8) magnesium ammonium phosphate, (9) 

40o/o gum arabic, (~0) 5o/o gum ghatti, (11) 0. 75o/o gum guar, (12) 

1o/o locus bean gum, ( 13) 2 o/o cellulose gum (Hercules Powder 

Company, Wilmington, Delaware) and (14) 4o/o methyl cellulose 

(Dow Chemical Company, Midland, Michigan). There were three 

replications. 

Since satisfactory rhizobia survival was obtained for four 

weeks in most of the treatments examined, it became possible to 
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consider methods of pelleting the seeds. The technique used was to 

suspend the rhizobia, grown on a yeast-mannitol agar bottle slant, 

1n a small aliquot of water, which was then added to the adhesive. 

One hundred seeds (0. 5 gm.) were covered with 0. 03 mls. of inoc

ulated adhesive. After mixing, 0. 5 gm. of sterile coating substance 

was added, and the seeds pelleted by stirring with a sterile glass rod 

or a flamed inoculating loop. Difficulties with differentiating rhizobia 

from contaminants made it necessary to sterilize the seeds. 

Mount Barker subterranean clover seeds were surface steri

lized by soaking for five minutes in 0. lo/o mercuric chloride, followed 

by an additional five minutes soaking in 95o/o ethyl alcohol. Since it 

was necessary to completely remove this residue from the seeds to 

prevent injury to the inoculum subsequently applied, a test with three 

replications was carried out in which the sterile seeds were washed 

once, twice, thrice, and four times with sterile distilled water be

fore pelleting. The survival of rhizobia on the differently treated 

washed seeds was compared with the survival of the bacteria on 

seeds washed once but not sterilized. The number of rhizobia was 

determined by serial dilution plate counting two hours and eight days 

after inoculation on seeds pelleted with 40o/o gum arabic and Lake 

Oswego lime. Four washings were found to be required to ade

quately remove the sterilant residue, and this number of washings 

was used in subsequent experiments. 
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To determine whether differences existed between different 

pelleting combinations, a factorial experiment with three replica

tions was set up, using five coating materials and three adhesives 

in all combinations, to test rhizobia survival. In addition, a 

suspension of inoculum as is often used in the field, was added to 

one set of seeds, which were left unpelleted. The coating materials 

examined were: (l) Lake Oswego lime (2) l :1 Lake Oswego lime

superphosphate mixture, (3) sugar lime, (4) Durkee lime, (5) 

magnesium ammonium phosphate. The adhesives used were (l) 

40% gum arabic, (2) 5o/o gum ghatti, and (3) 4o/o methyl cellulose. 

The water suspension of inoculum was added to the adhesives prior 

to pelleting. Serial dilution plate counts were made, using spread 

plates poured with congo red yeast-mannitol agar. This agar is 

made according to the formula given in Table 4, but with 10 ml. 

1/400 congo red solution added per liter. The addition of the congo 

red is useful as a means of differentiating gram positive contami

nating organisms which take up the dye to produce red colonies, 

from the rhizobia, which normally do not. The initial concentration 

5 
of inoculum in this experiment was low, being about 2xl0 organisms 

per treatment. The first dilution was made by adding 9 ml. of 

sterile distilled water to the pelleted seeds, and then shaking for 30 

minutes on a mechanical shaker before continuing with the remaining 

dilutions. Plate counts were made at four hours, two days, six days 
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and nine days after inoculation. 

Since the number of viable organisms fell very rapidly below 

Vincent 1 s recommended number of 1, 000 per seed in all treatments, 

attempts were made to examine the short-term survival of rhizobia 

by measuring their respiration in WariJerg manometers. The prin

ciples and uses of this apparatus have been discussed by Umbreit, 

Burris and Stauffer (43, p. 1-17 ). 

In order to prevent contamination of the material in the flasks 

by airborne microorganisms, the necks of the flask arms were 

plugged with 0. 01 gm. of cotton. A preliminary comparison between 

plugged and unplugged flasks showed that once the system had com

menced operation, the presence of the plugs did not have any effect 

on the readings obtained. The flasks themselves were sterilized 

by autoclaving for 20 minutes at 15 lbs. pressure. To further mini

mize contamination, and losses due to transference from one vessel 

to another, the treatments were prepared directly within the sterile 

Warberg flasks. 

The treatments used in the first Warberg experiment were: 

(1) rhizobia in broth culture, (2) Lake Oswego lime alone, (3) 40o/o 

gum arabic alone, (4) seed with broth, (5) lime with rhizobia in broth, 

(6) gum with rhizobia in broth culture (7) lime, gum and rhizobia in 

broth culture, (8) seed inoculated with rhizobia in broth culture, and 

(9) seed pelleted with lime, gum and rhizobia in broth. 
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The components of the treatments were 100 seeds, 0. 03 ml. 

8 
gum and 0. 5 gm. lime. 2. 5xl 0 rhizobia were added in the inocu

lated treatments. The manometric systems were set up to record 

oxygen and carbon dioxide changes at 30° C, using the direct method 

in which oxygen uptake was measured in a flask in which the carbon 

dioxide produced was absorbed by 40o/o sodium hydroxide. The , 

carbon dioxide production was calculated from differential gaseous 

changes in another flask of comparable volume. 

The experiment was run for 24 hours and readings were taken 

at hourly intervals for the first 12 hours, and each two hours there

after. From the results obtained, it was possible to calculate the 

hourly rate of carbon dioxide output and oxygen uptake, thereby 

obtaining a measure of the respiratory activity taking place. 

In the second Warberg experiment, an examination was made 

of the individual pelleting components, both inoculated and uninocu

lated, in the presence of the seed. The treatments used were: (l) 

seed with broth, (2) seed with 40o/o gum arabic, (3) seed with rhizobia 

in broth, (4) seed with gum and rhizobia in broth, (5) seed with gum 

and Lake Oswego lime, (6) seed with lime, gum and rhizobia in 

broth, pelleted. The experiment was run in a similar manner to the 

preceding one, except that the volumes of materials used were 1n

creased fourfold. This experiment was also run for 24 hours. 
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Since the first two experiments indicated that the survival of 

rhizobia in broth culture was being depressed, the third manometry 

experiment compared broth culture with a culture in which the 

rhizobia were suspended in peat. 

Commercial cultures use peat, but no attempt is made to ster

ilize the peat base before inoculation. It was observed in prelimi

nary tests that commercial inoculum frequently contained as many 

contaminants as it did rhizobia. Hence it was necessary to use a 

peat culture prepared in the laboratory. This was carried out by 

oven-drying and sterilizing the peat from a commercial culture, and 

then inoculating the peat with one-fifth of its weight of a yeast

mannitol broth suspension of rhizobia. This produced an inoculum 

with 2xl09 organisms per gm. The peat culture was then used 

instead of the broth culture, to inoculate the gum arabic adhesive. 

The remainder of the pelleting procedure was similar to that used 

earlier. 

Treatments used in this third Warberg test were: (l) rhizobia 

in broth culture, (2) rhizobia in peat culture, (3) peat culture with 

Lake Oswego lime (4) peat culture with 40o/o gum arabic, (5) peat 

culture with gum and lime, (6) seed with lime and gum, (7) seed 

with gum, lime and broth culture (pelleted) and (8) seed with gum, 

lime and peat culture, (pelleted). The experiment was continued for 
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24 hours, being read at hourly intervals for the first 12 hours, and 

every two hours thereafter. 

Results from these experiments suggested that although 

rhizobia viability was being rapidly depressed, the peat culture m

oculum might give better survival in pelleted seeds than broth 

culture inoculum. A serial dilution plate count test was therefore 

instituted to examine the survival of rhizobia suspended in peat when 

inoculated into Lake Oswego lime, 40o/o gum arabic, lime and gum 

together, and on the pelleted seed. A pelleted seed treatment pre

pared with broth inoculum was also provided for comparison. 

Since the respiratory study had suggested that either the 

rhizobia numbers or rhizobia metabolic activity declined quite 

rapidly, it was felt important to begin the first plating immediately 

after inoculation. In previous experiments, the plating had been 

started only after all the pelleting had been completed. This usually 

meant that at least some of the seeds had set for up to ten hours be

fore being plated out. To overcome this time lag, the first dilution 

was added to the pelleted seeds within five minutes of the inoculation 

being made. The seed suspension was then shaken for 30 minutes on 

a mechanical shaker before dilution and plating into poured plates of 

congo red yeast-mannitol agar. Subsequent plate counts were made 

of pelleted seeds 6, 12, 24 and 48 hours after inoculation, and the 

colonies counted five days later. Three replications were provided 
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for each treatment. 

Since in the foregoing test, peat inoculation was found to be 

superior to broth inoculation, a test was instituted to examine the 

suitability of seven materials for pelleting seeds, using peat inocu

lum. Only 40o/o gum arabic was used, since it was shown to be the 

best of the adhesives examined in the earlier inoculation test. The 

pelleting materials examined were (1) Lake Oswego lime, (2) a 

1:1 Lake Oswego lime- superphosphate mixture ( 3) a 1:1 mixture of 

hydrated lime and superphosphate, originating from a fertilizer 

company in Seattle (4) sugar lime (5) Durkee lime, (6) magnesium 

ammonium phosphate and (7) Polk County lime. For comparison, 

a conventional inoculation by sticking the peat onto the seeds with a 

small quantity of water was included as an eighth treatment. There 

were three replications. 

Each pelleted treatment contained 2. 1 gms. of surface steri

lized subterranean clover seeds (approximately 400 seeds), 0. 1 

gm. of inoculated 40o/o gum arabic, and 2. 0 gms. of coating mate

rial. The treatments were each inoculated with lxl 0 8 organisms. 

Serial dilution plate counts were made, using poured plates of congo 

red yeast-mannitol agar, ten minutes, and one, two, four and eight 

days after inoculation. The plates were incubated for five days at 

room temperature, and the colonies counted. 
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EXPERIMENTAL RESULTS 

Part I. Field Inves~ons 

Adair 

Results from the 1961 Adair test are presented in Table 5. The 

highest percentage nodulation was given by the two lime- super

phosphate mixture treatments, with and without molybdenum. It may 

be seen that the "Nitragin A- B Culture", a broader spectrum inocu

lum, did not give as good inoculation as did the culture specifically 

intended for use with subterranean clover. The dressings of two 

tons of lime per acre produced lower nodulation, but the stands from 

these treatments would be adequate for the establishment of the 

legume provided they were not subjected to excessive grazing in the 

first year. The use of lime pelleted seeds in this acid soil did not 

produce satisfactory nodulation and establishment in the first year. 

A visual estimate of seed set at the end of the first growing season 

is also included in Table 5, and was found to parallel the nodula

tion results found earlier. 

Table 6 gives the results of the 1962 seeding at Adair. 

Maximum nodulation was obtained in this year by the use of a dress

ing of two tons of lime per acre, as well as by the use of the drilled 
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Table 5. Mean percentage nodulation of subterranean clover, and 

seed-set at end of the growing season, Adair, 1961 seeding. 

Nodulation 
Treatment o/o Seed-set 

P 
25 

L
300 

(mixture) Mo, inoculated 100 Heavy 

P 
25 

L 
300 

(mixture) inoculated 100 Heavy 

P 
25 

L 
300 

(mixture)"A-B cult. II inoculated 60 Beavy 

p 
25 L4000 

inoculated 43 Mode rate 

p25L4000 Mo inoculated 40 Mode rate 

P 
25 

L 
300 

(mixture) unino culated 13 Mode rate 

P 25 Lime pel.' Mo inoculated 12 Light 

p L 
25 0 

uninoculated 12 Very light 

p L' 
25 

1me pelleted inoculated 10 Light 

P 
25 

Lime Pel., Mo on seed, inoculated 7 Nil 

POLO inoculated 3 Nil 

POLO uninoculated 0 Nil 

(Subscript numerals indicate weight of fertilizer used, expressed as 
lbs. phosphorus and lbs. lime per acre.) 
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Table 6. Mean percentage nodulation of subterranean clover, Adair, 
1962 seeding. 

Nodulation o/o 
Treatment Uninoculated Inoculated 

p25LO 

p25L300 

p 25L4000 

0 19 

1 49 

7 44 

3 60 

37 100 

30 100 

(Subscript numerals indicate weight of fertilizer used, expressed as 

lbs. phosphorus and lbs. lime per acre.) 

Table 7. Analysis of variance of percentage nodulation, Adair, 1962 

seeding. 

s.s. D. F. M.S. V.R. 

Total 48, 691 35 
Replications 2,402 2 1201 5. 37'!' 

Treatments 41,371 11 3761 16. 82~:,~~ 

L 5, 324 2 2662 11. 9o~:o:< 
p 11, 025 1 11025 49. 4o~:o:< 

I 21, 609 1 21609 96. 6o~:o:< 

LxP 781 2 391 1. 70NS 
Lxi 549 1 549 1. 20NS 
Pxi 1, 849 1 1849 8. 3o~:<~:< 

LxPxi 234 2 117 NS 
Error 4, 918 22 224 

~o:<Significantly different at the 1o/o level of probability. 
~:<Significantly different at the 5~o level of probability. 
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lime- superphosphate mixture. The importance of inoculating the 

seeds was well demonstrated. The analysis of variance in Table 7 

shows that differences within the lime treatments, within the phos

phorus treatments and within the inoculation treatments were all 

highly significant, but that the interactions, with the exception of the 

phosphorus x inoculation interaction, were not significant. It was 

observed overall that seeding into the lime- superphosphate 1nixture 

produced an establishment which was as satisfactory as that obtained 

by drilling into a seedbed over which had been broadcast two tons of 

lime per acre prior to sowing. 

Table 8 shows the percentage results of the nodulation from the 

1963 seeding at Adair. The necessity to use a suitable inoculum was 

again demonstrated, and the treatments in which the inoculated seeds 

were sown into a neutralized mixture of lime and superphosphate 

again had the best nodulation. Table 9 gives the analysis of variance 

for the results of the 1963 seeding. 

It was not possible to obtain first-year yield data from the 1961 

and 1962 seedings at Adair due to competition from weeds and annual 

grasses, but second-year production data were obtained from the 1961 

seeding. These data were especially important, for they showed 

that the lime- superphosphate mixture was suitable for permanently 

establishing subterranean clover. The data are presented in Table 

10, and the analysis of variance on the data is given in Table 11. 
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Table 8. Mean percentage nodulation of subterranean clover, Adair, 
1963 seeding. 

Treatment 

P 
2 5 

L 3 OO (mixture) 

P 
25

L
4000 

(P banded) 

p25L4000 

P 
25 

L 
300 

(mixture) 

in.c)culated 

inoculated 

inocul?,ted 

inoculated 

inoculated 

uninoculated 

uninoculated 

inoculated 

inoculated 

unino culated 

uninocu1ated 

o/o Nodulation 

72 

67 

43 

42 

29 

25 

23 

20 

16 

14 

8 

{Subscript numerals indicate weight of fertilizer used, expressed as 
1bs. phosphorus and 1bs. lime per acre.) 

Table 9. Analysis of variance of percentage nodulation, Adair, 1963 
seeding. 

S. S. D. F. M.S. V.R. 

Total 17, 995 32 
Replications 961 2 480 2. 86 NS 
Treatments 13, 672 10 1' 367 8. 13 ~:<>:< 

Error 3, 364 20 168 

~:":'Significantly different at the 1o/o level of probability. 
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Table 10. Yield of dry matter, second year's production of subter
ranean clover, Adair, 1961 seeding. 

Treatment 

P 25 L 300 (mixture) 

P 
25 

L 300 (mixture), Mo. 

P 25 L 300 (mixture) 

p25L4000 

P 
25 

Lime Pel., Mo. 

p25L4000' Mo. 

P 
25 

L 
300 

(mixture)'.'A.-B cult." 

P 25 Lime Pel., Mo. on seed 

uninoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

unino culated 

Yield 

Lbs. /Acre 

2431 

2307 

2301 

168 

2129 

2100 

1912 

1204 

972 

P 25 Lime pelleted inoculated 

inoculated 

862 

630 

unino culated 624 

(Subscript numerals indicate weight of fertilizPr used, expressed as 
lbs. phosphorus and l"tls. lime per acre.) 

Table ll. Analysis of variance of dry matter yield, second year's 
production, Adair, 1961 seeding. 

s.s. D. F. M.S. V.R. 

Total 
Replicates 
Treatments 

Error 

21, 306, 058 
202, 844 

16,813,651 

4, 289, 558 

35 
2 

11 
22 

101,424 
1, 528, 513 

194, 980 

NS 

~:o:< Significantly different at the 1fo level of probability. 



51 

Plate 10 . Second- year stand of subterranean clover with 2 tons of 
lime, Adair, 1961 seeding. 

......, 

Plate 11. Stand obtained with 600 1bs. lime- superphosphate mixture 
per a-cre in the same test. 
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In Table 10, it will also be observed that the highest yield was 

obtained from the lime- superphosphate mixture treatment which 

was initially uninoculated. Pictures of the lime- superphosphate and 

two tons of lime treatments are given in Plates 10 and 11. 

Grassy Knob 

First-year yield data are given m Table 12 for the trial 

planted on the property of Mr. Jack Hicks, Grassy Knob, near Port 

Orford. The results showed that the yield of forage obtained by 

establishment using the technique of drilling the seed into a band of 

1:1 lime- superphosphate mixture did not differ significantly from the 

yield obtained by discing m two tons of lime broadcast before sowing. 

The analysis of variance m Table 13 shows that the phosphorus treat

ments differed very significantly from each other, and that the treat

ments involving the application of lime differed from treatments 

without lime. The two methods of applying lime were not signifi

cantly different from each other, however. Differences due to the 

molybdenum treatments, and to the interactions were not significant. 

Salem and Peedee 

Results of the trials planted on the properties of Mr. F. 

McKennon, Salem, and Mr. Hukari, Peedee, are given in Table 14. 
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Table 12. Yield of dry matter, first year's production of subter
ranean clover, Grassy Knob, 1962 seeding. 

Treatment 

P 25 L 300 (mixture) Mo. 

P 
25 

L 
300 

(mixture) 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

inoculated 

Yield 

Lbs. /Acre 

1728 

1446 

1 145 

1384 

1046 

994 

937 

922 

912 

847 

820 

619 

(Subscript numerals indicate weight of fertilizer used, expressed as 

lb.s. phosphorus and lbs. lirne per ac.re,) 
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Table 13. Analysis of variance of dry matter yield, fi:rst year's 
production, Grassy Knob, 1962 seeding. 

S.S. D. F. M.S. v. R. 

Total 6, 734, 852 35 
Replicates l, 016, 645 z 508, 322 
Treatments 3,581,830 11 

Phosphorus 1' 738, 883 1 1' 738, 883 17. 91 ,1... -.1,.
'I'· •.,... 

Lime 1,276,584 2 638, 292 ~) 57 >:<>:' 
Control v. limes 1, 204, 090 1 1, 204, 090 12. 40 >:<>:' 

L300 v. L4000 72,494 1 72,494 NS 

Molybdenum 901 1 901 NS 
PxL 281, 104 2 104, 522 1. 45 NS 
PxM 22, 399 1 22, 399 NS 
LxM 242,389 2, 121, 194 1. 25 NS 
PxLxM 19,570 2 9, 785 NS 

Error 2, 136, 377 22 97' 108 

':'Significantly different at the 51o level of probability. 
>:<>:'Significantly different at the 11o level of probability. 
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It will be seen that the percentage nodulation obtained from the use 

of the lime- superphosphate mixture was generally a little better than 

that obtained by the dolomite- superphosphate mixture. Less satis

factory nodulation was obtained where the seed was sown directly 

into the soil over a band of superphosphate alone. It will be noted 

that the application of three tons of dolomite at Peedee completely 

suppressed the nodulation of subterranean clover, and no plants 

were established on these treatments. Plant numbers were low on 

the other treatments at Peedee also, and none of the stands obtained 

could be considered satisfactory. It would appear that some other 

influence besides nodulation was affecting plant growth at this site. 

It was noted that ryegrass seeded adjacent to the experimental plots 

also failed to become satisfactorily established. 

The analysis of variance for the experiment at Salem is given 

m Table 15, and shows that differences between the three methods of 

liming were significant, and that the treatments where lime- super

phosphate mixtures were used differed from those where no mixtures 

were used. There was no significant difference between the use of 

calcite lime- superphosphate mixture and dolomite lime- superphos

phate mixture. The analysis from the Peedee experiment is given 1n 

Table 16. The effects of the three tons of dolomite treatment have 

not been included, and the remaining differences were not signifi

cant. Although there appeared to be a trend in favor of the use of 
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Table 14. Mean percentage nodulation of subterranean clover sown 
at Salem and Peedee in 1963. 

Nodulation, % 
Treatment Salem Peedee 

No lime broadcast 

400 lbs. 20o/o super/acre, banded 52 31 
800 lbs. lime-super mixture/acre 75 52 
800 lbs. dolon1ite-super mixture/acre 69 38 

3 tons calcite limestone broadcast/acre 

400 lbs. 20fo super/acre, banded 57 20 
800 lbs. lime-super mixture/acre 55 31 
800 lbs. dolomite-super mixture/acre 52 26 

3 tons dolomite broadcast/acre 

400 lbs. 20o/o super/acre, banded 30 0 
800 lbs. lime -super mixture/acre 58 0 
800 lbs. dolomite-super mixture/acre 58 0 
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Table 15. Analysis of variance of mean percentage nodulation, 
Salem, 1963 seeding. 

s. s. D. F. M.S. v. R. 

Total 10, 053 35 
Replicates 646 3 215 1. 06 NS 
Treatments 4, 545 8 568 2. 80 >:< 

Liming 2, 159 2 1, 079 5. 33 
,,,.,, 

Nil v. limes 1' 331 l 1' 33 1 6. 57 
,,,
,.1.. 

Calcite v. dolomite 828 1 828 4. 09 ,,,.,, 

Mixtures 1, 543 2 772 3. 81 ,,,.,, 

Control v. mixtures 1, 507 1 1, 507 7. 44 >:< 

Cal. -sup. v. Dol. -sup. 36 1 36 NS 
LxM 843 4 211 1. 04 NS 

Error 4, 862 24 202 

>:<Significantly different at the 5fo level of probability. 

Table 16. Analysis of variance of mean percentage nodulation, 
Peedee, 1963 seeding, with three tons dolomite treat
ments omitted. 

S. S. D. F. M.S. V.R. 

Total 5, 606. 93 23 

Replications 276. 75 3 92.25 NS 

Treatments 2,274.11 5 454.82 2.23 NS 

Error 3, 056. 07 15 2 03. 7 4 
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the lime- superphosphate mixture, it evidently was not the decisive 

factor in obtaining nodulation at Peedee. 
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Part II. Laboratory Investigations 

Results of the first trial investigating the survival of 

Rhizobium trifolii in 13 seed coating mate rials are pre sented m 

Table 17. An analysis of variance of the data, using a log (x + 1) 

transformation, is provided in Table 18. Two substances, cottrell 

dust and Gold Hill lime, were found to be quite toxic to rhizobia. 

Marked differences also existed in the rate of decline of bacterial 

numbers between the other treatments. No increase in numbers 

was observed in any of the treatments two and four weeks after 

inoculation. 

However, 1n the second experiment, data for which are given 

1n Table 19, a marked increase in bacterial numbers was noted 

after one week in several treatments, with a falling off again 1n the 

second week. This increase could not be detected in the first ex

periment, since no sampling was carried out at the end of the first 

week. The second experiment confirmed that Gold Hill lime was 

quite toxic, and that magnesium ammonium phosphate was not a 

satisfactory medium for the prolonged survival of rhizobia. Table 

19 also includes data for the six adhesives, and indicates that 2o/o 

cellulose is likely to be a less satisfactory survival medium than 

the other adhesives examined. An analysis of variance is provided 

in Table 20 for the pelleting materials, and in Table 21 for the 
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Table 17. Mean number of viable organisms of Rhizobium trifolii in 
nine grams of pelleting mate rial following inoculation with 
a broth culture containing 5xl06 organisms. 

Time after Inoculation 15 Hours 2 Weeks 4 Weeks 

Uninoculated CaC0 3 0 0 0 

CaC03 590, 000 900, 000 132, 000 

CaC0 3 + yeast-mannitol 1, 200, 000 56 0, 000 l 58, 000 

Lake Oswego lime 1, 900, 000 830, 000 473,000 

Oswego lime -sugar 4, 700, 000 2, 3 00, 000 780, 000 

Baker lime 3, 600, 000 2, 000, 000 1, 360, 000 

Cottrell dust 0 0 0 

Sugar lime 3, 600, 000 43, 000 71,600 

Gold Hill lime 0 0 0 

Durkee lime 5, 700, 000 3, 600, 000 92, 000 

Weyerhauser lime 270, 000 1, 300 27, 000 

Polk County lime 610, 000 10, 000 4, 000 

Agricultural gypsum 6, 300 3, 100 630 

Mg. ammonium phosphate 3 0, 000 1, 400 300 
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Table 18. Analysis of variance, using a log (x + 1) transformation 
of rhizobial survival in thirteen pelleting materials. 

S. S. D. F. M.S. v. R. 

Total 578. 3942 116 

Treatment 556.8817 38 14. 6547 53. 13 .........,.. ...,.....,.. 

Mate rials 499. 5932 12 41. 6327 150.95 ............. ...,.....,.. 

Time 31. 7920 2 15. 8960 5"/. 64 .........,.. ...,.....,.. 

MxT 25.4965 24 1. 0624 3. 85 .........~... ...,.....,.. 

Error 21.5125 78 0. 2785 

>:<>:<Significantly different at the 1o/o level of probability. 
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Table 19. Mean number of viable organisms of Rhizobium trifolii 
(thousands) in nine grams of pelleting material or ad
hesive following inoculation with a broth culture con
taining lxl08 organisms. 

Time after Inoculation 4 Hours 1 Week 2 Weeks 4 Weeks 

Pelleting Mate rials 

Uninoculated CaC0 3 0 0 0 0 
CaC0 3 510 0 0 0 
Lake 0 swe go lime 45, 000 156, 000 35, 000 12, 000 
Oswego lime-super 21, 000 168,000 37, 000 6, 900 
Baker lime 42, 000 121, 000 65, 000 9, 400 
Sugar lime 67, 000 703, 000 413, 000 31,000 
Gold Hill lime 0 0 0 0 
Durkee lime 121, 000 138, 000 125, 000 16, 000 
Mg. ammonium phosphate 19,700 0 0 0 

Adhesives 

40% arabic 
51o ghatti 
0. 75'/o guar 
1o/o locus bean 
2% cellulase 
4'/o meth. cellulase 

81, 000 
40, 000 

113, 000 
71, 000 

105, 000 
71,000 

580, 000 
83, 000 

213,000 
280, 000 

5, 150 
106, 000 

423' 000 
83, 000 

188, 000 
316,000 

453 
102, 000 

26, 000 
12, 000 
25, 000 

201, 000 
17 

3 5, 000 
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Table 20. Analysis of variance, using a log (x + l) transformation, 
of rhizobial survival in eight inoculated pelleting 
materials. 

s.s. D. F. M.S. V.R. 

Total 1226.43 95 

.,.,.....,..........,..Treatment 1224. 04 31 39.485 l 067. l 

......................Mate rials 1022.44 7 146. 062 39't!. 6 

..._,.,!,
•T'"I'Time 51. 63 3 17.210 465. l 

...,.................MxT 149. 9 7 21 7. 141 193. 0 

Error 2.40 64 0. 037 

~:o:' Significantly different at the l o/o level of probability. 

Table 21. Analysis of variance, using a log (x + 1) transformation, 

of rhizobial survival in six inoculated adhesives. 

s. s. D. F. M.S. V.R. 

Total 78.66 71 

,,.. ,,.. ..,....,..Treatment 76. 38 23 3.308 70. 06 

~::: ~::Adhesives 40. 62 5 8. 125 171. 41 

~::: ~::: Time 15. 9 7 3 5.323 112. 29 

......................AxT 19. 79 15 l. 319 27. 82 

Error 2.28 48 0. 047 

~:o:< Significantly different at the l ~o level of probability. 
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adhesive materials. Both analyses show that the differences 

between the materials are highly significant, and that differences 

in bacterial numbers between the different sampling times are also 

highly significant. The significant interaction between the materials 

and time indicates that rates of decline in bacterial numbers varied 

between the different materials. 

Table 22 shows the re suits obtained when the survival of 

rhizobia was measured on sterile seeds which had been rinsed once, 

twice, thrice and four times, as compared to unsterilized seeds. A 

statistical analysis is provided in Table 23 for survival measured 

two hours after pelleting, and in Table 24 for survival eight days 

after pelleting. Within two hours, significant differences showed 

between the treatments. Although these trends continued after eight 

days, bacterial numbers had dropped to such an extent in all treat

ments that differences were not significant. The very low numbers 

present after eight days suggested that the pelleting technique used 

was not very satisfactory. However, it was concluded that at least 

four rinsings were necessary to remove inhibitory residues from the 

seed. 

The re suits for the test in which five coating materials were 

tested with three adhesives are given in Table 25. There was con

siderable variation between the treatments after four hours, but few 

rhizobia survived in any treatment two days after pelleting, 
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Table 22. Mean numbe!" of organisms of Rhizobium trifolii per 100 
seeds, surviving in seeds pelleted with 40% gum arabic 
and Lake Oswego lime, with various seed sterilization 
and washing treatments following inoculation with broth 
culture containing 2x 1o6 

0 rga,ni sm s. 

,.., .
-'- 1me after Inoculation 2 Hours 8 Days 

Sterilized, rinsed once 16, 9 00 0 
Sterilized, rinsed twice 225, 000 46 
Sterilized, rinsed thrice 249, 000 330 
Sterilized, rinsed 4 times l, 100, 000 2, 600 
Unste rilized, rinsed 2, 03 0, 000 3, 300 

Table 23. Analysis of variance, using a log {x + l) transformation, 

of rhizobia! survival in pelleted seeds after two hours. 

S. S. D. F. M.S. v. R. 

Total 14. 6091 14 

Treatment 9. 7054 4 2.426 4.95 ~:~ 

Error 4. 9037 10 0.490 

~:<Significantly different at the 5-7o level of probability. 

Table 24. Analysis of variance, using a log (x + 1) transforrnation, 
of rhizobia! survival in pelleted seeds after eight days. 

s. s. D. F. M.S. V.R. 

Total 33. 7574 14 

Treatment 19.1186 4 4. 780 3. 26 NS 

Error 14. 6388 10 1. 463 
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Table 25. Mean number of organisms of Rhizobium trifolii surv1v1ng 

in 100 pelleted subterranean clover seeds using the pel
leting treatments indicated, when inoculated with a yeast
mannitol broth inoculum containing 2x1 o5 organisms. 

Time after Inoculation 4 Hou:rs 2 Days 6 Days 9 Days 

40o/o Gum Arabic Adheaive 

Lake Oswego lime 0 18 l 0 0 

Oswego lime-super 47, 000 230 3 7 
Sugar lime 7, 700 46, 000 1' 540 0 

Durkee lime 150, 000 210 0 210 

Mg. ammonium phosphate 6, 300 66 0 0 

5o/o Gum Ghatti 

Lake Oswego lime 0 1' 700 0 0 

Oswego lime-super 760 0 0 66 
Sugar lime 190, 000 80 0 0 

Durkee lime 30 66 0 30 
Mg. ammonium phosphate 0 10 3 0 

4fo Methyl Cellulase 

Lake Oswego lime 100 0 0 0 

Oswego lime -super 0 0 0 10 
Sugar lime 30 330 470 0 

Durkee lime 700 330 0 0 

Mg. ammonium phosphate 2, 300 0 0 16 

Unpelleted 

Broth inoculum alone 0 3 0 0 
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indicating that the technique used was unsatisfactory. 

The oxygen uptake results for the first experiment 1n which 

respiration was measured with Warberg manometers are given in 

Figure 1 for sterile seeds with broth, inoculated pelleted seeds, 

lime alone, and rhizobia alone. The seeds with broth had a higher 

respiratory rate initially than the pelleted seeds. This was prob

ably due to the imbibition of broth by the seeds, with a consequent 

temporary activation of enzyme systems within the seeds. On the 

pelleted seeds, the broth would be absorbed into the lime and gum, 

and would be less likely to cause imbibition of the seeds. In Figure 

2, results are presented for lime + rhizobia, gum + rhizobia, lime 

+ gum + rhizobia, and rhizobia alone. There 1s a pronounced re

spiratory peak in the gum + rhizobia and lime + gum + rhizobia 

treatments, and a lesser peak in the lime+ rhizobia treatment. No 

respiratory peak was recorded in Figure l, however, when the lime 

+ gum+ rhizobia were pelleted onto the seeds. This would suggest 

that inhibition of respiration was hastened by the pelleting techniques 

used in the experiment, or by the methods used to sterilize the 

seeds. When the effect of different pelleting components was 

examined in the presence of the seed, it was found that whenever the 

broth inoculum was used in the presence of the seed, respiration 

decreased rapidly in the first few hours. Trends in oxygen uptake 

for the various treatments are presented in Figures 3 and 4. 
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Figure 3 shows that in the presence of rhizobia, greater respiration 

was measured with the seed than when either sterile gum or sterile 

broth were added to the seed. It is concluded that this additional 

respiration increment is due to the rhizobia. However, after 18 

hours, this additional respiration increment was lost, indicating 

that rhizobia respiration was falling off. The curve for rhizobia 

alone shows a pronounced increase, but after 22 hours, such large 

amounts of gum were formed that respiration began to be inhibited. 

Figure 4 shows that the respiration of the inoculated pelleted 

seed was higher than when the seed was coated with gum and lime, 

without rhizobia. Again, within 18 hours, this additional respiratory 

increment was lost, showing that a decline in rhizobia metabolisn"l 

had occurred. 

Results for the oxygen uptake which occurred in the third 

Warberg respiration experiment are presented in Figures 5, 6 and 

7. It was found (Figure 5) that when rhizobia suspended in peat were 

inoculated into gum, and lime + gum, pronounced respiration peaks 

were obtained, approximately 12 and 15 hours after inoculation. 

These peaks were comparable to those obtained with the broth cul

ture inoculation into gum and lime+ gum in the first experiment, 

except that in the first experiment, the peaks occurred 4 and 5 hours 

after inoculation, respectively. 

In Figure 6, it is shown that peat inoculated pelleted seeds 
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had a higher level of respiration than the broth inoculated pelleted 

seeds suggesting that the peat was in some way able to assist in pro

longing the survival of the rhizobia. Results from the rhizobia 

cultures used in the experiment are given in Figure 7. It should be 

noted that there were lxl09 organisms 1n these two treatments, but 

only lxl 0 7 organisms in the other treatments. Hence the absolute 

oxygen uptake figures are not comparable. 

Results for carbon dioxide output from the Warberg tests 

showed similar trends to those presented in Figures 1-7 for oxygen 

uptake. The complete data for the respiration experiments are pro

vided in Appendix Tables 2-7. 

When the peat culture was tested on pelleted seeds by plate 

counting, it was found that it provided significantly better survival 

than the broth inoculum. Results for plate counts made over two 

days to test the survival of rhizobia suspended in peat when inocu

lated into lime, gum, lime + gum and when pelleted onto seeds, as 

compared with broth pelleted seeds, are given in Table 26. Since 

different inoculation methods were used in different treatments, the 

results were corrected to give an initial inoculum level of lxl 0 7 

organisms per treatment. The analysis of variance for these data, 

using a log (x + 1) transformation, is given in Table 2 7. Rhizobia 

numbers increased slightly in the gum and lime+ gum treatments, 

but declined in the lime and pelleted seed treatments. A marked 
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Table 26. Mean number of organisms of Rhizobium trifolii (thousands) 
surviving after inoculation onto pelleted seeds, and into the 
components, Lake Oswego lime and 401o gum arabic, cor
rected to an initial inoculation of lxl07 o:!"ganisms. 

Hours after Inoculation 0 6 12 24 48 

Peat Inoculum 

Lime 10, 000 3, 500 640 690 500 

Gum 10,000 12,100 12,100 25,000 2,6, 000 

Lime +Gum 10, 000 7, 200 8, 200 8, 100 14, 000 

Pelleted seed 10, 000 6, 500 2, 200 1, 000 l, 650 

Broth Inoculum 

Pelleted seed 10, 000 560 57 350 82 

Table 27. Analysis of variance, using a log (x + 1) transformation, 
of rhizobia! survival. 

s.s. D. F. M.S. V.R. 

Total 79. 701 59 

,,......,.. 
"'1'•"1"Treatment 60.813 19 3. 200 6. 78 

..r.....r...,,....,..Materials 49.451 4 12.362 26. 18 

,,,Hours 4. 092 3 1. 364 2.89 
,,, 

MxH 4. 535 12 0. 378 NS 

Error 18.888 40 0.472 

~:< Significantly different at the 51o level of probability. 
~:o:< Significantly different at the 1o/o level of probability. 



78 

decrease in rhizobial survival occurred in the seeds pelleted with 

broth inoculum, as compared with the survival in peat inoculated 

pelleted seeds, confirming the hypothesis suggested by the Warberg 

respiration data that survival in peat culture would be superior to 

that in broth culture. This was further confirmed by Brockwell 

(ll, p. 64 7) who stated that his unpublished data suggested that the 

mortality rate of rhizobia in broth inoculants incorporated into lime 

pellets was high in relation to peat inoculated pellets. 

Attempts to pellet subterranean clover seeds using peat inocu

lants with a range of different pelleting materials proved much more 

successful than earlier attempts using broth inoculants. Results for 

the different pelleting materials used with 40o/o gum arabic on peat 

inoculated seeds are given in Table 28. The hydrated lime-super

phosphate material being marketed in Seattle proved to be an entirely 

unsuitable material for pelleting, and contained no viable organisms 

after ten minutes. After two days, numbers had declined very 

greatly in the Lake Oswego lime- superphosphate mixture, the mag

nesium ammonium phosphate, and the Polk County lime, and at the 

end of eight days, only the seeds pelleted with Lake Oswego lime con

tained more than 1, 000 organisms per seed. A statistical analysis, 

using a log (x + l) transformation is provided in Table 29, showing 

that differences between the individual pelleting treatments, and be

tween the times of plating out were highly significant. Table 30 



Table 28. Mean number of organisms of Rhizobium trifolii surv1v1ng on 400 seeds, using the pel
leting materials indicated, after inoculation with a peat inoculum containing 1x108 

organisms. 

Time after Inoculation 10 Minutes 1 Day 2 Days 4 Days 8 Days 

Pelleted Seed 

Lake Oswego lime 6, 600, 000 430, 000 820, 000 340, 000 530, 000 
Oswego lime-super 4, 000, 000 76, 000 10, 500 1, 480 56 
Seattle lime-super 0 0 0 0 0 
Sugar-lime 20, 200, 000 410,000 114, 000 47, 000 430 
Durkee lime 27, 000, 000 3, 100, 000 388, 000 57, 000 66, 000 
Mg. ammonium phosphate 2, 000, 000 8, 000 3, 900 20 0 
Polk lime 3, 000, 000 120, 000 1' 890 2, 100 210 

Unpelleted Seed 

Water +peat inoculum 21, 200, 000 1' 390, 000 1' 400, 000 1, 910, 000 310, 000 
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Table 29. Analysis of variance, using log (x + 1) transformation, 
of the survival of rhizobia in pelleted seeds. 

s. s. D. F. M.S. V. R. 

Total 715. 2824 119 

Treatment 684.4860 39 17. 551 45. 59 ~:: ~:< 

Materials 446. 5667 7 63.795 165. 7 0 ~~~ ~:::: 

Time 162.9249 4 40.731 105.79 *:::::: 

MxT 75. 9944 28 2. 714 7. 05 ............. 
•'j•"'l"' 

Error 30.7964 80 0. 385 

~:o:< Significantly different at the 1"/o level of probability. 

Table 30. Results of pH measurements of a 1:5 suspension of each 
of the coating mate rials used in Table 28. 

Material pH 

Lake Oswego lime 8.40 

Oswego lime - super 6. 2,5 

Seattle lime - super 12. 15 

Sugar lime 8. 00 

Durkee lime 8.60 

Mg. ammonium phosphate 6. 15 

Polk lime 7. 55 
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gives the pH readings subsequently obtained for the different coating 

materials used, and shows that the hydrated lime- superphosphate 

material from Seattle had a much greater alkalinity than the other 

materials. 
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DISCUSSION 

Several methods are available for the establishment of pasture 

species. Seeds can be drilled in areas where seedbed preparation 

is possible, but must be surface sown in regions where the seedbed 

1s rough or hilly. However, whenever legumes are being planted, 

obtaining satisfactory nodulation is of paramount importance, 

The results from the field experiments where subterranean 

clover was drilled into a prepared seedbed showed that both lime 

and phosphorus were important in nodulation and establishment. At 

Adair, the experiment planted in 1961 (Table 5) showed the greatest 

nodulation in those treatments where the l :1 lime- superphosphate 

mixture was used. Less satisfactory but adequate nodulation was 

also obtained where two tons of lime were used, and adequate seed 

sets were obtained. A moderate seed set was also obtained when the 

uninoculated seeds were planted into the lime- superphosphate mix

ture, although the initial effective nodulation was low. It is probable 

that the mixture provided a satisfactory environment in which the 

few native rhizobia already present in the acid soil multiplied, and 

as the season progressed, gradually invaded more of the plants. 

This would eventually increase the percentage nodulation, even 

though the figures were initially low early in the season. 
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The Nitragin Company's "A-B Culture" inoculum, which 

contains three or more strains for red, white and alsike clovers, 

produced a satisfactory stand with the lime- superphosphate mixture, 

but the initial nodulation was lower than where a culture specific for 

subterranean clover had been used. This suggests that while the use 

of broad spectrum inoculums may be suitable, reduced nodulation 

can occur, and where this nodulation reduction is severe, stand 

establishment may be poor. This is in agreement with observations 

by Paton (34, p. 32, 33). 

If the results in Table 5 are compared with those in Table 10, 

which contains yield figures for the second year's production of the 

1961 seeding, it can be seen that the treatments which had sufficient 

nodulation to produce heavy or moderate seed se·~tings in 1962 had 

good yields in 1963. In the plots containing the uninoculated lime

superphosphate treatments, the stands established in the previous 

year were maintained. In addition, one of the lime-pelleted seed 

treatments, that with 25 lbs. of phosphorus and molybdenum sepa

rated from the seed, gave a satisfactory yield. Why the other pel

leted seed treatments did not behave similarly is difficult to explain, 

although it is possible that the molybdenum salts coated onto the seed 

at sowing might have depressed nodulation in the first year by killing 

some of the applied inoculum. 
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Soil test data (Table l) showed that phosphorus in the soil was 

low. It was found that treatments where no phosphorus was provided 

had lower yields than otherwise similar treatments with phosphorus, 

showing that phosphorus is essential for subterranean clover nodula

tion and establishment on these soils. The yields measured did not 

represent a full season's production, since the material was har~> 

vested in mid-May. It was felt that the earlier production data pro

vided a more critical estimate of subterranean clover establishment, 

since later in the season, weed invasion into the plots where stands 

had not been obtained would have tended to give misleading values for 

dry weight production. 

It was observed that stands with only l O-l5o/o nodulation in 1962 

gave satisfactory yields in 1963. This suggested that these treat

ments could eventually produce an adequate stand, but several years' 

potential animal grazing might be lost by using these slower methods 

of establishment. 

The results m Table 6 for the 1962 Adc::.ir seeding confirmed 

the 1961 results. Inoculation was found to be necessary, and to give 

improved nodulation even when fertilizers were not used. Phos

phorus and lime in the absence of inoculation again gave better 

nodulation than the control treatments, suggesting that some na

tive rhizobia were present in the soil, and that these could 

nodulate plants with at least partial effectiveness if satisfactory 

http:Adc::.ir
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environmental conditions were provided. A significant phosphorus 

x inoculation interaction showed that phosphorus was essential for 

nitrogen fixation as well as for the growth of the plant. 

The results in Table 9 for the 1963 seeding were generally 

similar to the previous years, although nodulation was found to be 

equally good on the two tons of lime plots, whether or not phosphorus 

was added. Jackson (25, p. 3) has indicated that liming is a.n impor

tant soil management practice in increasing the availability of phos

phorus in the acid lateritic soils of western Oregon. The nodulation 

obtained in the uninoculated lime- superphosphate mixture treatment 

was lower than in the previous seeding, but would probably produce 

a satisfactory stand after several years. 

Less satisfactory nodulation was obtained when the phosphorus 

was banded below the seed in the two tons of lime than when the 

phosphorus was drilled with the seed. Hence it would appear that the 

advantage of less contact between the inoculated seed and the acid 

fertilizer (34, p. 32) was more than offset by the disadvantage of the 

greater distance away of the phosphorus from the developing root 

system when banding was used. 

The yield results from the 1962 test at Grassy Knob also 

showed that the best stands were obtained from the use of phosphorus, 

either with two tons of lime per acre, or with 300 lbs. of lime per 

acre in the lime-superphosphate mixture. Yields were lower in all 
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the treatments where only lime was provided without phosphorus, or 

where both lime and phosphorus were omitted. 

The analysis of variance in Table 13 shows that although the 

300 lbs. and two tons of lime treatments were significantly different 

from the unlimed treatments, they did not differ significantly from 

one another. Since, therefore, there was no agronom.ic difference 

between the treatn1ents, they could be separated on economic grounds 

if de sired. The use of the lime- superphosphate mixture supplies a 

localized environment for the survival of rhizobia (41, p. 40) while 

the use of two tons of lime with superphosphate supplies an extensive 

environment for the survival of rhizobia. 

The analysis of variance from the experiment at Salem (Table 

15) shows that although there was a significant difference between 

sowing the seed with superphosphate alone, or sowing it with a lime

superphosphate mixture, no difference was recorded between the use 

of calcite- superphosphate mixutre and dolomite-superphosphate mix~· 

ture. Since there was evidence from the soil test (Table 1), subse·~ 

quently confirmed in a greenhouse pot trial. that a magnesium 

deficiency existed, differences between these treatments might be

come evident at a later date. However, differences existed between 

all three lime treatments. The use of three tons of calcite lime per 

acre depressed nodulation lOo/o more than on unlimed plots, and the 

use of dolomitic lime resulted in an additional 5o/o depression. If a 

http:agronom.ic
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magnesium deficiency WE:re present, the application of three tons of 

calcite lime would widen the calcium:magnesium ratio, and thereby 

accentuate the deficiency. The deleterious effect of an application 

of three tons of dolomitic lime per acre is difficu1t to explain. While 

the salt addition might bring about an increased osmotic concentra

tion, thereby reducing the rhizobia popula.tion, magnesiurn carbonate 

is relatively insoluble. This suggests that some other inhibitory 

mechanism was operating, conceivably related to its rather low solu

bility. The effect of the dolomitic lime was much more severe at 

Peedee, where not only was nodulation prevented, but plant establish·

ment was al.so completely inhibited. 

In all the field experiments, the sowing of inoculated subterra

nean clover into a band of 1:1 lime- superphosphate mixture drilled 

at the rate of 600 or 800 lbs. per acre was quite as satisfactory as 

drilling the seed with superphosphate after an application of two or 

three tons of lime. The use of this mixture could result in substan

tial savings in establishment costs where some cultivation of a seed

bed is possible. 

If single superphosphate 1s assumed to cost $45 per ton, and 

ground limestone, $15 per ton, a ton of lime- superphosphate mixture 

will cost $30. If a pasture is sown with two tons of lime, followed by 

a dressing of 25 lbs. of phosphorus as superphosphate, per acre, the 

cost of the fertilizer and lime used in establishment would amount to 
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$36. 65 per acre. By contrast, the fertilizer cost for establishment 

using 600 lbs. of lime- superphosphate mixture per acre would 

amount to $9 per acre. Since in these experiments, the lime-super

phosphate mixture produced results which were quite as good as 

those obtained from the use of two tons of lime per acre, it seems 

that the cheaper method of establishment should be utilized for 

legume establishment on the acid soils of western Oregon. 

An application of two tons of lime per acre is likely to In

crease the pH of the soil substantially. At Adair, an increase from 

pH 5. 4 to pH 6. 1 was produced by this treatment. Such an applica

tion is likely to increase the availability of several nutrients, nota

bly phosphorus and molybdenum, and to a lesser extent potassium 

and sulphur. This could enhance the establishment of subterranean 

clover. However, the lime-superphosphate mixture is placed in the 

soil at seeding in a narrow band, and is not mixed with the soil. 

The relatively low rates of lime used in the mixture, together with 

the localized method of application would not be likely to signifi

cantly affect the availability of the existing soil nutrients. The 

phosphorus, being mixed with the lime, is placed very close to the 

germinating seedling, and is able to provide a 11 starter" effect to 

encourage establishment. It is not likely that the improved estab

lishment recorded with either two tons of lime, or with the lime

superphosphate mixture was due to an increase in the availability 
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of other nutrients, except in the case of one test at Adair where the 

two tons of lime treatment might have released some native soil 

phosphorus. Since no molybdenum responses were obtained, lime 

applications would not be likely to affect the availability of this 

nutrient on the sites examined. 

Soil acidity has a marked effect 0:'1 the survival of rhizobia 

(34, p. 32). Tiver (42, p. 95) stated that critical pH values varied 

from pH 5. 6 for podsols to pH 5. 0 for solodic clay loams. However, 

the two tons of lime will raise the soil to above pH 6 in most cases, 

allowing the rhizobia to survive. It is postulated that this is the 

principal reason for the satisfactory nodulation and establishment 

which was obtained from this treatment. A similar survival would 

be obtained when the inoculated seeds are planted into a band of 

lime-superphosphate mixture, which has a pH of 6. 25 (Table 30). 

It is therefore concluded that the field responses to heavy lime 

applications, and to the more economical lime- superphosphate mix

ture drillings were due to the ability of the inoculated effective 

strains of rhizobia to survive in the soil environment and colonize 

the germinating seedling. 

Some stand failures in western Oregon ha·.re been attributed to 

heaving caused by the alternate freezing and thawing of the surface 

soil. Heaving was observed on several of the experimental sites, 

and it was noticed that it affected small stunted plants much more 
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severely than large healthy plants with well developed root systems. 

These small stunted, nitrogen deficient plants were invariably the 

plants in treatments where no lime or lime- superphosphate mixture 

had been used, and hence effective nodulation of the seedling roots 

had not taken place. It would appear that heaving can contribute to 

the hastening of stand failures where effective nodulation has not 

been obtained, and may be more significant in the loss of surface 

sown stands than drilled stands. 

Results from the laboratory investigations (Tables 17 and 19) 

showed that there were marked differences between the different 

pelleting materials in their ability to maintain the viability of 

rhizobia. Since agricultural lime is not a pure product, and has no 

standard composition, it would appear that the growth of bacteria 

is dependent on the impurities present in the lime. In Table 19, re

sults for pure calcium carbonate showed that this material did not 

support prolonged growth of rhizobia, presumably due to the lack of 

accessory growth factors for the bacterial cells. Limes from cer·

tain industrial processes, notably Weyerhauser lime and cottrell 

dust lime, apparently contained toxic impurities. In addition, Gold 

Hill lime from southern Oregon also had very toxic properties. Of 

the materials tested, Lake Oswego lime, Durkee lime and sugar lime 

generally allowed the best bacterial survival, and these were the 

most successful limes used in the pelleting test (Table 28). 
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The figures given m Table 30 show that there was a wide range 

m the pH values of the different coating materials used in the final 

pelleting test. The Seattle lime- superphosphate mixture proved to 

be quite unsuitable as a coating material, as its pH of 12. 15 was far 

outside the tolerance of rhizobia (20, po ll 0). However, Berger sen, 

Brockwell and Thompsor.. have mentioned (6, p. 160) that satisfactory 

seed pellets can be made from alkaline materials at least up to pH ll 

by the addition of calculated amounts of acid to the adhesive used. 

Although limes when pelleted onto seeds may be able to amel

iorate the excess acidity in the soil environment, m a similar way to 

the drilled band of lime- superphosphate mixture, there can be no im

provement in nodulation if the limes themselves contain impurities 

which are toxic to the rhizobia. Therefore, for field use, either in 

pelleted seeds, or in a lime·- superphosphate mixture, it might be 

advantageous to characterize commercial lime samples by means of 

a simple inoculation plate count test to ascertain if there are any 

substances present in the lime causing a rapid decrease in rhizobia 

numbers. This testing could be particularly useful if the source of 

the lime sample is not known. It was in fact fortuitous that Lake 

Oswego lime was used in the field experiments, since on the evidence 

of the laboratory results, several other limes, particularly Gold Hill 

and cottrell dust lime, might have severely depressed nodulation. 
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The use of broth inoculants for pelleting seeds was not satis

factory. The results presented in Table 25 show that adhesives 

inoculated with broth inoculants would not permit prolonged survival 

of the rhizobia. The seeds in this experirnent were given a relatively 

low concentration of bacterial numbers, and the higher numbers used 

in later experiments would h3..ve been more satisfactory. Neverthe

less, this is not likely to have been the principal reason for Lhe rapid 

decline in numbers observed. 

The Warberg manometry experiments showed that respiration 

was prolonged when the seeds were pelleted using 40o/o gum arabic 

with a peat inoculum suspension, rather than a broth inoculum sus

pension. However, most commercial cultures are now suspended 1n 

peat. These were used successfully in the field experiments. It 

would appear that the peat, with its colloidal properties and high 

moisture holding capacity, is able to provide a much more satis

factory microer.vironment for the rhizobia than is found in the broth 

(45, p. 33), when each is used in adhesives for pelleting. However, 

even when peat culture w3..s used., rhizobia numbers could only be 

maintained above 1, 000 per seed for more than two days in one 

coating material on the seeds, namely Lake Oswego lime. Hence, 

it would appear essential to prepare peat cultures with as high a 

rhizobia population as possible, and this has been supported by the 

work of Vincent (45, p. 34). The peat cultures prepared for the 
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pelleting experiments CO.!Cta.ined lxl 09 rhizobia per gram, while 

7
commercially available cultures usually have about lxl 0 rhizobia 

per gram, together with many contaminating organisms. Since cul

tures are often badly stored in seed warehouses after manufacture, 

the numbers may frequently be e;,'en lmve:" still further shortening 

the time that seeds pelletEd with such cultures would bE. satisfactory. 

The extent to which the pelleting of seeds will delay the death 

of rhizobia due to desiccation has not been determined. The results 

given 1n Table 24 showed that satisfactory bacterial survival was ob

tained on seeds inoculated conventionally with a peat culture-water 

slurry. Since these seeds were stored in test tubes fitted with alu

minum caps, desiccation would have taken place relatively slowly. 

In the field plantings, the seeds were sown at a depth of half an inch 

m the soil. This would result in much less desiccation than would 

occur from surface sown seeds. 

Gum arabic p.::oved to be the best adhe si\re examined, although 

further testing would probably show that methyl cellulose was also 

satisfactory. Although bacteri3.:i survival was good in the other 

botanical gums, they did not form good pellets. 

Significant interactions were obtained in the laboratory experi

ments between pelleting materials and time (Tables 20, 21 and 29). 

In all cases, however, these interactions were at a much lower 

level of significance than the ma1n treatments, and it was felt that 
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these interactiona were relatively unirnportant. 

There is little doubt from the field experiments that rhizobia 

inoculated converc.tionally onto seeds do not sur\;ive as long in acid 

soils as in neutral soils ur.der otherwise optimum conditions. Now 

that reasonably satisfactory lime pelleted seeds can be made, an 

experimental program should be instituted to determine ihf environ

mental limits within which this method can be used. In moderately 

acid soils in the range pH 5. 4-·6. 0, the lime coating around the pel

leted seed would probably be sufficient to protect the rhizobia from 

soil acidity. The data from the 1961 Adair seeding (Table 6) showed 

that a pelleted seed treatment did give a good second-year stand. In 

more acid soils, such as those examined in the field experiments, 

the lime-superphosphate mixture would probably give better estab

lishment. Further field experiments are therefore required to de

limit the areas where each method is the most appropriate agronom

ically and economically. 

In regions where seedbed cultivation is not posa1ble, and the 

seeds have to be sown by broadcasting, desiccation ia probably a 

more important limiting factor than soil acidity (47, p. 258). In 

these circumstances, seeds could be pelleted with other materials 

than lime although none of the materials tested here appeared prom

ising. It might prove useful to coat the seeds with a layer of peat 

o·~"er the gum, but no experimer.tal da~3.. are available to support 
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this suggestion. 

The field use of both the lime- superphosphate mixture and the 

pelleted seeds should be able to be carried out with existing machin

ery. Some modifications may need to be rnade to seed drills to han

dle the fertilizer mixture, but these changes can probably be made in 

the field immediately before sowing. The drilling and broadcasting 

of pelleted seeds should be possible with the equipment presently in 

use, without further modification. 

The use of lime- superphosphate mixture as a means of obtain

ing satisfactory establishment of effectively nodulated legumes is 

ready for wide scale evaluation in western Oregon. Additional re

search is required on the field use of pelleted seeds drilled into mod

erately acid soils, and broadcast in surface seedings, however, 

before these can be recommended for extensive use. 
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SUMMARY AND CONCLUSIONS 

Trifolium subterraneum Lo, subterranean clover, is an annual 

legume which has been introduced into western Oregon and it prov

ides excellent forage on hill lands which are not suitable for cultiva

tion. However, difficulty has been experienced in establishing the 

plant, apparently due to the failure of the rhizobia inoculated onto 

the seed at planting to survive and nodulate the plant. 

An attempt to solve the problem was made with a series of 

field experiments. Tests carried out on acid soils of pH 5. 4-4. 9 at 

Adair, Grassy Knob and Salem showed that approaching lOOo/o effec

tive nodulation could be obtained either by applying two tons of lime 

per acre to the acid soil before sowing, or by drilling the inoculated 

seed directly in contact with a 1:1 fertilizer mixture of 300 lbs. of 

lime and 25 lbs. phosphorus as single superphosphate, per acre. 

This mixture had been prepared several weeks prior to use to allow 

the lime to neutralize the excess acidity in the superphosphate. 

Yield data showed that satisfactory establishment was obtained only 

in those treatments where effective nodulation was obtained. Uninoc

ulated treatments and treatments where superphosphate was used 

alone were not nodulated, and did not establish stands. Molybdenum 

treatments were included in the tests at Adair and Grassy Knob, but 
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no responses were detected. Differences between treatments in a 

test planted at Peedee were not significant. 

Lime and lime- superphosphate mixtures appear to cause sat

isfactory establishment by providing a protective environment for the 

seed-inoculated rhizobia in the acid soil, allowing satisfactory nod

ulation to occur. 

Since the fertilizer cost of the lime- superphosphate mixture is 

about $9 per acre, compared to $36. 75 per acre for the two-tons-of

lime method previously recommended, it is suggested that the lime

superphosphate mixture method should be adopted. 

However, in many regions, it is not possible to use the lime

superphosphate drill mixture, either due to the nature of the topog

raphy, or to the lack of suitable equipment. A series of laboratory 

tests were therefore carried out in which a number of materials were 

examined for use in making pelleted seeds to protect the inoculated 

rhizobia. Initially, the survival of Rhizobium trifolii was measured 

periodically after inoculation into a range of coating materials and 

adhesives. Bacterial counts were made using serial dilution plate 

counts with yeast-mannitol agar. 

Satisfactory rhizobial survival was obtained in five of the ad

hesives examined, namely 40o/o gum arabic, 5o/o ghatti gum, 0. 75o/o 

guar gum, lo/o locus bean gum and 4o/o methyl cellulose. A wide 

,-ariation was found in rhizobia survival in the coating materials 
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examined, but Lake Oswego lime, Durkee lime and sugar lime were 

found to be the be st. 

Attempts to produce pelleted seeds from broth inoculum cul

ture s were not successful. In a series of manometry experiments 

using the apparatus of Warberg, it was found that the respiration of 

the root-nodule bacteria declined much faster when seeds \Vere inoc

ulated with broth culture than when inoculated with peat culture. A 

subsequent plate count test confirmed that very much better survival 

of rhizobia was obtained when peat cultures were used. 

When a variety of coating materials were tested on pelleted 

seeds inoculated with peat culture, very significant differences were 

found between the materials used. Seeds pelleted with Lake Oswego 

lime had a satisfactory rhizobia! population of more than 1, 000 or

ganisms per seed eight days after inoculation. Seeds pelleted with 

Durkee lime were satisfactory for two days, and those pelleted with 

sugar lime, for one day. The other pelleting materials must be con

sidered unsatisfactory for coating purposes, even over short periods 

of time. 

The marked differences between the pelleting treatments sug

gest that further laboratory research should be carried out, followed 

by a number of field plantings, before pelleting can be considered a 

satisfactory means of improving subterranean clover establishment 

in acid hill soils. 
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Appendix Table 1. Sources of coating mate rials used in pelleting 

experiments. 

Oregon Portland Cement Company 
Oswego, Oregon 

Grange Oil Company 
Tangent, Oregon 

Agricultural Lime Distributing Company 
Eugene, Oregon 

Albany Lime Company 
Albany, Oregon 

W. R. Grace and Company 
Baltimore 3, Maryland 

Stauffer Chemical Company 
Seattle, Washington 

Polk County Extension Agent 
Dallas, 0 re gon 

Lake 0 swego lime 

Sugar lime 

Baker lime 
Cottrell dust lime 
Gold Hill lime 
Weyerhauser lime 

Durkee lime 

Magnesium ammonium 
phosphate 

Seattle lime- superphosphate 
Single superphosphate 

Polk County lime 



Appendix Table 2. Carbon dioxide uptake, jJ.l. /hour, from first Warberg experiment. 

Lime+ Gum+ Lime +Gum Seed+ Pelleted 
Time Rhizobia Seed Rhizobia Rhizobia + Rhizobia Rhizobia Seed 

12. 15 0 83. 7 -5. 7 10. 7 8. 5 9. 7 38. 7 
l. 15 -0. 6 104.4 19. 7 10. 7 28. 3 9. 1 32.4 
2. 15 0. 5 0.4 39. 6 15. 1 48. 7 14. 3 22. 7 
3. 20 0. 6 1.5 54. 3 42. 1 108. 0 19.4 13. 4 
4. 20 0. 9 -1. 8 22.8 78. 5 13. 9 13. 8 5. 3 
5. 25 0.4 8. 9 26. 3 13. 7 4. 7 26. 9 8. 5 
6.25 0. 3 10.3 26.4 2.9 -1. 7 8. 6 -0.2 
7. 30 0. 3 15. 1 21. 5 1.6 -19. 4 16. 6 -3. 2 
8. 30 0. 9 7. 2 11. 5 -1. 6 16. 3 4. 5 7. 5 
9. 35 0. 4 8. 7 9. 9 -3.0 -3. 2 9. 1 4. 5 

10. 35 0. 3 12.0 l. 7 1.6 1.6 2. 9 -1. 7 
11. 40 1.0 11. 5 -1. 7 -1. 4 -3. 2 12. 5 1.5 
12.40 -0. 7 -1. 5 0 9. 7 1.7 -6. 5 1.5 

4. 58 2. 0 4.2 -2. 5 0.8 -0. 8 2. 3 -0. 1 
7. 00 2. 1 1.7 -2. 5 0 -0.8 -0. 1 0 
9.05 2. 1 0.9 -4.2 -0.6 7.4 0 0 

11. 10 1.8 0. 2 1.7 3.5 -6.4 2. 3 0 

....... 

\)1 
0 



Appendix Table 3. Oxygen output, f-11. /hour, from first Warberg experiment. 

Lime+ Gum+ Lime +Gum Seed+ Pelleted 

Time Rhizobia Lime Gum Seed Rhizobia Rhizobia +Rhizobia Rhizobia Seed 

12. 15 4. 0 28.4 30. 7 110. 0 38. 0 39. 7 42. 5 58. 3 104. 5 
l. 15 2.3 41. 0 12. 9 157.4 24.8 10. 7 26. 8 26. 9 50. 8 
2. 1 5 1.9 7. 9 4. 8 5. 1 39. 6 16. 8 48. 8 22.4 31. 9 
3. 20 2. 5 11. 0 19.4 16. 9 64.4 53.4 125. 9 38. 9 34. 8 
4. 20 3. 1 15. 8 25.8 13. 5 39.6 94. 6 23. 6 28.4 14. 5 
5.25 1.4 0 33. 9 13. 5 29. 7 13. 7 4. 7 26. 9 11. 6 
6. 25 1.9 4. 7 7 9. 1 11. 8 26.4 6. 1 1.6 13. 5 4. 3 
7. 30 0. 9 -3. 1 24.2 13. 5 19. 2 0 0 14. 9 2. 9 
8. 30 2. 0 6. 3 11. 3 11. 8 14. 9 0 -3. 2 4. 5 1.5 

9. 35 1.4 3. 2 4. 8 11. 8 9.9 -4. 6 0 7. 5 1.5 
10. 35 1.9 -4. 7 3. 2 13. 5 1.6 0 0 4. 5 2. 9 
11. 40 1.2 -9. 5 -3. 2 8. 5 -3. 3 -4. 6 -1. 6 6. 0 0 
12. 40 1.4 12. 6 0 0 -3.3 -1. 5 -1. 6 0 1.5 

4. 58 1.5 -0.8 -1. 6 3.4 0. 8 -0.8 0 l. 5 1.5 

7. 00 1.6 0 0 1.7 -1. 7 0.8 0. 8 0. 8 0 

9. 05 2. 0 1.6 -0. 8 1.7 1.7 -3. 1 -3. 1 0 0. 7 

11. 1 0 1.9 0 0 2. 5 0 -5. 3 -0. 8 1.5 0. 7 



Appendix Table 4. Carbon dioxide uptake, fJ.l. /hour, second Warberg experiment. 

Seed+ Seed+ Seed+ Seed+ Gum Seed+ Seed+ Pelleted Pelleted 
Time Broth Gum Rhizobia + Rhizobia Gum+ Lime Gum+ Lime Seed Seed 

12. 10 50. 2 1.4 24. 9 7. 0 11. 5 9. 2 8. 5 13.4 
l. 15 14. 3 2. 8 18. 9 11. 8 9.8 3.6 13. 4 2.8 
2. 20 8. 6 7.3 14.2 8. 9 6.4 3. 9 6. 1 2. 1 
3. 25 14. 3 8. 7 9.4 10. 5 6. 2 2. 5 4. 7 2. 1 
4. 35 1 7. 1 10. 2 8. 2 7.4 3. 7 2. 6 6.4 3. 7 
5.40 8. 6 5.8 6. 7 5. 9 3. 7 3. 9 6. 1 2. 2 
6.45 4. 3 5.8 8.2 4.4 2.4 1.2 5. 0 2. 2 
7. 50 3. 0 7. 2 5. 7 2.8 0. 9 -0. 3 4. 5 0. 9 
8. 55 4. 3 1.4 0 1.3 1.3 5. 2 2. 5 

10. 00 2.9 7.2 3. 9 4.4 l. 1 -1. 5 5. 0 -1. 6 
11. 05 0 7.3 4.2 1.4 3. 0 2.8 3. 1 10. 1 
12. 10 2. 9 7.2 5.3 2. 9 l. 1 1.2 0. 8 -0. 3 

4. 15 1.4 2. 2 3.9 0.4 0. 9 1.0 1.2 0. 9 
6.20 1.4 3. 7 2. 3 0. 7 0. 1 0 1.4 0. 6 
8. 25 1.4 3. 7 2.3 0 -0. 6 1.4 2. 1 1.3 

10. 30 -2. 8 3. 7 4.4 2.2 3. 1 2. 0 -0.8 1.3 
12. 35 1.4 4.4 4.2 2. 3 0. 1 1.3 1.8 -0. 7 



Appendix Table 5. Oxygen output, J-LL /hour, second Warberg experiment. 

Seed+ Seed+ Seed+ Seed+ Gum Seed+ Gum Seed+ Gum Pelleted Pelleted 
Time Broth Gum Rhizobia + Rhizobia +Lime +Lime Seed Seed Rhizobia 

12. 10 43. 3 16. 0 39.2 33. 1 36.4 25. 9 45.8 47.4 -4. 7 
l. 15 11. 6 5.8 20.4 18. 0 19. 5 19. 1 24. 9 20. 5 1.6 
2. 20 5. 6 4.4 15. 7 12. 0 7.8 8. 2 10. 5 10. 2 4. 7 
3. 25 5. 6 5.8 9.4 10. 5 10.4 8. 2 10. 5 10. 2 3.2 
4. 35 2. 9 5.8 12.5 10. 5 6. 5 5. 5 7. 9 6.4 4. 7 
5.40 5. 6 5.8 11. 0 9. 0 6. 5 8. 2 10. 5 7. 7 4. 7 
6.45 5. 6 4.4 12.5 9. 0 5. 2 5. 5 7. 9 7. 7 0 
7. 50 10. 1 8. 7 15.7 12. 0 7. 8 8.2 13. 1 7. 7 1.6 
8. 55 4. 3 1.4 3. 0 1.3 2. 7 5. 2 3.8 -1. 6 

10. 00 5. 6 7.3 10.9 10. 5 5.2 4. 1 7.9 3. 8 0 
11. 05 -2.9 -1. 4 0 4. 5 -3. 9 -1. 4 13. 1 11. 5 3. 2 
12. 10 5. 6 5.8 10.9 9. 0 3.9 5. 5 6. 5 5. 1 3. 2 

4. 15 1.8 1.4 3.5 1.5 1.3 1.7 2. 3 1.9 2.3 
6.20 0 1.4 1.6 -0.8 -1. 9 -1. 4 1.3 1.3 3. 1 
8.25 -0. 7 -0. 7 1.6 -0.8 -1. 9 -0. 7 0. 7 1.3 7. 9 

10. 3 0 1.4 0 2.3 3. 7 5. 2 3.4 1.3 1.3 25.3 
12.35 -2. 9 -2.2 0 0 1.3 4. 1 3. 9 1.3 3. 1 

1-' 

0 
00 



Appendix Table 6. Carbon dioxide uptake, f-il. /hour, third Warberg experiment. 

Rhizobia Rhizobia Peat+ Peat+ Peat+ Gum Seed+ Gum Pelleted Pelleted 

Time (Broth) (Peat) Lime Gum +Lime +Lime (Broth) (Peat) 

12. 20 6.4 17. 3 40.4 -9. 5 43.8 8. 1 1. 1 5. 8 
1. 25 6. 3 15. 5 22. 7 -1. 2 17. 3 8. 3 6.2 9.8 
2. 30 17. 6 15. 3 21. 0 12. 7 10.8 7. 1 3.3 4. 9 
3. 35 22.4 13. 6 12. 9 22. 0 7. 5 4. 1 4. 5 2. 0 
4.40 25. 7 12. 2 8.2 17. 5 13. 9 4.8 2. 3 5.4 
5. 45 27.3 8. 9 14. 5 19. 0 7. 6 4. 5 2. 0 2. 3 
6. 50 27. 3 7. 3 9. 7 22.2 6. 1 5. 0 2.4 3.9 
7. 55 32.2 6. 2 8. 2 12.8 3. 1 -0. 3 1.4 4. 2 
9. 00 27. 3 7. 3 8. 1 6.2 9.2 8. 9 -1. 7 1. 1 

10. 05 27.3 5. 8 6. 5 15.4 -2. 0 3. 7 0. 2 2. 6 
11. 10 45. 0 13. 3 4. 8 9.2 22.8 5. 0 1. 1 1. 1 
12. 15 20. 8 10. 7 8.2 6.3 22. 9 1.5 1.4 0. 1 

2. 20 22.4 13. 7 3.2 5. 3 19. 1 1.2 1.2 1.3 
4.25 25. 6 15. 3 3.2 7. 5 4. 5 3. 3 1.9 1.4 
6.30 19. 2 12.2 4. 8 10. 5 3. 0 0. 3 1. 1 1.2 

8.35 18.4 8. 3 2. 9 10. 6 0. 7 3. 1 1. 1 0. 6 

10.40 17. 6 6.8 3. 2 9.8 -0. 8 1.2 0. 6 0. 6 
12.45 14. 5 0. 9 5. 7 7. 9 -2. 2 2. 1 1.4 1.5 



Appendix Table 7. Oxygen uptake, jJ.l. /hour, third Warberg experiment. 

Rhizobia Rhizobia Peat+ Peat+ Peat +Gum Seed+ Gum Pelle ted Pelleted 
Time (Broth) (Peat) Lime Gurn +Lime +Lime (Broth) (Peat) 

12. 20 6. 3 10.8 9. 6 -3. 0 4. 6 31. 5 26. 9 24. 8 
l. 25 14. 2 13. 9 4. 8 -7. 6 0 17. 0 16. 6 17. 9 
2. 30 20. 4 18. 5 8. 0 3. 0 6. 1 14.4 12.8 15. 1 
3. 35 28. 3 20. 1 6.4 9. 1 10. 6 15. 7 15.4 15. 1 
4. 40 28. 3 l 7. 0 -1. 6 3. 0 9. 1 9. 2 6.4 8. 3 
5. 45 29.9 17. 0 4. 8 6. 1 7. 6 11. 8 1 L 5 12.4 
6. 50 29.9 17. 0 4. 8 4.6 6. 1 7. 9 5. 1 8. 3 
7. 55 23. 6 6. 2 -6.4 0 0 2. 6 0 2. 8 
9. 00 25. 2 17. 0 1.6 4. 6 9. 1 11. 8 5. 1 5. 5 

10. 05 26. 7 15.4 -1. 6 12. 1 13. 7 6. 6 2. 6 5. 5 
ll. 10 39. 3 27.8 4.8 9. 1 25.8 7.9 5. 1 5. 5 
12. 15 25.2 13. 9 -3. 2 1.5 21. 3 0 -1. 3 -1. 4 

2. 20 27. 5 l 7. 7 0 5. 3 19. 0 2. 6 2. 6 2.8 
4. 25 27. 5 18. 5 1.6 9. 1 7. 6 3. 3 1.9 1.4 
6. 30 21. 2 16. 2 2.4 13. 7 4. 6 3. 9 4. 5 4. 8 
8. 35 20. 4 12. 3 2.4 12. 9 0. 8 5. 2 3.2 2. 1 

10.40 19. 6 9.3 1.6 12. 1 2. 3 2. 0 2.6 2.8 
12.45 11. 8 3. 2 3. 0 -3. 8 0. 7 0 0 


