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The genus Agrobacterium is unique among genera of phytopathogenic 

bacteria in remaining a small collection of species, yet causing disease 

in a large variety of hosts. Such a situation is absent elsewhere in 

the taxonomy of plant pathogens (Graham, 1964; Stolp, Starr & Baigent, 

1965). The agrobacteria are aerobic, Gram -negative rods causing tumours 

(or galls) on plants, except for one saprophytic species which only 

differs from the type species in failing to incite galls. 

There are six species in the genus Agrobacterium: A. tumefaciens, 

A. rhizogenes, A. rubri, A. gypsophilae, A. pseudotsugi and A. radiobacter, 

the last being the only saprophyte. All the other species cause galls 

but are separated on the basis that A. tumefaciens (the type species) 

causes "crown gall" (generally); A. rhizogenes causes the development 

of secondary fibrous root systems, called "Hairy Root" or "Burr Knot ", 

on apple and rose trees; A. rubri causes cane galls on cane fruits; 

A. gypsophilae causes galls on gypsophila and A. pseudotsugi causes galls 

on fir trees. The first two are the most important and these, together 

with A. radiobacter, are the only species considered in this thesis. The 

other three species are rare; the organisms are less nutritionally 

competent and are host specific. Only A. tumefaciens embraces a large 

host range (see Stapp, 1961). 

Although the present classification of the genus is reasonably 

satisfactory, the species have appeared in the past under different names 

depending on the code of nomenclature in vogue. Crown gall was probably 

first recognised by Fabre and Dunal (1853) who described root knot of 

vine (cited by Elliott, 1930), and the causative organism appears to have 

been first isolated by Cavara in 1897. He identified it with an isolation 

by Comes (1891 - no paper existing) using Comes' name of Bacillus 

ampelosporae. Since Comes had not carried out inoculation tests, this 
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name was not recognised by Smith and Townsend (1907) even though 

Cavara (1897) had performed inoculation and reisolation tests with his 

isolate. The name Bacterium tumefaciens (Smith and Townsend) was then 

adopted after the code of Smith (1905), although this generic name was 

used for non -motile rods in Miguala's system and Miguala had used 

Pseudomonas for polarly flagellate rods such as Smith's Bacterium. 

That Smith should have used a name denoting polar flagellation when 

Cavara had used Miguala's systematic name Bacillus (peritrichous flagella) 

and since doubts existed as to the true nature of the flagellation, the 

name Bacillus was given precedence over Bacterium by some authors. During 

this period (1898 - 1927) Lehmann and Neuman proposed that non -sporing 

Gram -negative organisms be classed as Bacterium, and sporing, Gram -positive 

organisms as Bacillus. This was the scheme upon which Smith (1905) based 

his classification and it was Smith's scheme that Smith and Townsend used 

initially, paying no regard to the question of motility. Bergey (1923 - 9) 

suggested gathering all organisms which were not peritrichous into a new 

plant infecting genus, Phytomonas, and placed the coliform -like species 

into Erwinia. By general consensus the crown gall organism was placed 

in the latter genus (Patel, 1926) but Bergey placed it in the former. The 

name Erwinia for the crown gall organism was eventually rejected as more 

information was found on the soft rotting coliforms and of the true 

flagellation of A. tumefaciens (Conn and Elrod, 1947; Stapp, 1951). Even 

Dowson (1957) attempted to maintain the name Erwinia for this species when 

he divided the soft rotting coliforms into Pectobacterium. 

The validity of the names up to 1942 was examined by Conn who at that 

time used the name Agrobacterium, hence the present type species, 

A. tumefaciens (Smith and Townsend) Conn. Erwin Smith's plea, " ... for the 
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present at least we prefer to leave the group undivided, merely indicating .., 

the plant from which derived ", had been upheld throughout these changes and 

his foresight in 1911 (Smith, Brown and Townsend - discussed Riker, Banfield, 

Wright, Keitt and Sagen, 1930) has removed the classification of the genus 

Agrobacterium away from the question of host -parasite based nomenclature. 

While these changes occurred the causative organisms of "hairy- root" 

in fruit trees and of galls on cane fruits were being isolated. It had 

been thought that "hairy -root's was caused by the crown gall organism 

(Hatton, Wormald and Witt, 1926). This was questioned by Brown (192L1 -) who 

found etiological differences between crown gall and "hairy- root ". The 

causative bacterium was finally identified by Riker et al. (1930) as 

Phytomonas rhizogenes. With respect to the cane galls, Pinckard (1935) 

examined organisms isolated from a variety of gall types. He classified 

all these as Phytomonas and suggested that P. tumefaciens existed in two 

forms: one causing crown gall, the other cane gall. Hildebrandt (1940) 

named this latter type P. rubri, which, following the method of Conn 

(1942) became A. rubri (Starr and Weiss, 1943). Starr (1946) showed many 

nutritional differences between these two agrobacteria and McKeen (1954) 

has made an anatomical study of the two gall types. 

A non -pathogenic organism isolated from soil, and, save for its lack 

of gall initiating ability, found to be identical to the crown gall 

bacterium, was named Bacillus radiobacter (Beijerinck and van Delden, 

1902; Sagen, 'Wright and Riker, 1929) . Bergey listed this as Alcaligenes 

radiobacter and Conn (1942) fixed the name Agrobacterium radiobacter. 

(It had previously appeared as Bacterium,^_chromobacter, Rhizobium and 

Pseudorhizobium). 

The current trend in taxonomy is to merge the agrobacteria and the 
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rhizobia (Graham, 1964 a) under Rhizobium. This is not a new idea - 

Hoffer (1941) suggested Bacterium radiobacter, Phytomonas tumefaciens 

and the rhizobia should be in one genus. He even drew attention to the 

similarities between B. radiobacter and the fast growing rhizobia 

(R. meliloti, R. trifolii, R. leguminosarum and R. phaseoli). Graham 

would resurrect the species Rhizobium radiobacter (Beijerinck and 

van Delden) for this purpose and would include A. tumefaciens under this 

name. For the slow growing rhizobia (R. japonicum, R. lupini and 

Rhizobium species) he would return to the name Phytomyxa as first proposed 

by Buchanan (1926). 

The question as to why strains of A. tumefaciens vary in virulence 

and why A. radiobacter is avirulent, coupled with the ease of their 

in vitro culture, led early workers to hope that a study of their in vitro 

nutrition might give some idea of the chemical processes which could lead 

to host disease (Riker and Hildebrandt, 1953). When the causative 

organism of crown gall was isolated in 1907 by Smith, this constituted 

the first experimentally induced tumour (no animal tumours had yet been 

obtained in the laboratory) and interest in the metabolism of A. tumefaciens 

was increased by Erwin Smithts suggested parallels between crown gall and 

cancer (1923). These parallels still cause cytological interest, even if 

most workers now realise that the cause and inducing agents of the two 

tumour types are unrelated (Braun 1961; Braun and Wood 1961). 

The survival of agrobacteria in soils of different levels of acidity 

(Siegler, 1938) and their ability to grow on relatively simple media 

suggested that an examination of the fluctuation of the pH value during 

in vitro growth, as affected by medium constituents, might provide some 

clue concerning gall formation (Hendrickson, Baldwin and Riker, 1934). 

They found that inorganic nitrogen sources caused the pH value to shift 
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away from neutrality. Ammonium sulphate caused a shift in the acid 

direction; potassium nitrate in the alkali direction, due to an 

accumulation of SO4" and K+ ions respectively. With nitrate as N source 

A. radiobacter produced a lower oxidation- reduction potential than did 

A. tumefaciens (+ 105 mv. and + 350 mv. respectively. Control 450 mv., 

Sagen, Riker, and Baldwin, 1934). In litmus milk an alkaline reaction 

occurs with both organisms (Pinckard, 1935). Riker et al. (1930) 

examined the nitrate reducing ability of the two organisms using a 

variety of carbon compounds. Rarely did A. tumefaciens reduce nitrate to 

nitrite, but A. radiobacter was able to assimilate completely the available 

nitrate. No relation with virulence was found by these experiments but 

Smith (1917) proposed that simple chemicals emanating from the organism 

cause tissue irritation in vivo, and his experiments showed that ammonia 

was the most irritating of these products. He obtained ammonia from 

virulent organisms growing in organic nitrogen media and produced over - 

growths on a variety of hosts using ammonium salts. Of the variety of 

organic nitrogen sources tested, A. tumefaciens and A. radiobacter grew 

on most (Pinckard)1935; Starr, 1946) whereas A. rubri required added 

vitamins (McIntire, Riker and Peterson, 1941). A similar case exists 

for the rhizobia which are all unable to synthesise biotin, thiamine and 

pantothenic acid (Bergerson, 1961). 

The agrobacteria will utilise most carbon compounds normally involved 

in intermediary metabolism (Katznelson, 1956; 1958). Despite this lack of 

fastidiousness, carbohydrate utilisation is still used as a diagnostic 

criterion (Graham, 1964, b). The end products, in all cases, are carbon 

dioxide and a bacterial polysaccharide, the ratio depending on the carbon 

source and the state of aeration (McIntire, Peterson and Riker, 1940). 

The polysaccharide is a poly -glucan with 13-1 : 2 linkages (Stacey and 
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Barker, 1960; Graham, 1965). A new product from disaccharides has 

recently been isolated (De Ley, 1960) and accounts for up to 50; of the 

originally available carbohydrate. This product has the hydroxyl group at 

C3 of the sugar moiety in non -reducing linkage oxidised to a keto group 

giving the disaccharide increased reducing properties. As this class of 

compounds is not produced by any other organism other than Agrobacterium, 

it has a useful diagnostic significance (Bernaerts and De Ley, 1963). 

The morphological response of plant tissue to infection has been 

studied by Smith (1917, 1921), Riker (1923, 1926) and Braun (1952, 1962). 

The organism is a wound parasite, the size of gall depending on the severity 

of the wound and not on the number of inciting bacteria (Riker et al., 1942; 

McKeen, 1954). The organism exists in the intercellular spaces, not 

infecting the plant cells, and the cell nuclei migrate to the wall site of 

infection (Riker, 1939), prior to division (Whightman, 1962). The first 

divisions are those normally involved in callus formation during wound 

healing involving the cortex and secondary phloem. The young tumour cells 

then appear as smaller cells whose orientation is out of alignment owing 

to random positioning of the mitotic spindles (Kupila, 1964). As the 

tumour enlarges the new vasculation becomes involved so that initially, at 

least, the gall has a vascular system linked to that of the plant (Smith, 

1920; Kupila, 1961). It can be seen that the more severe the wound, the 

greater the respon_sewhich also depends on the types of tissues injured. 

The pith, as well as the cortical tissue, will also give tumour cells. 

The question of ttploidyt' of the small tumour cell has been a point of 

argument (Smith, 1916; Riker, 1927; Levine, 1931; Kupila, 1958). Cells 

were mitotic, amitotic, polyniucleate, diploid or tetraploid depending on 

the author. It can be stated that in normal wound tissue there exists 

states of varying "polidy ", but the diploid cells respond to wounding 
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first and the tetraploid considerably later on (Kupila, 1961). Theoretically 

it would be expected that polyploid cells would dominate when the high 

DNA levels in galls is considered (Klein, Rasch, &Swift, 1953). Some cells 

in galls have 2, 14. or 8 times the DNA content of diploid cells but these 

average down to the 2n value, by division. To return to the histology 

of the young developing tumour, the dividing cortex has built up a mass of 

parenchymatous tissue which lacked orientation. Through this and at its 

edge are scattered large tumour cells not necessarily dividing. Blind 

vessels (lignified) may be formed in the body of the gall. These changes 

occur in most experimental plants (Tomato, and Paris Daisy) but not in 

Sunflower. In the latter, after wound healing, long lines of rapidly 

growing cells invade and radiate into the wound, so forcing it open, the 

gall tissue then exuding out of the wound. In all cases the tumour cells 

will eventually invade the vascular system (which might lead to second- 

ary galls) and cause distortion and eventual interference with plant 

transport systems. This can be fatal. As far as the pathogen is concerned, 

it at no time invades living cells. Enclosed, old cells, when they die, 

may become infected. The organisms themselves avoid these areas of low 

oxygen tension (or die) and viable cells only are to be found near the 

surface of the gall and at regions of rapid division. In time these 

organisms will become scarcer until the stage is reached when they cannot 

be isolated. 

Root nodules, be they effective or ineffective, bear no relation to 

crown gall, but have been compared at various times to galls. Although the 

outward appearances of both may look similar, only legumes are infected by 

rhizobia whereas Agrobacterium tumefaciens has no such host limitations 

(Elliott, 1951). 
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Infection is not brought about by wounding but by natural infection 

of root hairs (Raggio and Raggio, 1964). The root secretes substances 

which are metabolised by the bacteria (Rovira, 1956 a; Dart and Mercer, 

1964) and one of these, indole acetic acid (IAA), causes root curling and 

infection ( Nutman, 1956) which allows strains of rhizobia to enter. The 

cells form an infection thread and are covered by a matrix of electron - 

dense material which, in turn, is apparently enclosed by a membrane of 

plant origin. At this point the differences in effective and some cases of 

ineffective nodulation become apparent. Ineffectives seem to have an 

incomplete membrane so that when they extrude into the host cytoplasm 

they are not completely covered by a plant -formed membrane, as are the 

effectives. If the host plant is genetically competent (Nutman, 1956) 

the rods of both classes will rapidly divide to give bacteroids which will 

then cease division (Mosse, 1964). The infection thread will continue to 

expand, passing into cells as it goes. The presence of this thread leads 

to rapid, ordered division of cells with a circumscribing vascular network. 

The whole developing nodule is enclosed in cortical and epidermal tissue. 

Within the effective nodule this process will continue and leghaemoglobin 

formation is apparently paralleled by the start of nitrogen fixation. 

In ineffective nodules no leghaemoglobin is formed, although rudimentary 

precursors may be present, and nuclear attack by the parasite causes 

the nodule to degenerate at its centre. All the time that a nodule is 

effective it is full of bacteroid tissue and only at seasonal death of the 

plant will the nodule regress. It is of interest that in vivo rhizobia 

lose cytochrome a, but retain b and c, under the conditions of low oxygen 

tension in the nodule (Appleby and Bergerson, 1958). The sketches in 

Fig. 1 illustrate the differences between a developing crown gall and a 

young nitrogen fixing nodule. 
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In both Agrobacterium and Rhizobium, variation between strains occurs. 

With the former these are slight (crown gall exists in 61 families and 

140 different genera), although some strains are of restricted host -type. 

With rhizobia the species are classed with respect to the host plant and 

the range from effective to ineffective gives an arbitrarily described 

spectrum. 

Erwin Smith always emphasised the similarities between crown gall and 

animal cancer (Smith, 1926), although he always pointed out that crown gall 

in contrast to animal cancer was caused by bacterial activity (Smith, 

1916). Crown gall was the first experimental tumour material studied 

and from 1907 to the 1920s there was an upsurge of interest in oncology 

generally and crown gall in particular. 

Smith believed that gall formation was stimulated by an endotoxin, 

acting on the nucleus of the plant cell,which was liberated only when 

bacterial cells died within the host. Later attempts to cause galls using 

dead bacteria or extracts of bacteria failed (Braun, 1954) although lipids 

have been extracted from virulent organisms which had phytotoXic, if not 

tumorogenic, properties (Geiger and Anderson, 1)39; Velick, 19%IW. In 

fact very few chemical compounds when applied to plants are carcinogenic 

as compared to the vast number of animal carcinogens (Levine, 1939; 

1942; 1951). Since most animal carcinogens are related to the sex 

hormones, it could be more profitable to compare plant hormone analogies 

for carcinogy. The study of plant growth showed only estrone to have 

auxin effect (Helmkamp and Bonner, 1953). 

Although various chemicals failed to elicit galls, some had growth 

promoting activities (Riker and Berge, 1935). The first significant 

step in explaining the virulence of agrobacteria was in 1938 when Berthelot 

and Amoureux isolated an auxin (IAA) from media containing tryptophane. 



But the significance of this finding was questioned when, in the following 

year, Locke, Riker and Duggar (1939 a) obtained the same compound from 

cultures of the non -gall forming organism Agrobacterium radiobacter and 

Bacillus species. Even if the same authors (Locke et al., 1939 b) did show 

higher IAA levels in galls than in leaves, the role of IAA was realised to 

be only part of the pattern of pathogenicity. At this early date the 

methods of application were crude and substances were being used at 

concentrations well above the conceived physiological level. Only when 

lanolin was introduced (Liabach, 1933, quoted Braun, 1954) could physiologica: 

quantities be used over a long period. It was shown that indole acetic 

acid and compounds of similar structure would cause tumours at wound sites. 

Extracts of cultures in which crown gall organisms had been grown, did 

likewise, and comparisons were made of the gall tissue formed with that of 

true crown gall, and in galls formed by treatment with indole acetic acid 

in lanolin paste (Link, 'Wilcox, and Link, 1937). It was concluded that 

galls are incited by the action of I AA. The cause of crown gall was 

considered solved when Berthelot and Amoureux (1938) showed the production 

in vitro of IAA from tryptophane, and Dame (1938) showed the quantity of 

this auxin to be greater in virulent cultures than in avirulent ones. 

After Link and Eggers (1941) showed the concentration of IAA to be higher 

in tumour tissue than in normal tissue, the matter was considered solved. 

The problem of gall initiation was reopened by Locke, Riker and Duggar 

(1938, 1939 a) and by the experiments of Braun (1943, 1952). Locke et al. 

could find no exact parallel between crown gall susceptible hosts and the 

host plants on which IAA /lanolin galls could be induced, nor was there 

any parallel between the ability to produce auxin (in vitro) and the 

known virulence of the organisms. It could also be shown that other, 



non pathogenic organisms were capable of forming IAA from tryptophane 

(Locke et al., 1939 b). They were unable to initiate gall formation using 

an avirulent strain and IAA, but Braun and Laskaris (1943) claimed some 

success. The results of Braun on the part played by the host cells can be 

summarised as follows. Braun and :Nhite (1943) and Braun (1943) found that 
o 

by heating infected plants at 46 - 47° Arobacterium tumefaciens was killed 

without any ill effect on the plant. Using this system, together with the 

information provided by Riker (1926) who had shown a temperature dependence 

of less than 30° for gall formation, it was shown that gall development 

could be divided into two phases. There was an inception phase where the 

bacteria stimulated normal cells to become incipient tumour cells, and a 

development phase where these cells could start uncontrolled gall growth. 

If a plant (Kalanchoe) were inoculated with a virulent organism and placed 

at 32° for more than five days, no gall developed when the plant was 

returned to 25 °. At 25 °, however, an inoculated plant formed a gall. 

By varying the time after inoculation at 25° before placing at 32° it was 

found that the organism had to be in contact with wounded tissue for a 

period of 24 hours, followed by a period of 12 hours (36 hours total). 

The first period, 24 hours, was temperature independent, but the second 

period of 12 hours had to be at less than 30° if galls were to form. 

?removal of the bacteria by heat treatment at 3 days did not prevent 

tumour formation. If this treatment was carried out at decreasing periods 

of time (less than 3 days) then the resulting galls became smaller until 

heat treatment at less than 36 hours after inoculation prevented galls 

being formed (Braun, 1947; Braun and Mandle, 1948). Tissues differing 

from normal healing callus were not seen until 34 hours; tumours of 

normal size were only obtained when a period of 60 to 72 hours elapsed 

after inoculation before placing at 32 °. 
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After damage and healing- and subsequent inoculation at varying times 

after the initial damage, galls only occurred if the bacteria were present 

before the fifth day of healing. That is, although callus formation is a 

prerequisite of tumour cell formation, the callus, after a certain time, 

inhibits gall formation. It was shown further (Braun, 1952) that the 

healing process is necessary for gall initiation. Braun took stems and by 

using the 25 °/32° incubation technique he inoculated either callused or 

freshly cut sections. The results are best depicted diagrammatically, 

as in Fig. 2. The induction period seems to depend on two factors, a 

normal healing process (which may occur in the presence or absence of 

bacteria) of 24 - 36 hours leading to a cell ready for change - a 

conditioned cell, and an agent after this period which alters the 

conditioned cell into an incipient tumour cell, the second phase being 

dependent on the presence of virulent bacteria and temperature. This 

agent was formed at 25° but not at 30 °, and was called the Tumour Inducing 

Principle (TIP). By following the decrease in gall size over a small range 

of rising temperature and applying the Arrhenius formula, Braun (1950) 

obtained a value of - 80,000 cal. /mole for the activation energy. This 

is the order for protein destruction and it was therefore assumed that 

the TIP was a protein - a protein which at 30° is destroyed at the same 

rate as it is synthesised at 25 °. Thus Braun (1954, 1962) now believes 

that TIP acts on the cells and causes them to reach a stage where 

autonomous growth can begin - the Incipient Tumour Cell. Braun achieved 

this stage without the use of auxin; in fact he only considered it to 

become of relevance in tumour cell replication. Klein and Link (1952), 

however, maintain that the incipient tumour cell cannot develop further 

without the action of IAA. as a "co- carcinogen ", a belief repudiated by 

Braun but which seems natural considering the role of IAA in plant cell 
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division (ahightman, 1962). 

Whereas IAA. may have been overlooked in the interest of TIP, the 

auxin is involved with tissue culture and in vitro tumour tissue. Normal 

tissue requires, for continued growth, the addition of vitamins, inositol 

and auxin. Crown gall tissue has no such requirements (Loomis, 1953). 

If auxin is added to tumour tissue (de Ropp, 1947; Hildebrandt and Riker, 

1947) growth inhibition occurs. The oxygen uptake of such gall tissue was 

also repressed (Eberts, Burris, and Riker, 1951; Lioret, 1952). Since 

normal tissue could be stimulated into growth on media on which gall tissue 

had previously been grown (de Ropp, 1914.7), the suggestion (Braun, 1947) 

was made that gall tissue cells could acquire, by virtue of their 

transformed state, a capacity to form great quantities of growth hormone. 

This evidence seemed to correlate in some way with the higher auxin level 

of galls (Link and Eggers, 19) #1; Henderson and Bonner, 1952), and supported 

the notion that hypertrophy was synonymous with hyperauxiny. By now all 

doubt as to the cytology of tissue culture and true galls was removed 

(de Ropp, 1950). Even the concentrations of auxin in tissue culture were 

of the same magnitude as those of in vivo galls (Kulesch and Gautheret, 

1948) . 

Differences in the nucleic acid content between the tissue types 

were also noted. Following inoculation by virulent organisms the DNA 

content of the host tissue rose in 24 to 48 hours after inoculation, 

dropping to the normal level on the fifth day. Such a peak was not caused 

by the introduced bacterial DNA (Klein, Rasch and Swift, 1953; Klein, 

1953). The rise in DNA corresponds to the time pattern of tumour 

inception with the TIP active period and supported the idea that TIP 

was a nucleo- protein (or DNA) rather than a protein. TIP characteristics 
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of DNA, sensitivity, heat lability, deactivation and minimum molecular 

weight, are well fitted to the known physical properties of DNA (Braun, 

1954); especially when Klein showed (1953) that avirulent organisms 

(or virulent organisms inoculated at 300 and held at that temperature) 

gave results for DNA content similar to those of wounded controls. The 

earlier suggestions of Beardsley (1955), supported by Stonier (1956), 

that the virulent A. tumefaciens strain B6 was lysogenic, gave support to 

the theory that TIP might be viral in origin and that, like the newly 

discovered avian viral cancers, plant tumours might also be initiated by 

bacterial virus. Further, bacteriophage could be isolated from gall 

tissue. By 1952, however, Klein and Link had retracted from the 'phage /TIP 

concept on a number of counts. They failed to induce sterile galls with 

' phage; avirulent organisms with 'phage gave no galls, and they 

obtained galls from a virulent strain devoid of prophage as well as 

isolating a 'phage from an avirulent strain. The idea still lingers 

on as papers by Beardsley (1960) and Stonier (1960 a) indicate. It was 

proposed that a liberation of P32 could be paralleled by nucleo- 

phosphorous compounds (although the quantities were identical for 

virulent and avirulent organisms), suggesting that in the plant the 

increase of DNA could be of bacterial origin. The matter was finally 

settled by Kupila and Stern (1961) who showed that the DNA rose in 

normal wounded tissue. In 1960 (b) Stonier stated that the release 

of P32 is not connected with tumour induction but only with the 

secretion of a bacteriocin, lethal to some other agrobacteria. As 

Braun says (1962), "TIP remains, as yet, a moot question." 

Interest thus focuses on the earlier finding that crown gall 

(in vitro) contained more IAA than did normal tissue and that crown gall 
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tissue required no added vitamins, kinins or auxins, as did normal tissue 

(Kulescha, 1954). There are two possible reasons for their different 

IAA content, either gall tissue synthesised its own IAA in excess of 

requirements, or gall tissue had lost the enzymes destroying free auxin. 

This last idea could be extended to the possibility that gall tissue had 

inhibitors of IAA destruction, while normal tissue had none. 

Klein anc? Vogel (1956) showed the growth of gall tissue to be dependent 

on auxin, yet Platt (1954) had found it impossible to assay such physiolog- 

ical amounts of IAA in plant tissue. Platt also failed to isolate any 

inactivating process, but showed that peroxidase levels in normal, and gall, 

tissue to be the same. Since Andreae (1953) had shown a peroxidase mediated 

destruction of IAA he stated that a higher amount of auxin in galls was 

caused, not by a different rate of destruction, but by different rates of 

synthesis. He modified this idea by suggesting that gall tissue had "IAA 

sparing" substances. Using catechol and other phenols he found there to be 

ten times more sparing compounds in normal than in gall tissue. This does 

not fit the known concentrations of auxin. Lipetz and Galston (1959) 

found only extracellular IAA oxidase in gall tissue. Bitancourt (1949, 

reviewed Braun, 1962) showed that gall tissue had a higher concentration 

of IAA oxidase inhibitors. These workers had used Parthenocissus tissue 

only and if Helianthus is considered (Henderson and Bonner, 1952) no IAA 

inactivating enzymes in either normal or gall tissue is to be found. The 

authors did, however, isolate an inhibitor capable of blocking the step 

between tryptophane and IAA. This substance was absent in tumour tissue. 

Lipetz (1959) using sunflower tissue showed a decrease of the normal IAA 

oxidase concentration following inoculation of virulent organisms, but not 

with attenuated strains. This he considered to be a result of the virulent 



- 16 - 

organisms producing an IAA oxidase inhibitor. 

The nature of these inhibitors or sparing compounds appeared to be 

phenolic. Gortner and Kent (1953) found in pea epicotyl not only an 

enzyme capable of destroying native auxin but also an IAA oxidase inhibitor. 

Goldacre and Galston (1953) and Goldacre, Galston and Weintraub (1953) 

assayed a variety of phenols for their effect on the enzyme. Tang and 

Bonner (1947) examined the enzyme from etiolated peas and obtained a 

dialysable inhibitor. They showed inhibition by cis and trans cinnamic 

acids. Inactivation of this enzyme by KCN and CO led them to consider 

the process to be flavoprotein (iron) mediated. The physiology of the 

enzyme will be examined in a later section of this thesis. 

That phenols inhibited enzymatic reaction was of interest, especially 

when Hillman and Galston (1956) explained previous discrepancies on the 

increased oxidation of auxin following addition of Mn 
++ 

and 2, 

4- dichlorophenol. Sacher, more recently (1963) has examined the kinetics 

of phenols and IAA oxidase. Nothing in the literature refers to phenols 

functioning other than as IAA oxidase inhibitors or cofactors (McRae and 

Bonner, 1952). Yet it is known that germination is controlled by phenols 

(Van Sumere, 1960) and that in fungal disease, phenols are the major 

defence mechanism (Farkas and Kiraly, 1962; Secueira, 1963; Rabin and 

Artsikhonskaya, 1964; Lyr, 1965). References on defence against 

bacterial diseases by phenols is sparse. Farkas and Kiraly (1962) 

list only one in the introduction; they mention 42 for fungi and 16 for 

viruses: Part of this thesis will deal with the effect of phenols on gall 

formation and the nature of the plant processes which limit tumorogenesis. 

Also included will be an examination of the possible parameters of 

avirulence as evidenced by attenuated strains and by A. radiobacter. 
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There remains one aspect of the agrobacteria and the rhizobia which 

this introduction has not yet covered: the genetic status of the genera. 

Exchange of genetic material, both inter and intrageneric, has been 

reported, resulting in loss of effectiveness, loss of gall formation or 

of rhizobia. "gall formation" and agrobacterial nodulation (Klein and 

Klein, 1953; Balassa, 1963; Gershon, Zahler, and Alexander, 1963; 

and Kern, 1965 and 1966) . All reports are of transformation. _Despite 

the large numbers of phages known for agrobacteria (Chen, 1963; Roslycky, 

Allen and McCoy, 1965) and rhizobia (Bruch and Allen, 1957) and the 

characteristics of those phages capable of parasitising certain species of 

both genera ( Roslycky, Allen and McCoy, 1959; Vincent, 1966 pers. comm.), 

no report exists of transduction experiments. Such intergeneric lysis, 

however, is not universally supported (Parker and Allen, 1957; Roslycky, 

Allen and McCoy, 1962). Neither phage of A. radiobacter or phage resistant 

A. radiobacter (Roslycky et al., 1962) caused galls or nodules. Gúith regard 

to transformation results have been achieved using anything from poly- 

saccharide (Ljunggren, 1961) to DNA of checked purity (Balassa, 1963). 

Overlooking Ljunggren's achievement of ineffective to effective, another 

paper (von Wagenbreth, 1965) reports similar changes but admits to not 

having checked the alcohol "lysed" donors for viability. He also failed 

to cause host plant specificity changes; this was the only part of 

Balassa's work (1963) on plant response and she reported a failure to 

transform effectiveness but did bring about changes of the "cross - 

inoculation group ". It can be surmised that effectiveness can be controlled 

by a number of bacterial genomes, the loss of any one of which results 

in ineffectivity. Ineffectivity, therefore, is unlikely to be reversed 

by a one step mutation or yet by any one biochemical reaction. The 

intergeneric changes of Kern (1965, 1966) report transformation between 
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A. tumefaciens and R. leguminosarum and deal solely with pathogenicity and 

morphology; no details of effectiveness being given. Since this is an 

extension of the thorough work of Klein and Klein (1953) with A. tumefaciens 

and R. leguminosarum such results seem acceptable even if not carried out 

with the same degree of control of the latter workers. Kern does also 

make the interesting statement that the transformants are always 

intermediate (biochemically) to the parents. 

In retrospect it can be seen that those who acclaimed the findings in 

the 1920s, as foreshadowing the complete explanation of tumorogenesis, 

have not been vindicated. Although advances have been made as to the 

plant's róle in gall formation and the possible bacterial agents, certain 

facts are still wanting. It is easier to list these. What differentiates 

A. radiobacter and A. tumefaciens on infection? What is the source of 

auxin and tryptophane (is it from the plant, from the bacteria, or does it 

result from both)? What time of survival within the plant and outside it 

is normal under host -parasite interactions? What substances do the bacteria 

produce to dislocate plant cell division? What is TIP? 2-Jat repressive 

mechanisms are used by the plant upon the inciting organism or on its 

products and how may the successful parasite resist these? What is IAA 

oxidase (a simple enzyme, a peroxidase, or a series of enzymes)? What may 

limit the oxidase's reactions, and what cofactors are needed for reaction? 

With these questions in mind, this thesis is about the metabolism 

of the parasite, with a view to devising methods and media for accurate 

quantitative and qualitative assay as well as their application to the 

elucidation of the new ideas in agrobacterial classification. For this 

purpose many experiments involve Rhizobium sip. and related Gram -negative 

organisms found in soil. As already stated, part of this thesis contains 

a discussion on the role of phenols as plant resistance factors and 
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as participants in IAA oxidase reactions. The mechanisms available to 

pathogenic bacteria to resist or modify these responses to infection will 

also be studied. In view of the uniqueness of the products of disaccharides 

(as already mentioned), these products are considered from the stand point 

of synthetic methods, their possible role in pathogenicity and their 

position in the metabolism of the organism. The thesis ends with a general 

discussion followed by an assessment of the present state of the taxonomy 

of Rhizobiaceae. 



MATERIALS AND METHODS 



- 20 - 

ABBREVIATIONS: 

Ala. - Alanine; standard abbreviations will be used for 

amino acids, see Dixon and Webb (19610 

ADP - Adenosine diphosphate 

AMP - Adenosine monophosphate 

ATP - Adenosine triphosphate 

B.D.H. - British Drug Houses Ltd., England 

DECA - Diethyl dithiocarbamate, sodium salt 

DNA - Deoxyribonucleic acid 

DNAse - Deoxyribonuclease 

DOPA - Dihydroxyphenylalanine 

DPN - Diphosphopyridine nucleotide 

DPNH - Reduced form of DPN 

EDTA - Ethylenediamine tetracetic acid 

Et - Ethyl group 

FP - Flavoprotein 

HAc - Acetic acid 

IAA - Indole acetic acid 

Me - Methyl group 

NCIB - National Collection of Industrial Bacteria, 

Aberdeen, Scotland 

NCPPB - National Collection of Plant Pathogenic Bacteria, 

Harpenden, England 

ONPG - Ortho- nitrophenyl- p- D- galactopyranoside 

RNA - Ribonucleic acid 

TIP - Tumour inducing principle 

TPN - Triphosphopyridine nucleotide 

TPNH - Reduced form of TPN 

Tris - 2- amino- 2- (hydroxymethyl)- propane -1, 3 -diol d - amino acid 
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ORGANISMS: 

Designation Source /Origin Strain 
number 

Agrobacterium tumefaciens NCPPB - apple / 4 

/ 223 " 
It 

/ 396 " 
tt - dahlia 

/ 397 u " (classical strain, B6) 

/ 3g8 u U 

/ 794 " " - rose 

/ 925 " " - dahlia 

/ 930 u " - willow 

/1001 " " - vine 

/8150 " NCIB 

Su 582" t' Cook (Canada) B70 

Su 584'' 
tt Forestry Comm. NSW (Australia) 

M1 

M15 

M21 

M22S 

M22R 

t' 

If 

If 

it 

it 

109A 

Clark (U.K.) - marrow 

E.F. Smith 

E.F. Smith - hop 

( Two colony forms from M22, 

( E.F. Smith - poplar 

M25 It Blyth (U.K.) 

RD1 It Dickey (U.S.A.) - rose 

RD2 " " - plum 

RD3 + It - chrysan- 
themum 

RD/4- 
It 

't - dahlia 

RD5 It tt - pear 

RD6 It tt - Soil, 
I -CK -9 

RD7 it It - Soil, 
II -A -3 

RD8 It - Soil, 
I -CK -15 

RD9 it It - Soil, 
II -A -9 
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Strain 
Designation Source /Origin number 

yt 8149 A. radiobacter NCIB 

9042 ti It 

Su 583* If Harris (S. Australia) 

Su 586* " Lockhead (Canada) 590 

7Z 5 A. rhizogenes NCPPB - apple 

A 634 Agrobacterium spp. Departmental strain - soil 

B 639 if 
't - soil 

C 639 tt 't - soil 

E 639 n it - soil 

LK 10 It it - soil 

LK 11 " 
It - soil 

ZN 1 " If - soil 

CT 14 " 
it - soil 

CT 16 " 
It - soil 

7A14 Achromobacter spp. Departmental strain - soil 
F 34 tt " - soil 

CB 11 tt 't - soil 

CS 8 Alcaligenes spp. Departmental strain - soil 

CS 11 It It - soil 

C 17 Escherichia coli Clark (U.K.) - human urinary 
infection 

G 110 Erwinia atroseptica Graham (U.K.) - potato 

G 117 E. caratovora it - potato 

H 2 E. aroideae Burkholder (U.S.A.) - tobacco 

C 26 Klebsiella aerogenes Clark (U.K.) - human urinary 
infection 

667 Pseudomonas marginalis NCPPB - chicory 

1559 it tt - lobelia 

D 5 Ps. mors- prunorum Crosse (U.K.) - plum 

D 16 " If - plum 

P 12 Ps. phaseolicola Crosse (U.K.) - bean 

P 14 it 
't - bean 

S 5 Ps. syringae Crosse (U.K.) - pear 

W 183 it If - citrus 

G 2 If If - citrus 
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Strain Designation Source /Origin number 

LA3 Pseudomonas spp. Departmental strain - soil 

3D13 It It - soil 
CB 4 ti 

" - soil 

Bn 3 ft it - soil 
F 300 tt Moustafa (U.K.) - plum 

leaf 

Su 390 Rhizobium leguminosarum Graham NSW (Australia) 

R 308 tt 

R 314 t' 

R 315 t t 

R leg. " Clark (U.K.) - pea 

Su 413* R. meliloti ;Vaite Inst., 114 

Su 574'' " Corby (S. 1- Africa) - Hairy 
308A Peruvian 

R 105 It - alfalfa 

R 111 it - sweet 
clover 

R 140 t' - sweet 
clover 

R 142 it - alfalfa 

4A.L R. trifolii Singer (U.K.) - white clover 

S L it It - white clover 

6CL " " - white clover 

6EL It it - white clover 

8AL t' tt - white clover 

8BS tt " - white clover 

9AS tt It - white clover 

9DL It " - white clover 

P8S it 
it - white clover 

P10S tt It - white clover 

X1 Xanthomonas phaseoli Graham (U.K.) - bean 

X2 X. phaseoli var fuscans " - bean 

Received from Graham (Australia). Strains 
appear in Graham (1964 a). 

Quoted in the text as "the National Collection strains" 



MAINTENANCE OF CULTURES: 

Maintenance of stock cultures was at ° 4 on sloped media in 1 oz., 

screw capped, vials. Routine cultures were subcultured from these 

stocks onto sloped media in a" test tubes and kept at room 

temperature. Mannitol- yeastrel agar, nutrient agar or 2% (v /v) 

glycerol nutrient agar were used depending on the organism. 

MEDIA: 

Nutrient broth. Peptone (Evans) 0.25 gm; peptone ( Bacto) 0.25 

gm; Lab Lemco (Oxoid) 0.5 gm; NaC1 0.25 gm; distilled water 

100 ml. To each litre of medium was added about 5.0 ml normal 

NaOH to give a final pH value of 7.0. 

Nutrient agar. Nutrient broth was solidified with 1.2% (w /v) agar 

(Oxoid No. 3). 

Additional carbon sources were added, where necessary, on a (w /v) 

or (v /v) basis. 

Ivlannitol- yeastrel. Mannitol 10.0 gm; Mg SO4 0.2 gm; NaC1 0.1 

gm; K2HPO4 0.5 gm; yeast autolysate 25.0 ml; distilled water 

1000 ml. CaCO3 (if desired) 3.0 gm/litre. Agar (Oxoid) 

12.0 gm/litre. 

Yeast autolysate. 1000 gm of brewers' yeast in 1000 ml water 

in a large jar was incubated at 48° for 24 hours. After 

centrifugation, the clear supernatant was autoclaved momentarily 

at 222 lbs /sq in. 

Hugh and Leifson medium. The carbohydrates were added to the 

separately sterilized base which is described by Hugh and Leifson 

(1953) . 
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Nitrogen-free agar. (Bond, modified Croan). The plant nutrient 

medium was as described by Allen (1951) and solidified with 2% 

(w /v) agar (Oxoid). 

Plant nutrient solution. To the nitrogen -free salts solution (Allen, 

1951) was added 0.01% (w /v) KNO3. 

STERILIZATION: 

By heat. All media were autoclaved momentarily at 222 lbs. /sq. in. 

unless sugars were present when 15 lbs. /sq. in. for 15 minutes 

(15 lbs. /15 min.) was used. If amino acids had been added to the 

media the process was altered to 10 lbs. /10 min. 

By filtration. Stock solutions of carbohydrates, organic acids, 

alcohols, amino acids and vitamins were filtered through a Seitz 

filter previously sterilized at 222 lbs. Otherwise, as stated in 

the text, filtration was by membrane filter (Oxoid or "Millipore ") 

using the standard vacuum process for large volumes of liquid and 

an adapted hypodermic syringe ( "Swinny" adaptor, Howe & Co. Ltd., 

London, England) for small volumes. Membrances were sterilized 

between moist filter paper at 10 lbs. /10 min. 

BUFFERS: 

Buffers were as described in Mackie and McCartney's Handbook of 

Bacteriology (Cruickshank, 1960) or as stated in the literature. 

ELECTROPHORESIS: 

Starch gel electrophoresis techniques were based on the discontinuous 

buffer system of Poulik (1957). The gel buffer was tris /citrate 

pH 8.7 (tris 4.56 gm; citric acid 0.52; water 1.0 litre), this 

was half the strength used by Poulik (1957). The electrode buffer 

was boric /borate buffer pH 8.8 (boric acid 7.22 gm; sodium 

tetraborate 15.75; water 1.0 litre). Stock buffers were ten times 
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these concentrations and were diluted as required. All processes 

were at constant voltage using starch (Connaught Medical Research 

Laboratories, Toronto, Canada) prepared as directed by Smithies 

(1955). The apparatus was that commercially available from 

the Shandon Scientific Co. Ltd., London, England, who also supplied 

the gel slicing platform. 

Following slicing, the gel layers were lifted using Whatman No. 4 

paper or, in the case of the larger gels, Whatman No. 3 mm paper. 

The proteins and enzymes were located by the methods of Baillie and 

Norris (1963), Lund (1965) and Robinson (1966). The relative 

distances travelled were calculated according to Norris (1964) and 

are reportedas Ef values. 

CHROMATOGRAPHY: 

The standard techniques of Lederer & Lederer (1957) and Smith 

(1960) were used for paper (ascending and descending) and column 

chromatography. Whatman chromatographic grades of paper were 

used and the relative distances moved by discrete substances are 

reported as R_r or Rg values in accordance with convention. 

Specific compounds were identified as described in the text using 

the reagents suggested by Partridge (1921 -9), Lederer & Lederer (1957) 

and Smith (1960). 

In column chromatography, the supporting material was either 

"Sephadex" G 25 or G 50 (Pharmacia, Uppsala, Sweden), carboxy- 

methyl cellulose, diethylaminoethyl cellulose (Whatman), polyamide 

Vüoelm (Koch -Light Ltd., England) or activated charcoal (B.D.H.). 

HOMOGENISATION: 

Plant tissue was homogenised in an "Osterizer" (John Ostler MFG 
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Co., Milwakee, U.S.A.) with chilled buffer as described in the text. 

Where plant tissue was 'ground', it was by pestle and mortar 

which had been flamed with alcohol. Fine sterile sand was used 

with woody tissue. 

CELL RUPTURE: 

Bacterial cells were broken either by ultrasonic waves (M.S.E. 

ultrasonic disintegrator, Measuring and Scientific Equipment Ltd., 

London) or by fracture using grade 1L- Ballitoni beads in a Mickle 

disintegrator (H. Mickle, Gomshall, England). The cell debris was 

removed by centrifugation at 15,000 rpm at 2° for one hour with 

a M.S.E. Highspeed 18. 

COLORIMETRY: 

The intensity of coloured solutions was measured by an EEL 

colorimeter (Evans Electroselenium Ltd., Halstead, England), a 

Unicam SP.1300 (Unicam Instruments Ltd., Cambridge, England) or a 

Unicam SP.500 with appropriate filters and blanks. 

METHODS OF ASSAY: 

i3- galactosidase assay. The method of Lederberg (1950) using ONPG 

(Koch -Light Ltd., England) was modified as follows: To a 2.0 ml 

aliquot of resuspended (phosphate buffer, 0.05 M, pH 7.0) cells 

was added 2.0 ml 0.45ó (w /v) ONPG (Koch -Light Ltd., England) . 

The tubes were incubated in a water bath at 35° or 37° (see text) 

for 20 or 15 minutes (see text) and the reaction stopped by adding 

2.0 ml of 1.0 M K2CO3. The suspension was spun free of cells and 

the yellow colour of the supernatant measured by EEL or SP.1300 

with a blue filter (OBIO or No. 2: 375 - 535 mu, respectively). 

A standard graph of colour intensity for o- nitrophenol (B.D.H.) 
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dissolved in phosphate buffer and in K2CO3 solution (in ratio as 

in the test) was used to convert the assay values to mg ONPG 

liberated/mg cell protein /hour. 

úUhere toluene treated cells were used the deposited cells (before 

suspension in phosphate buffer) were mixed with about 1.0 ml 

toluene (B.D.H.) by pipette and again after the addition of 2.0 ml 

phosphate buffer. A period of 15 minutes elapsed before the addition 

of OI'PG. 

Indole acetic acid assay. To one volume of test solution was added 

one volume of 35% (v /v) perchloric acid Salkowski reagent (Gordon 

and ';lebeer, 1951) . The red colour was measured (EEL, green filter 

OGRI) after 30 minutes. A standard curve was constructed using 

a NaOH neutralised solution of IAA (Koch -Light Ltd., England). 

Manganese assay. The method was as described 

Phenol assay. The calorimetric method of Lowry, Rosebrough, Farr 

and Randal (1951) using the Folin -Ciocalteau phenol reagent gave 

blue colours which were measured at 750 my (Unicam SP.500). 

A standard graph was constructed for monohydroxy benzene (phenol) 

(B.D.H.). 

Protein assay. The calorimetric method of Lowry, Rosebrough, Farr 

and Randal (1951) was used. The samples were measured at 750 mil 

(Unicam SP.500). A standard graph was constructed. for crystalline 

lysozyme (Koch -Light Ltd., England). 

SUGAR REAGENTS: 

Benedict's reagent. 17.3 gm CuSO4 5H20, 175.0 gm sodium citrate 

and 100.0 gm Na2CO3 were dissolved in 1 litre distilled water. 

Fehling's reagent. Solution A: 34.65 gm CuSO4 5H20 dissolved in 
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500 ml distilled water. Solution B: 125.0 gm KOH and 173.0 

sodium potassium tartrate dissolved in 500 ml distilled water. 

Equal volumes of A and B were mixed and added to the test solution. 

Phenoljti,ulphuric acid reagent. To an aliquot of 0.02 ml, containing 

about 25 igm sugar, was added. 2.0 ml 5.0% (w /v) phenol. 6.0 ml 

concentrated H2SO4 was added rapidly, mixed and allowed to cool 

for one hour. The brown coloration was measured at 490 mp. 

Since the colour intensity depended on the rate of H2SO4 addition 

a suitable internal standard was used and comparisons made, assuming 

Beer's Law to be followed. 

Resorcinol reagent. As described by Arni and Percival (1951) 

with the addition of 0.5% (v /v) acetal to the resorcinol solution 

as suggested by Yaphe and Arsenault (1965). The chartreuse colour 

was measured with a ünicam SP.1300 at 370 - 515 mp or at 620 mp 

and above as described in the text (Filter No. 1 or No. 6 

respectively). 

STERILE PLANTS: 

Seeds were sterilized by immersion in 1 : 1000 mercuric chloride 

solution for five minutes. Excess mercuric chloride was removed 

by repeated washing in sterile water and the seeds were then -placed 

on mannitol- yeastrel or 2% (v /v) glycerol nutrient agar. After 

incubation at 27 °, those seeds which had germinated and were not 

contaminated were aseptically transferred into tubes of sterile 

growth medium. 

Clover was grown on nitrogen -free agar in 8" x 1" tubes; other 

plants were grown on plant nutrient solution in a "grass tube ". 

This was a 2*" x 12" or 15" tube with a 11" side arm, 4 inches 

from the bottom. Inside the tube was inserted a glass cylinder 
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(3 inches high) with the top opening covered by cotton 

gauze. The seeds were introduced through the side arm and laid 

onto the gauze. 

PLANT CULTURE: 

Normal greenhouse horticultural methods were used. A minimum 

temperature of 600 F was maintained throughout the year and extra 

lighting used during winter as thought suitable. Sterile plants 

were grown in the same greenhouse as ordinary plants. 

John Innes composts (sterile) were used in clay or plastic pots. 

The pots were sterilized by autoclaving or hypochlorite washing 

after use. 

SOLUTIONS: 

Unless otherwise stated all solutions are aqueous. Phenols, if 

difficult to dissolve in water, were first taken up in a minimum 

of methanol, and IAA in a minimum of ethanol. 

CHEMICALS: 

All chemicals were of "Analar" (B.D.H.), Pure (Koch -Light Ltd., 

England) or reagent grade. 



CARBON A N D N I T R O G E N 

L E T A B O L I S M 
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Introduction 

Because of a lack of international acceptance of pathogenicity 

as a taxonomic criterion, and because of the impossibility of 

classification by examination of genetic compatabilities, bacterial 

genera and species are differentiated mainly on the basis of bio- 

chemical tests. These are supplemented by serology in the medical 

field and by plant inoculation in the field of phytopathogenicity. 

Carbon metabolism, judged most often by acid from carbohydrates, 

is the basis of many such taxonomic schemes (Bergey, 1957; Inter- 

national Bulletin of Bacteriological Nomenclature and Taxonomy, 

1958). Despite the extensive study of human pathogens on a wide 

variety of carbon compounds, no parallels between pathogenicity and 

metabolism have emerged, save in the case of Brucella abortus and foetal 

erythrytol (Smith et al., 1962). The same situation holds for the 

plant pathogenic bacteria. That the retention of carbon utilisation, 

in taxonomy, is merely a convenient tool of classification which 

has led to dogmatic assertions, is best exemplified by the lactose 

fermentation of Salmonella and Shigella. Although it is known that 

lactose fermenters exist among these species (Gonzalez, 1966) a 

clinical pathologist r{-rely considers a lactose fermenter of clinical 

significance. It can further be stated that if any one test is 

quoted in a major reference book as being, say, negative (as in 

the case of adonitol fermentation by E. coli), then that one test 

will have a fixed percentage of variation, giving an opposite result 

(io in the case of the adonitol example), but such precise data is 

lacking for most genera. It can be concluded that little value may 

be placed on speciation by carbohydrate metabolism. In the 

Rhizobiacea acid from sugar is even today used as a main basis for 



taxonomic decisions (Graham, 1964 a, b). 

Nitrogen metabolism has never found much favour with taxonom- 

ists. When carbohydrate tests failed to show differences between 

Agrobacterium and Rhizobium (Fred, Baldwin and McCoy, 1939; 

McIntire, Peterson and Riker, 1940) no attempts were made to use 

nitrogen compounds for the same purpose, and no comprehensive 

attempts have been made since. Recently, however, the utilisation 

of biuret and urea by agrobacteria and rhizobia was studied by 

Jensen and Schroder (1966) and they reported the interesting find- 

ing that R. meliloti and A. radiobacter failed to grow using biuret 

as sole nitrogen source. This compound was used by other rhizobia 

and suggests that nitrogen metabolism may be of value in separating 

these organisms. Rhizobial nitrogen metabolism has been studied 

solely from the point of the fixation process (Bergerson, 1960, a, 

b; Nicholas, 1963) but because of ignorance as to the nitrogen 

intermediates between N2 and ammonia, little more can be achieved 

for each examination must have many points of uncertainty, the role 

of the bacterium being only one. The most that can be assumed is 

that the ammonia leaves the nodule as glutamic acid or glutamine 

and nodule secretes both glutamic and aspartic acids into the soil. 



Table 1 Utilisation of carbohydrates 

o 

Number of strains 
tested: 

Number of strains 
oxidising: 

Glucose 

Galactose 

Mannose 

Rhamnose 

Arab in_ose 

Xylose 

Sorbose (a) 

Fructose 

Sucrose 

Lactose 

Maltose 

Cellobiose 

Raff ino s e 

Melizitose 

Melibiose 

Salicin (b) 

b(-me glucoside 

tx -me mannoside (c) 

no sugar (f) 

10 1 1 5 10 

* 
8 
2 17 12 52 3457 

72 
2 2 

5 
4 

102 1 2 ® 
2 

52 6 
4 
3 
7 

1 
20 

104 14 14 

92 12 14 52 6 

84 14 14 

0 o o 

87 12 17 52 6427 

6227 12 14 52 87 

82 12 17 52 3 
7 

104 14 14 

8 
2 

17 
52 
5G 67 

107 17 17 

104 14 14 

104 14 14 

o 0 o 

107 17 17 

o o o 

102 12 12 52 44 

2 3 

(a) (e) 

22 12 
2 2 

22 10 

22 22 

22 12 

¿ 2 0 

22 12 

22 

'24 = 2 strains showing acid on the 4th day 

2417 _ s for 24 but one other strain showing acid 
on the 7th day 

(a)(b)(c) Alkaline reaction at 4 days 

(d) All results for alkali reactions 
(e) + tt " " tt except for galactose 

(r) It It it 



Experimental 

Carbon Metabolism 

(a) Carbohydrates 

The nature of the biochemical mechanisms employed by an organ- 

ism may be used to assign it to an oxidative or fermentative group, 

and the substrate attacked may be useful in speciation. The standard 

differential medium used in the study of aerobic Gram- negatives is 

that of Hugh and Leifson (1953), although this medium was originally 

developed for coliform classification. In this medium all agro- 

bacteria and rhizobia were oxidative (on glucose) when incubated 

for 4 days at 27° using the standard open and sealed tubes method. 

In the case of weak acid producers (and non -fermenting organisms) 

deamination of the peptone, in this medium, is such that acid 

production, as indicated by bromothymol blue (BTB), is masked. To 

avoid this when examining other carbon sources, a modification of 

this medium was used, having a lowered organic nitrogen content. 

A lowered BTB level was used to avoid toxicity. 

Medium of Hugh Modification 
and Leifson 

Peptone 0.2% (w /v) Casamino acids 0.1% (w /v) 

Na Cl 0.5% Na Cl 0.05% 

K2HPO4 0.03ó K2HPO4 0.05% 

B.T.B. 0.003% MgSO4 7H20 0.01% 

Agar 0.3% B.T.B. 0.0003% 

Water 100 mis Agar 0.15% 

pH 7.0 Water 100 mis 

pH 6.8 

Glucose 1.0% 

'Added aseptically to the 
sterilized base 

*C. source 0.5% 

h`Fe EDTA 0.0025% 

Ca C12 0.004% 



Table 2 Utilisation of sugar alcohols 

Number of strains 
tested 

Number of strains 
utilising: - 

Mannitol 

Dulcitol 

Glycerol 

Sorbitol 

10 1 

92M 12 

62 12 

72 12 

0 1 

1 5 10 2 3 

(d) (e) 

12 52 67 22 0 

1 
77 32 0 227C o 

17 52 9 22 12 

14 

(d)(e) as in table 1 

M Including mannitol oxidising mutants 

74 Remainder of strains formed alkali at 2 days 



Table 3 Toxicity of some carbon compounds 

A. tumefaciens A. radiobacter A. rhizogenes 

Number strains 
tested 9 1 1 

Number strains 
growing in 
the presence 
of:- 

Sorbitol 8 0 1 

Inositol 9 1 1 

Maltose 9 1 1 

Sorbose 5 1 1 

Rhamnose 9 1 1 

Xylose 8 1 1 

Melibiose 9 1 1 

Melizitose 9 1 1 

-me glucoside 5 0 0 

-me mannoside 9 1 1 

Salicin 8 0 1 



The modification is a soft agar medium similar in function to that 

of Whittenbury (1963) for fermentation in the lactic acid bacteria 

and shows oxygen demands and the occurrence of mutants. The medium 

was tubed in 2" tubes in 3 ml amounts and held at 50° till required. 

Inoculation was with one drop per tube of a water suspension of the 

test organism (about 106 orgs /ml) grown on mannitol- yeastrel agar 

at 27° for 4 days. The medium was mixed, allowed to set and 

incubated at 27° for 56 days. Readings were taken at 2, 4, 7, 14, 

20 and 56 days; the results are reported in table along with 

those for Alcaligenes and Achromobacter species (inoculum grown on 

nutrient agar). Controls of "no carbohydrate" with and without 

inoculum, and medium controls were as expected. 

(b) Polyhydric alcohols 

Using the same modified medium, various polyhydric alcohols 

were tested as in table 2. Because of failure to utilise certain 

of these alcohols (as well as glycosides) these, together with other 

carbohydrates, were tested in the presence of 0.1% (w /v) glucose. 

This method was similar to that of Graham (1964, b) when studying 

carbohydrate and Kreb's cycle intermediate utilisation by rhizobia. 

In this the agar is increased to 2.0% (w /v) and the medium poured 

as plates. The inoculum was delivered from a Pasteur pipette and 

the plates dried and incubated at 27 °. Table 3 shows that only 

(--methyl glucoside possessed toxic properties, and suggests that 

the differences between tables 3 and 2 are due to a need for an 

oxidisable substance (glucose) to supply hydrolytic energy (in the 

case of glycosides) and oxidised pyridine nucleotides (in the case 

of alcohols and acids). 

(c) Organic acids 

Only agrobacteria were tested against sixteen acids and this 



Table Utilisation of organic acids 

A. tumefaciens A. radiobacter A. rhizogenes 

Number of strains 
tested 10 1 1 

Number of strains 
utilising in 4 
(21) days: - 

Oxalic (A) o o o 

Acetic 10 1 1 

Propionic (B) 4 (9) 1 1 

Butyric 6 1 1 

Valerie 0 (9) o 0 (1) 

Citric 7 0 0 

-Ketoglutaric 10 1 1 

Succinic (C) 10 1 1 

Fumaric 10 1 1 

Malie 10 1 1 

Malonic (D) 1 (2) 0 0 

Sorbic (E) o o o 

Lactic ) (F) 10 1 1 

Tartaric 8 1 1 

Benzoic ) (G) o o 1 

Hippurid 0 (7) 0 (1 ) 0 (1 ) 



test was carried out on plates of defined salts medium lacking a 

carbon source, but with 0.003% (w /v) BTB. The plates were flood 

seeded, dried and spotted with 1/50 ml drops of 1.0% (w /v) Seitz - 

filtered and neutralised organic acids. Control plates containing 

0.1% (w /v) glucose in the agar were also used to assess toxicity. 

The test plates gave little or no growth and a weak alkaline 

reaction after 6 days at 27 °. The experiment was repeated on 

identical medium (except 1.2% (w /v) agar) in á" tubes as slopes. 

The inoculum was a water suspension of organisms run down each slope. 

After incubation at 27° for 5 days the results were as in table 4; 

subsequent readings at 21 days are in parenthesis when they differed 

from the 4 day readings. This test was difficult to read but the 

production of alkali (from liberated Na+ ions) or growth was 

considered positive. As the nitrogen was supplied as (NH4)2 SO4 

0.1% (w /v) no alkali products were expected from this source (see 

General Introduction). The results show that oxalic acid is not 

utilised but acids in groups (B) and (C) are decomposed, albeit slowly 

in the case of butyric and valeric acids. Of the Kreb's cycle 

intermediates, only citric acid is not universally attacked. Group 

(F) acids gave variable growth except for two strains of A. tumefaciens 

(794 and 223) which grew well. These two strains, as will be 

mentioned later, grow micro -aerophilically and have strong reductive 

powers. They were the only organisms to grow on malonate. 

Since no obvious differences emerged in these tests between 

species of agrobacteria or between Agrobacterium and Rhizobium 

(except possibly with regard to dulcitol and lactose oxidation), 

attention was next focussed on established tests whose basis is 

carbon metabolism. 



Table 5 Absorption of dyes 

Organism Congo Red Aniline Blue 

8150 

Su586 

8149 

5 

308 

((su390 

4AL 
P2 

Su413 

G117 

G110 

H2 

P12 

667 

D1 

S5 

CB4 

X1 

X2 

ONE 

IMO 

no growth on medium 

no growth on medium 

y 

MO 

IMO 

MIN 

Congo Red blackened under 
and around growth. 



(d) Dye absorption 

The incorporation of dyes into media in order to enhance 

selectivity has been used for both Agrobacterium (Bergey, 1957) 

and Rhizobium (Fred, Baldwin and McCoy, 1939). Such selective 

aspects will be discussed in the section on selective media, but 

claims have been made that differences exist between A. tumefaciens,, 

A. radiobacter and A. rhizogenes with regard to Congo Red (CR) and 

Aniline Blue (AB) absorption (Hendrikson, Baldwin and Riker, 1934). 

In parallel with this Paton (1960) showed that levan producing 

strains of Pseudomonas absorbed AB and that this ability might be 

associated with the chelation of Ca 
++ 

and Mg 
++ 

from pectins, so 

enhancing pathogenicity. No one has examined the rough and smooth 

state of A. tumefaciens (the "s" and "m" phases of Coleman and Reid, 

1945) with regard to the change in polysaccharide, but Hodgson, 

Riker and Peterson (1945) showed no differences in the amount 

produced, or in reducing sugar content, between virulent and aviru- 

lent A. tumefaciens strains. Earlier Henderson, Baldwin and Riker 

(1934) had shown no differences between rough and smooth strains 

when tested for dye absorbing ability. Two questions then arose: 

do the agrobacteria absorb dyes as stated even if doubt as to the 

validity of this phenomenon exists (Fred, Baldwin and. McCoy, 1939), 

and why should absorption occur when agrobacterial polysaccharide 

is dextr.n (Stacey and Baker, 1960; Graham, 1965) and not a levan. 

Tests for congo red and aniline blue absorption were carried 

out on "ditched" plates of nutrient agar with 5% (w /v) sucrose. 

The "ditch" contained water agar and 0.1% (w /v) dye (Paton, 1960). 

Organisms were streaked across the plate and incubated for 4 days 

at 27e. No R. trifolii strain grew and of the 12 Agrobacterium 

strains, only two gave some absorption of CR (396 and 398, two 



Table 6 Polysaccharide hydrolysis (mild) 

Organisms 

5 

8150 

Su586 

Su413 

Su390 

P2 

Control 

Rg values of 

hydrolysate 
Rg values of control 

sugars 

100 

100 

100 

100 

109 

100 

ID 

CO 

O 

co 

0 
OUO 

U 
Co 

O 

U 
.r{ 
g 0 
0 U 

H 0 

100 97 126 126 62 184 ? 
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rough growing strains). A control Leuconostoc absorbed AB very 

weakly and was a poor control. Reduction of the agar concentration 

in the "ditch ", so as to avoid natural diffusion, did not make 

reading this test any easier. 

The basic test was repeated using a central ditch of identical 

medium to that used in the plate, save for the content of 0.1% (w /v) 

dye. The organisms were streaked from 3 day slopes of 2% (v /v) 

glycerol NA and incubated for 9 days at 27e. The results are given 

in table 5. Later experiments using 1.5% (w /v) agar in the ditch 

and an inoculum from 2.0% (w /v) sucrose NA on a few occasions showed 

8150 and 8149 to absorb congo red. The results show that aniline 

blue is not absorbed by pathogenic and pectinolytic pseudomonads 

and that congo red cannot be used to differentiate the agrobacteria. 

Bergey (1957) reports that whereas A. tumefaciens absorbs congo red, 

A. radiobacter and A. rhizogenes do not. 

In order to substantiate that the polysaccharide of agrobacteria 

is indeed not a levan and in order to test the sugar content of 

rhizobial polysaccharide, it was necessary to hydrolyse the respect- 

ive gums. 

The organisms in table 6 were grown for 5 days in Roux bottles 

at 270 on a medium of 2% (w /v) sucrose nutrient agar with the sur- 

face flooded under 30 ml of 0.02% (w /v) mannitol. The cells were 

harvested into water, and incubated at 370 for Lj. hours to remove 

excess carbohydrate. The suspension was then shaken for two hours 

at 27o and the suspension was cleared by centrifugation at room 

temperature. After discarding the packed cells, the supernatant 

was chilled to Ll.o for 24 hours and the polysaccharide precipitated 

with 1.3 to 1.7 volumes acetone at - 150. A floccular mass resulted. 



This was wound onto a glass stirrer (except strain Su 390 which was 

too fine to form strings and had to be filtered), and washed twice 

with chilled acetone. The samples were dried and deep frozen. 

Mild hydrolysis was carried out on 0.5 gm acetone dried 

polysaccharide using 10.0 ml of N /20 H2SO4 at 100° for 20 mins. 

After this time the pH was adjusted to neutrality with Ba(OH)2 and 

the precipitated BaSO4 filtered off. The filtrate was spotted 

onto No. 1 Whatman paper and run descendingly for 6 hours at room 

temperature, the paper being irrigated with isopropanol /water (160/ 

40). Control sugars of glucose, galactose, sucrose, rhamnose, 

fructose, glucuronic acid and mannose were run in parallel. Opinions 

differ as to which of these sugars is present in rhizobial poly- 

saccharide (Kleczkowski and Kleczkowski, 1952; Humphry and Vincent, 

1959; Dudman, 1964). The sugars were detected with aniline 

dipheylanine, aniline oxalate or aniline oxalate together with u.v. 

light. Table 6 shows that only glucose was detected, suggesting 

the method of hydrolysis to have been too mild, only cleaving the 

weak glucose linkages. No sucrose was present as a contaminant in 

the polysaccharide. The spot Rg 109 for strain Su 390 was not 

identifiable with any of the control sugars but, in view of the 

other results, might be considered to be glucose. 

A second method of hydrolysis was a more severe form. Poly- 

saccharide (0.2 gm) was hydrolysed with 2.0 ml of 90% (v /v) formic 

acid in a sealed ampule at 1000 for 48 hours. The ampule was opened, 

the excess formic acid evaporated off on a steam bath, and the formyl 

sugars decomposed with IN H2SO4 for 4 hours in a boiling water bath. 

The resulting solution was neutralised with a minimum of Amberlike 

IRA 410 in the bicarbonate form and the resulting solution applied 
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to '.Vhatman No. 1 paper irrigated with n- butanol /acetic acid/water 

(4/1/5) or pyridine, /ethylacetate /water (50/120/40). Sugars were 

located with aniline dipheylamine and alkaline silver reagent 

followed by a tetrathionite dip. Again only glucose was obtained 

from the polysaccharides (8150 was omitted from this second hydroly- 

sis). Since the sugars found by other workers include those 

associated with bacterial cell walls it is probable that the diff- 

erence in results may be so explained. Reese, Parrish and Mandels 

(1961) hydrolysed the polysaccharide of A. tumefaciens with a fungal 

r -D -1, 2 glucanase and obtained sophorose, a 
p 
-D- glucosyl 1, 2 

glucoside. This sugar, on treatment with p- glucosidase yielded 

glucose. This agrees with Stacey and Baker (1960) that the poly- 

saccharide is a p -1, 2 polyglucopyranoside. These latter authors 

state that rhizobia have heterogeneous polysaccharides. 

It is concluded that since levan is not produced by Agrobacterium 

or Rhizobium strains, it is unlikely that dye absorption will occur. 

Fuchs (1959) stated that neither of these genera produced levan 

although both produced a polysaccharide. 

There remain two reactions routinely used in the examination 

of phytopathogens; that of starch hydrolysis and pectin hydrolysis. 

(e) Starch hydrolysis 

Starch hydrolysis was carried out on nutrient agar with a thin 

overlay of 5% (w /v) starch NA. The organisms were spot inoculated 

from mannitol- yeastrel agar slope cultures and the plates incubated 

at 27° for 3 days (agrobacteria) or 8 days (rhizobia). The plates 

were flooded with Gram's iodine and hydrolysis appeared as a clear 

zone around the growth. No species of Agrobacterium or strain of 

R. trifolii hydrolysed starch, but the control positive strains of 



xanthomads gave excellent clearing of the starch. 

(f) Pectin hydrolysis 

The two layered plate method of Paton (1959) was used in 

preparing the pectin gel. This method gives an excellent gel but 

the methods of testing for pectinolysis, although well documented 

(Dye, 1958), are not easily applied. Flooding with 5.0% (w /v) lead 

acetate did little except enhance any halo or white zone already 

around the colonies, while HCl renders the whole plate white. The 

most reliable method, if difficult, is the examination of the gel 

surface for pitting or discoloration. In no case did any rigrobac- 

terium give pectin dissolution, and no strain of R. trifolii grew 

on the gel. Controls of Erwinia caratovora gave pitting in 9 days 

at 270. With reference to formation of white halos around the 

colonies, only four A. tumefaciens did this (223, 794, 925 and 1001). 

Tests using the potato slice, incubated for twelve days at 270 

only emphasised the equivocal nature of this method as a test for 

pectinolysis. When an organism produces slime, the resulting mass 

of gum and starch particles bears a remarkable resemblance to a true 

pectinolysis by a soft rotting coliform. Examination of the tissue 

underlying this surface gum shows no hydrolysis. 

These results are in agreement with those of Smith (1 958) who 

reported both robacterium and Rhizobium to lack both pectin methyl 

esterase and pectin glycosidase. 



111212_1 Bergerson (1961) defined medium for the 
growth of Rhizobium species 

(a) Na2HPO4 (anhyd) 0.018% (w/v) 

(b) MgS0j..7H20 0.01% 

(c) FeC13.6H20 0.002% 

(d) CaCl2 0.004% pH 6.8 

(e) Carbon source 1.0% 

(f) Nitrogen source (glutamate) 0.1% 

(g) Biotin 5 }l Seitz sterilized 
(h) Thiamine 100 14% 

Water 100 ml 

(a) and (b) autoclaved at 222 lbs as a basal medium and all 
other additives autoclaved separately, except (e), (g) and 
(h) which were filtered. 

Table 8 Salts Medium 

Na2HPO4 (anhyd) 

MgSO4.7H2O 

Nitrogen source 

Water 

Agar (if required) 

Carbon source 

FeEDTA 

for Rhizobium add: - 

CaC12 

Biotin 

Thiamine 

0.018% (w /v) ) 

0.01% 

0.1% pH 6.8 
autoclaved 

100 ml 222 lbs 

1.2% 

0.5% 
3 
filtered 

0.0025% 

semi -solid agar 0.15% (w /v) 

0.001.% autoclaved 222 lbs 

5 Fg% 
3 

Seitz filtered 
100 fig% 



Table 9 A comparison of iron salts and nitrogen 
sources for the growth of A robacter'um and 
Rhizobium 

Bergerson's (1961) 
medium 

modified by:- 

4 ppm Fe 1 0 .1 ó ( w/v ) 

FeCl3 (NH4)2SO4 

KNO2 

Number of strains showing growth* 
following incubation at 270 

A. tumefaciens 
(10 strains) 

R. trifolii 
10 strains) 

KNO 
*: 3 
Na glutamate 

FeSO11 (NH4) 2504 

KNO2 

KNO 

Na glutamate 

FeEDTA (NH4)2SO4 

KNO2 

KNO3 

Na glutamate 

* *Na glutamate 

4 + 

6 + 

5 + 

5 + 

up to 25 

4 
) days 

10 + + +) 

10 + ++ 

10 + ++ 3 - 5 days 

10 ++ 

4 + 

+ barely turbid 

++ turbid when shaken against the light 

+ ++ opaque throughout 

+ + ++ heavy growth with pellicle and/or sediment 
** at 1.1% (w /v) 



Nitrogen Metabolism 

(a) ynthetic media and inor anic nitro en metabolism 

Although agrobacteria will grow on simple media, rhizobia are 

more fastidious, needing added vitamins and iron (Starr, 1946; 

Bergerson, 1961). That agrobacteria synthesise their own thiamine, 

biotin and pantothenic acid was shown by McIntire, Riker and 

Peterson (1941) and, therefore, Bergerson's medium (1961), which 

contains vitamins, was used for both genera. This medium (table 7) 

after inoculation was apt to form a precipitate of calcium 

phosphate as well as a brown mucilaginous precipitate of iron 

hydroxide and bacterial gum. This not only lowered the levels of 

available ions but also made growth estimations impossible. The 

replacement of FeC13 by Fe2(SO4)3 9H20 at 0.002% (w /v), so as to 

give 4.0 ppm F,e, did not reduce the tendency of this medium to form 

hydroxides and phosphates. By using iron ethylenediamine tetra - 

acetic acid (FeEDTA) at 0.0025% (w /v) (4.0 ppm Fe as against 4.1 

ppm Fe for FeCl3 in the original medium) the medium remained free 

from precipitates throughout growth. 

In the original medium, Bergerson (1961) used sodium glutamate 

as the nitrogen source for Rhizobium culture. It was necessary to 

test this and inorganic nitrogen compounds. The medium was as in 

table 7 but with variations as in table 9, and as discussed above, 

with a carbon source of 0.5% (w /v) glucose. Inorganic nitrogen 

sources (pH 7.0) were autoclaved and added aseptically to give a 

final concentration of 0.1% (w /v), and the complete medium was 

dispensed in 5 ml amounts into B" tubes. FeEDTA appeared to be the 

best iron source and KNO3 the best inorganic nitrogen source. 



Table 11 Products of Agrobacterium and Rhizobium 
following utilisation of nitrogen compounds 

Iron source 

FeSO4 FeEDTA 

Agrobacterium R. trifolii A robacterium R. trifolii 
(10 strains) 10 strains) 10 strains (10 strains) 

Nitrogen 
Source: TEST 

No. of strains positive 

(0.1% w /v) after 14 days at 27 

(Nx4)2SO4 N1144 10 10 10 10 

NO31 3 6 0 0 

NO2 0 (10) (10) 0 

NNO3 NH4f 0 0 0 0 

NO 
3, 

10 9 8 10 

NO2 (10) (10) 0 7 

NNO2 NH4' ) tests not 

NO3í ) possible 

NO2 10 10 8 10 

Na glutam- 
ate NH4{ 

t 

0 NT 0 NT 

NO3t 4 O 0 0 

NO2 (10) (10) 0 0 



When strains of Agrobacterium alone were cultured, the medium 

could be further changed without affecting growth by omitting both 

vitamins and CaC12, provided FeEDTA was present. The basis for 

this is summarised in table 10. Other defined media have been given 

for the culture of agrobacteria; e.g. Starr (1946), who used a 

phosphate /ammonium /magnesium base plus a mixture of "trace elements ". 

Only the simplest medium has proved to be required and that described 

in table 8 was used for both genera. It will hereafter be referred 

to as Salts Medium, with or without vitamins. 

Table 10 Growth of A. tumefaciens 8150 in salts 
medium with 0.1% w/v KNO3 and 0.5% 
(w /v) glucose. 

With biotin and thiamine Without biotin and thiamine 

0.0025% w/v FeEDTA FeEDTA 

0.004% w/v CaC12 

Growth at 
27° at 
the 3rd 
day I + + ++ + + ++ NIL 

Mai 

FeEDTA 

CaC12 

FeEDTA 

NIL 

While examining the growth of Agrobacterium and Rhizobium 

in synthetic media, tests were made for the assimilation of NO3', 

NO3' reduction and NH4+ production. The main interest lay in the 

reducing properties of the organisms; a character of importance 

in the phenol / quinone systems, as will be discussed in a later 

section. The results of these tests are given in table 11. They 

were carried out in parallel with those already described in table 9. 

Table 11 raises the following points: NO2' is only produced from 

NO3' by agrobacteria in media supporting poor growth (i.e. with 

FeSO4 see table 9 for growth with this salt); NO3' is assimilated 



by some agrobacteria (strains 397 and 925) as is NO2'. 

Considering these points in reverse order, the NO2' test gave 

a very faint reaction, probably because of the minute quantities 

of NO2' impurity in the medium, which, because of poor growth, was 

not used. The absence of ammonia production supports Fred, Baldwin 

and McCoy (1939) who quoted many references showing that most strains 

of fast growing rhizobia (e.g. R. trïfol zi, R. meliloti, 

R. leguminosarum and R. phaseoli) reduce NO3' to NO2' but not to 

ammonia. Graham and Parker (196 4) found that !!!l out of 48 strains 

of fast growing rhizobia, and 18 out of 18 strains of agrobacteria 

to reduce nitrate to nitrite. Smith (1917) noted the production of 

ammonia by crown -gall bacteria and considered tumorogenesis to be 

stimulated by ammonia. It is possible that the ammonia arose from 

deamination of the peptone in his media. Attempts to form easily 

detectable NO2' following the growth of agrobacteria on NO3' medium 

failed to give consistently positive results. Generally the results 

were weak, inconclusive or not reproducible even although variations 

of growth. technique were employed. These included the growth in 

deep semi -solid agar, the incorporation of 5, 10 or 20 lagm/ml 

haemin in the media (using triethanolamine, NaOH or water as 

solvents) to enhance cytochrome formation, and 36 hour anaerobic 

growth on plates of mannitol-yeastrel agar with 0.1% (w /v) KNO3 

with and without 5 pgm /ml haemin. 

Only when the agrobacteria were grown in nitrate peptone water 

was there a consistently strong positive reaction. Previous tests 

in semi -solid agar had been by spot test or by mixing reagent into 

the agar. It is therefore concluded that nitrate reduction occurs 

in both genera but ammonia does not accumulate externally to the 



Table 12 List of amino acids tested 

L aspartic acid L lysine 

DL aspartic acid L leucine 

L asparagine M DL methionine 

DL alanine DL norleucine 

+- alanine DL norvál ine 

L aminobutyric acid L proline 

0- arninobenzoic acid DL phenylalanine 

p- aminobenzoic acid DL serine 

L cysteine L tyrosine 

L cystine DL tryptophane 

L glutamic acid ^:/ D tryptophane 

glycine ,;z L tryptophane 

DL histidine DL threonine 

DL isoleucine DL valine 

All tested at 0.1 (w /v) except glycine and histidine 

also tested at 0.01% (w /v) 

74 also tested at 0.001» (w /v) 

Aspartic acid An amino acid so underlined was not tested with 
the rhizobia. 



cells although it must be formed intracellularly prior to protein 

synthesis. 

(b) Organic nitrogen metabolism 

A study was made of the ability of agrobacteria to derive their 

carbon and nitrogen from amino acids. The eleven agrobacteria were 

tested in 2" tubes of semi -solid salts medium, LE ml /tube, which had 

been autoclaved 10 lbs /10 mins together with an amino acid. The 

final pH was 7.0 and the tubes, inoculated lightly with an aqueous 

suspension of L. day old mannitol- yeastrel cultures, were incubated 

at 27® as shake cultures. No additional carbon source was added 

and the concentration of o(c was either 0.1%, 0.01% or 0.001ó (w /v) 

depending on the toxic nature of the individual amino acid. The 

amino acids employed are listed in table 12 together with the high- 

est concentration which gave growth. Toxicity was tested with 0.1% 

(w/v)(4 , 0.5% (w /v) glucose and 0.1% (w /v) KNO3 in an identical 

medium. By also using a medium of amino acid plus 0.5% (w /v) 

glucose it was found that the inability to use many amino acids 

alone could be overcome. It is possible that the added glucose 

supplied keto acids to which the (.nitrogen could be transaminated 

so freeing the carbon skeleton, unless this first step occurred no 

receptor for the OCR nitrogen would exist and hence no breakdown 

would be possible. All tubes were incubated at 27o for 56 days and 

examined for growth every 3 or L. days. The summarised results are 

given in tables 13 and 1.. 

The amino acids acting as both C and N sources can be divided 

into those utilised in less than 3 days and those utilized between 

3 and 7 days. By representing these as "families" (Yemmo and 

Folkes, 1958), as in table 15, certain possibilities emerge. Firstly, 



Table 13 Use of amino acids as sole carbon and 
nitrogen sources by agrobacteria 

amino acid 
concentration 

No. of strains growing (total tested = 11) 

'3 days 3 -7 days Comments 

p-al. 

DL-al. 

L-asp.* 

L-aspg. 

L-cyst. 

L-glut. 

L-lys. 

L-pro. 11 

L}Akbut. ac. 0.01% 

DL-hist.* tt 

9 

0 

11 

11 

2 

11 

0 

11 

10 

3 

11 

10 
11 

11 

9 

11 

9 

11 

10 

9 

very weak 
microaerophilic growth 

microaerophilic growth 

microaerophilic growth or 
mutant growth 

very weak 
microaerophilic growth 

* very weak growth not increasing with time up to 56 days. 

Note: All other o(oe, (table 12) failed to support growth, or gave 
growth with isolated strains from 12 days onwards. Glycine 
0.005% gave 11/11 microaerophilic growth at 12 days. 

Table 1 Use of amino acids as sole nitrogen source by 
strain 8150 in presence of 0.5% glucose 

Y'X (table 12) 
concentration 

Growth 7 days Exceptions 

0.1% all in table 12 (1) those toxic at 0.1% 

(2) DL- isoleu; DL -val; DL -tryp; 
DL -meth gave weak growth 

0.01% all in table 12 (1) D -tryp 

0.001% all in table 12 none 



that all the amino acids in table 15 must be susceptible to 

deamination, since they act as sole C and N sources. If oxidative 

deamination was a major pathway, the H202 formed might be inhibitory, 

as the enhanced micro -aerophilic growth with certain of the amino 

acids might indicate. Secondly, all the amino acids tested can 

Table 15 Mode of utilisation of amino acid 
by agrobacteria. 

C* L glut. C L asp. A L cyst. A DL al. 

C L pro. A L lys. 

C 4\-but. ac. C L aspgn. 

C 
p 
-al. 

C = Assumed constitutive attack 

A = Assumed adaptative attack 

act as sole N source provided the correct concentration is used 

and provided glucose is present. This suggests a general trans - 

amination onto an inferred supply of keto acids since without 

glucose relatively few amino acids are metabolised. The third point 

is that in the case of four constitutively metabolised amino acids, 

two are the decarboxylation products of the other two; glutamic 

acid giving 4 -amino butyric acid, and aspartic acid giving p- alanine. 

Other results of interest relate to leucine, isoleucine and 

valine. Leucine gave good growth while the other two did not unless 

glucose was present. In Acetobacter suboxydans, either valine or 

isoleucine, but not leucine, can inhibit threonine deaminase 

(Kerwar, Cheldeline and Parks, 1964), an enzyme essential for the 

synthesis of the valine /isoleucine /leucine "family ". With Bacillus 

megaterium, however, a mixture of leucine,oÇ- aminobutyric acid and 

threonine permits growth, which is inhibited on the addition of 

valine. This is the classical feed -back repression of branch chain 
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synthesis for E. coli. In A. tumefaciens no growth will occur in 

a mixture of leucine, threonine,,x -aminobutyric acid and valine. 

Van Lanen, Riker and Baldwin (1952) have explained this on the 

basis of the toxicity of o -aminobutyrate for the crown -gall organism 

probably inhibiting (by excess) the c(- aminobutyrate - -- c -- keto- 

butyrate step. 

With regard to the non -toxic effect of serine at 0.1% (w /v) 

and. glycine 0.01% (w /v), it is of note that both are reported to 

inhibit growth in a complete synthetic medium at 0.3% and 0.2% (w /v) 

respectively (Van Lanen et al., 1952). By the action of serine 

aldolase, serine is converted to glycine, so accounting for their 

dual effect. 

(c) Decarboxylation of amino acids 

The utilisation experiments showed glutamatic acid and aspartic 

acids and their decarboxylation products to be easily attacked by 

agrobacteria. Tests dependent on decarboxylation of lysine, 

arginine and ornithine are used for coliform differentiation (Int. 

Bul. Tax. Nom. 1957 -58) and with some species are the only differen- 

tial tests available (Gonzalez, 1966). The agrobacteria from 

National Collections were tested for decarboxylation of all these 

amino acids as well as histidine. The method of Stewart (1963), 

which depends on the ascending chromatography of toluene treated 

cells, made more convenient the examination of many strains against 

these amino acids. The amino acids and their products were located 

with 0.1% (w /v) ninhydrin in acetone, except histidine which was 

located with diazotised sulphanylic acid. The basic method was 

to grow the cells on nutrient agar for 3 days at 270; smear Whatman 

sensitivity discs with the culture and incubate at 370 in an 



Table 16 Decarboxylation of amino acids 

Rf values of products 

Amino 
acid Buffer 
tested pH Rf Agrobacteria 017 026 1. leg. 

L -glu. 4.5 0.15 NIL 0.5 NIL NIL 

L -asp. 4.5 0.0 NIL NIL NIL NIL 

arg. H01 4.0 0.1 0.31 0.31 0.31 0.31 

L -lys. 4.5 0.0 0.24 0.24 0.24 0.24 

Orn. 5.0 0.0 0.27 0.27 0.27 0.27 

DL -his. 4.5 0.0 NIL NIL NIL NIL 

(Control) 

4(4but . - 0.5 - - - - 

33 

-ala. - 0.35 - - - - 

C ad. - - - - - - 

Agmt. - - - - - 

put. - - - - - - 

Hism. - - - - - - 



atmosphere of toluene for periods from a half to two hours; 

evaporate off the toluene and add 1/30 ml of phosphate buffer 0.Ió7 

of appropriate pH (Gale, 19+0) and 1/30 ml of 1% (w /v) amino acid. 

The discs were incubated at 37o for periods of one to four hours; 

one drop of buffer was added per disc and the liquid taken up by 

pipette and spotted onto Whatman No. 4 paper. Ascending runs were 

for three hours at room temperature in m- cresol saturated with 

water as solvent. The times varied for all processes in order to 

obtain sufficient product to give reliable location. Controls 

were run of4-aminobutyric acid and p- alanine but cadaverine, 

histamine, agmatine and putrecine were located from Rf values 

appearing in the literature. Control organisms were E. coli C17; 

Klebsiena aeroaenes C26 and R. leruminosarum (R. leg.). 

The results are given in table 16. E. coli C17 decarboxylated 

glutamic acid but not aspartic acid, while agrobacteria, C26 and 

R. leguminosarum decarboxylated neither. In view of the utilisation 

test, this is an unexpected result for agrobacteria; that C26 was 

negative might be a result of a strain peculiarity. Anaerobic, 

but not aerobic, growth on nutrient agar inhibited E. coli 

decarboxylase when tested aerobically as before. Aerobic growth 

with 0.5% (w /v) glucose did not inhibit decarboxylation. 

Another form of arginine degradation was tested by the method 

of Thornley (1960). Anaerobic breakdown leads to alkali production 

via agmatine and CO2, and thereafter on the action of agmatase to 

urea and ammonia. Alternatively, the citruline, ornithine and 

ammonia cycle is used. 

Thirty five strains of Agrobacterium,, twelve strains of 

Rhizobium were tested and strains of pseudomonads and coliforms were 



o 
used as controls. After incubation at 27 for twelve days only 

the control positive organisms gave the magenta colour, denoting 

alkalinity. No test organism therefore possessed the arginine 

dihydolase system. 

In semi -solid salts medium only agrobacteria grew on arginine 

while both grew on ornithine. In all cases of growth, ammonia was 

produced (Nessler reagent). 

In the same semi -solid medium and containing the saine range 

of amino acids at 0.1% (w /v) (except for those underlined in 

table 12) together with ornithine, R. meliloti, R. trifolii and 

R. leguminosarum only L- glutamic acid, L- tyrosine, y-- aminobutyric 

acid, 3- alanine, L- leucine, ornithine, DL- alanine, L- asparagine and 

L- proline supported growth as sole carbon and energy sources. Of 

these R. trifolii failed to grow on L- leucine and L- tyrosine; & DL- alanine 

R. meliloti failed to grow on L- proline and all three species grew 

poorly on L-aspartic acid. The areas of growth in the semi -solid 

medium enabled an estimation to be made of the amino acids which 

supported growth micro- aerophilically. Of these L-aspartic acid, 

L- glutamic acid and asparagine were universally micro -aerophilically 

attacked whereas R. leguminosarum alone attacked L- proline and 

aminobutyric acid micro -aerophilically. Otherwise the growth was 

even throughout the medium or at the surface. This supports the 

idea that oxidative deamination is carried out by some rhizobia on 

some amino acids and the volume of resultant H202 is reduced if 

aerobic growth is avoided. The amino acids showing this banded 

growth are identical to those from which H202 is produced (see 

Phenol section of this thesis), whereas the amino acids from which 

no H202 is produced are utilised aerobically or at all oxygen levels. 
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The failure of R. trifolii to utilise leucine and alanine 

may be of diagnostic use as is the failure of R. meliloti to grow 

on L- proline while R. leguminosarum not only grows very well but 

also, under some circumstances, produces H202 from this amino acid 

(vide infra). The results here reported were for readings taken 

at 7, 12 and 14 days incubation at 27 °. 

(d) Pigment production from tryptophane 

In the utilisation tests it was noted that the media containing 

DL- tryptophane turned yellow -brown at 20 days. With the L isomer 

the colour appeared in 3 days while the D isomer gave no colour 

at all, being toxic at the concentrations used for the other forms 

of tryptophane. Hodgson, Peterson and Riker (1951) reported the 

reversal of this toxicity by an unidentified metabolite of 

L- tryptophane. The compound was yellow and its effect could be 

replaced by the addition of either xanthurenic acid or 3- hydroxy 

anthranilic acid. In the pseudomonads two pathways exist for 

tryptophane breakdown (see figure 3, constructed from Stanier, 

Hayaishi and Tsuchido, 1951; Fruton and Simmons, 11958). This 

system includes both xanthurenic acid and 3- hydroxy anthranilic 

acid, and it is possible that a similar series of reactions may 

occur in ägrobacterium. 

As a first step in the examination of tryptophane metabolism, 

A. tumefaciens 8150 was grown on semi -solid salts medium containing 

0.1% (w /v) DL- tryptophane at 27° for 35 days. 5 ml of the culture 

were extracted twice with a mixture of 20 ml distilled water and 

10 ml ethylacetate. The ethylacetate extract was acidified with 

L. drops of glacial acetic acid and then washed with 20 ml distilled 

water. The yellow colour now remained in the ethylacetate extract, 
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which was filtered, dried over Na2SO4 and evaporated to near dryness 

at 40° with an air blast. The resultant syrup was taken up in ether 

and the undissolved material redissolved in ethylacetate, evaporated 

and taken up in isopropanol. Samples were chromatogrammed on 

Whatman No. Li. paper irrigated with isopropanol /water (10/1). The 

yellow pigment ran at the solvent front which was cut out, eluted 

with ethylacetate and rerun, ascendingly, in No. 4 paper with 

isopropanol /ammonia /water (200/10/50) and n- butanol /acetic acid/ 

water (120/30/50) as solvents. In both cases the pigment appeared 

as a rust band at the solvent front. These and subsequent papers 

were first examined under u.v. and then developed with Erlich 

reagent, alkaline silver nitrate, Millon's reagent, diazotised 

suiphanilic acid or ninhydrin. One of the spots corresponded to 

kynurenic acid (Rf 0.544., 0.77 for controls and 0.55, 0.76 for the 

unknown in Isoprop. /NH4 /H20 and n- But. /HAC /H20 respectively). 

Strain 8150 was then grown in liquid salts medium (100 ml) 

with 0.01% (w /v) L- tryptophane for 7 days at 27 °. The cells were 

removed by centrifugation and the supernatant fluid was extracted 

twice with ethylacetate. The extraction again yielded the yellow 

pigment. After washing and evaporation (without acidification), 

the sample was run as before and also with 20% (w/v) aqueous K01. 

All runs were descending and on No. 1 Whatman paper. Spots 

corresponding to Rf values for these three solvents are given in 

table 17 under 8150A. As before, the solvent front was stained 

brown and streaking of spots was common. Treatment of sample 8150A 

on cationic and anionic columns gave a number of eluates, which, 

when run in the three previous solvents, gave spots (still streaked) 

of Rf values as in table 17 under 8150B. That indole acetic acid 
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(IAA) was present was conclusively proved by taking the original 

water fraction (after ethylacetate treatment) and carrying out the 

acid and alkaline extraction with peroxide- freeether as described 

by Larsen (1955). Extracts were run on Whatman No. L paper irrigated 

with isopropanol /NH4/H20 and n- butanol/HAC /H20 solvents as before. 

The products from both acid and alkaline extractions were located 

as Rf 0.31 and 0.91 respectively for these solvents, which agreed 

with the Rf values for IAA as well as with the reactions to Erlich 

reagent, u.v. and Salkowski reagent. In this run was a spot 

corresponding to xanthurenic acid (Rf 0.06 in isopropanol /NHL /H20) 

but this was discounted as no corresponding spot occurred in the 

other solvent. 

It can be concluded that kynurenic acid, 3- hydroxy anthranilic 

acid and IAA appear in the medium following growth of Agrobacterium 

on L- tryptophane. No definite proof for the presence of xanthurenic 

acid was obtained and no identity could be placed on other spots 

which occurred from the L- tryptophane, but not from the tryptophane - 

free, medium. Control compounds were: xanthurenic acid, 30H 

anthranilic acid, 30H tryptamine, kynurenic acid, catechol, IAA, 

nicotinic acid, cuinald.ic acid, anthranilic acid and urea but none 

was eáuiva.lent to the unidentified spots. The urea was run as a 

standard for comparison of papers since it gives a strong Erlich 

reaction and anthranilic acid was used as the u.v. comparison 

standard. The identity of the pigment which ran at the front of 

organic solvents and did not move in 20% (w /v) KC1 was not explained. 

It had a blue -green fluorescence under u.v. and it is possible, from 

the extraction and solubility facts, to suggest that the brown 

pigment contained, or was contained in, contaminating lipid material. 



Nagasawa, Gutman and Morgan (1959) mention that during the 

oxidation of dopa, the quinone can oxidise 3 -0H kynurenin to 

omochrome, a pigment present in some Actinomyces and insects. 

Since agrobacteria can oxidise both tyrosine and DOPA it is possible 

that this brown pigment might also be related to an oxidation 

product of tryptophane metabolism. 3 -0H kynurenin so removed from 

the metabolic pathways of the organism could be replaced as the 

source of xanthurenic acid, if the acid was added from without 

as Hodgson, Peterson and Riker (1951) did. Hodgson, Peterson and 

Riker (1951) also used ethylacetate extraction, using the crude 

extract to reverse D- tryptophane toxicity. 30H anthranilic acid 

leads to the formation of nicotinic acid, but addition of nicotin- 

ate failed to reverse toxicity to D- tryptophane. 

(e) Glycine attenuation 

Certain amino acids have the ability to decrease the effective- 

ness of rhizobia and the virulence of agrobacteria (Longley, Berse, 

Van Lanen and Baldwin, 1937; Van Lanen, Riker and Baldwin, 1952; 

and others cited Stapp, 1961). The reason for attenuation is 

unknown. Repeated culture in media devoid of attenuating amino 

acid in some cases restored virulence, provided that the point of 

final irreversibility had not been reached (usually about 30 

subcultures). This attenuation may be brought about by glycine, 

valine, leucine, methionine, phenylalanine, serine or cysteine. 

The D isomers are more deleterious (Strijdom and Allen, 1966) and 

their action is not mediated by the L isomer (Beardsley, 1962 b). 

Of these, glycine is the most commonly employed and the most 

effective. The test medium has been a glucose or mannitol, protein 

digest base with glycine added from around 0.01M to a toxic level 



of 0.5M concentration depending on the nutritional quality of the 

medium. The resulting growth is reported to contain many L -forms 

of bacteria (Dienes and Zamecnik, 1952). Agrobacteria produce either 

normal or mixed normal and L -form cultures (Beardsley, 1962 a). 

These L -forms are stable and do not revert when cultivated on 

glycine -free media (Rubeo -Huretos and de Valasco, 1962) nor when 

reisolated from inoculated plants. These pleomorphic forms have 

cell walls containing diaminopimetic acid, glucose and rhamnose, 

but lack xylose, ribose and arginine which are present in the 

bacillary form (Santonella, 1963). This suggests an incomplete, 

rather than an absent, cell wall and is not typical of spheroplast 

L- forms. When A. tumefaciens is rendered resistant to high 

concentrations of glycine, a multiple resistance to methionine, 

valine and norleucine results (Beardsley, 1962 b). 

In the present tests, A. tumefaciens 8150 was grown at 27 
0 

in 

liquid salts medium with 0.5% (w /v) glucose, 0.01% (w /v) IO3 and 

1.0% (w /v) yeast autolysate. The glycine was autoclaved (15 lbs/ 

15 mins) with the medium at concentrations from 0.01% to 0.1% (w /v). 

After twenty transfers, each of 3 to 4 days incubation, the 

organism failed to grow in media containing concentrations higher 

than 0.1% (w /v). A new medium, consisting of half strength nutrient 

broth plus 0.5% (w /v) glucose, was used instead. Glycine was added 

from a Seitz sterilized stock solution and the concentration was 

slowly raised to 0.475% (w /v) after fifty subcultures. Each isolate 

from each subculture was maintained at 40 on slopes of nutrient 

agar containing the corresponding amount of glycine. In parallel 

with the second medium a new series of resistant organisms was 

grown. These latter were labelled "G ", while the first series were 
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labelled "Gly" (see table 18). 

Pathogenicity tests were carried out on 3 week old tomato 

plants and 5 week old tagetes plants. The inocula were grown on 

2% (v /v) glycerol nutrient agar and inserted into the plants by 

needle puncture at the first node. Gall formation is recorded in 

table 18, the readings being taken after one month, although tomato 

plant galls were detectable after two weeks. Attenuation occurred 

in only one series and no checks were made for reversion to the 

pathogenic state. The possible reasons for this loss of virulence 

will be examined in later sections. 

(f) Growth on allantoin, biuret and urea 

Jensen and Schroder (1966) reported that strains of rhizobia 

(both fast and slow growing) could utilise biuret as the sole 

nitrogen source, with the exception of R. meliloti and A. radiobacter. 

All strains grew with urea. A. tumefaciens was not examined by 

these workers and the possibility that it might differ from 

A. radiobacter in utilising biuret was tested. Besides biuret, 

compounds with similar peptide linkages were examined: 

Allantoin Biuret Urea 

N N H 

oc H ó Ó 

H H 

and were used at 0.1% (w /v) '.in solid test media of salts medium with 

biotin and thiamine and 0.5% (w /v) glucose. The inoculum was taken 

from either 2% (v /v) glycerol nutrient agar slope cultures (or from 

mannitol-yeastrel agar slope cultures, in the case of some rhizobia), 

or from plate cultures of salts medium plus 0.01% (w /v) biuret 

autoclaved in the medium and showing some breakdown to ammonia 



Table 19 Growth of agrobacteria and rhizobia on 
biuret and allantoin 

Strain Allantoin Biuret 
_. 

Strain 
---- 

Allantoin 
----- 

Biuret 

* ** .ï. 
:- -r * , 

4 + + + + R105 - - - - 

5 + - - NT R111 + + + - 

223 + + + + R140 - ± 1 
-- 

794 + + + + R142 + + ± - 

925 + + + NT Su413 - - - 

930 + - - NT Su574 + + ± NT 

RDI - - NT - ( R314 + - + - 

RD3 + + + + R315 + + + - 

RL5 + + + + R308 + + - - 

RD8 + + + + Su 90 + + ± - 

1001 + + + NT 4AL + - + + 

8150 + + + NT IEL + NT + NT 

397 + NT + + 6CL - + - - 

Su582 NT + + + 8BS - - - + 

Su584 NT + NT NT P1 ± NT + NT 

M15 + + ± NT P2 - NT + NT 

M22R + NT + NT P3 + NT + NT 

396 NT + + + - NT - NT 

M1 + NT + + 

--Ela- 
F300 NT + NT NT 

8149 + t + NT C11 NT - NT NT 

9042 NT + + + F34 NT - NT NT 

Su583 NT + NT + 

Su586 + + + NT 

+ Growth 

+ Very poor growth 

NT Not tested 

Inoculated from 2% (v /v) 
glycerol nutrient agar 

Inoculated from salts 
(test) medium containing 
0.01% (w /v) biuret 



(Nestler positive). The results are reported in table 19. It is 

obvious that all species grew on both allantoin and biuret irrespec- 

tive of inoculum media. There were some strain differences but 

these bore no relation to the results of Jensen and Schroder (1966). 

The same results were obtained when this experiment was repeated. 

The inoculum medium of Jensen and Schroder (1966) was an 

arginine /glucose base plus a "lucerne seedling decoction ". In 

attempts to mimic the constituents of this, growth media of varying 

glucose content with or without 0.1% (w /v) (NH4)2SO4 and 5.0 ml % 

yeast autolysate were tested. The results remained ostensibly the 

same as before. 

A detailed account of the "lucerne" medium was obtained (Jensen, 

1966 pers. comm.) and the medium prepared as directed save that the 

decoction was not of seedlings but of adult plants. Media with 

decoctions of clover, peas and lucerne were prepared lest the 

reported failure of R.meliloti to utilise biuret was attributable 

to the organism having been grown on lucerne medium. The test was 

carried out on the previous biuret medium with controls lacking 

biuret. After 7 days at 27° the plates were compared. The results 

are given in table 20. Although R. meliloti failed to grow, so did 

some R. leguminosarum and R. trifolii strains and A. radiobacter 

strains. Where growth occurred there was no stimulation on media 

plus biuret and it was this feature which Jensen and Schroder (1966) 

had used to show failure to utilise biuret nitrogen. The results 

in table 20 (when compared with table 1 ) suggest that the 

incorporation of plant extracts does alter the growth response of 

the organism, but not necessarily with respect to the utilisation 

of biuret (see biuret -free media). 



Table 20 The effect of pea, lucerne and clover 
decoction media on the utilisation of 
biuret 

Strain 
+B 

Pea 
-B +B 

Clover 
-B 

Lucerne 
+B -B 

4 _ - _ + + + 

1 001 - _ - - + + 

8150 - - - + + + 

Su582 + + + - + + 

Su58L4. - - - - + + 

9042 + + - - + + 

8149 + + + - + + 

Su583 + -i- - - + + 

Su586 + - + + + + 

R105 - - - - - - 

R111 - - - - - - 

R140 - - NT NT NT NT 

R1 L4.2 - - - - _ - 

SuL4.13 - - - - - + 

Su574 - - - - _ - 

R308 NT NT NT NT - + 

R314 NT NT NT NT + + 

Su390 + + - - - - 

LAL NT NT NT NT + + 

8BS NT NT NT NT + + 

+B Medium containing biuret 

-B Medium without biuret 

NT Not tested 



In order to obtain quantitative data on the liberation of 

ammonia from biuret, A. tumefaciens 1001, 8150 and Su 582 and 

A. radiobacter 904.2, Su 583 and Su 586 were inoculated into 25 ml 

flasks containing 5.0 ml of liquid test medium and biuret at 0.6 x 

10 -3 M. Incubation was at 35 
0 

in a vigorously shaking water bath. 

1.0 ml samples were diluted to 9.0 ml and 1.0 ml of Nestler reagent 

was added. The fine yellow precipitate was made opaque by the 

cell suspension present and, in order to clear the samples, they 

were centrifuged. This only resulted in depositing the cells with 

the precipitate adhering to them so showing that the original 

reaction had not occurred in the supernatant but at the cell surface. 

Cells which had been broken by sonication for 15 minutes at 0o and 

used in this test showed no ammonification. Even when whole cells 

were used, and centrifuged before the addition of the reagent, no 

quantitative differences were found between media with and without 

biuret, although visual comparison suggested that the strains of 

A. tumefaciens caused a more intense yellow precipitate following 

the addition of the reagent than strains of A. radiobacter. This 

could not be quantitatively proved. Repeated attempts to grow 

agrobacteria in salts medium with and without biuret constantly 

failed to produce an increased growth response measurable by optical 

density. The inoculum generally formed granules of growth and 

refused to develop further. 

Although the results were not in agreement with those of Jensen 

and Schroder (1966), the tests for urea utilisation (cultures grown 

on Christensen's urea agar with 1.0% urea and 0.5% (w /v) glucose) 

showed that all A.grobacterium and Rhizobium strains grew on the 

medium, but not only R. meliloti, A. radiobacter and A. tumefaciens, 



produced ammonia by 5 days, as judged by the indicator change. If 

0.1% (w /v) allantoin were used in place of urea then ammonification 

only occurred with R. meliloti strains in 7 days. All other cultures 

remained negative up to 16 days. These results suggest that the 

utilisation of biuret should be more closely examined since the 

structure of the molecule makes it unlikely that ammonia will not 

be released on hydrolysis. 



SELEC'T'IVE MEDIA 



Introduction 

In an extensive study of plant pathogens it is necessary to be 

able to isolate the organisms in pure culture from the infected host 

and from the soil habitat with the minimum of manipulations. Despite 

a wealth of literature on soil phases, dynamics of rhizosphere popula- 

tions, antagonisms and interactions (Johnson, Curl, Bond and Fribourg, 

1960; Baker and Snyder, 1965) a recent review of "Direct assay of 

plant pathogenic populations in soil" (Menzies, 1963) laments that, 

" the study of plant pathogenic micro -organisms in soil has 

been hindered by the lack of adequate methods for directly observing 

and measuring their prevalence ". The author later confirms the 

position by mentioning only one selective method for isolating a 

bacterial pathogen (Xanthomonas vesicatoria). 

The situation is less difficult for Agrobacterium than for 

other genera. Classically, a suspect Agrobacterium is inoculated 

into a susceptible plant and the resulting gall confirms its 

identification. But if A. radiobacter, a non -gall former, is to be 

isolated from soil, the element of chance affects success. It is 

possible to isolate A. tumefaciens from soil without prior soil 

plating, if carrot slices are inserted into the ground and examined 

periodically for the appearance of small galls (Ark and Schroth, 

1958). This yields only qualitative data; no quantitative values 

are possible using this method, although Klein and Tenenbaum (1955) 

assayed A. tumefaciens on carrot discs and Ark and Thompson (1961) 

have used fleshy root slices as substrates for dilution counts of 

A. rhizogenes. Lippincott and Heberlein (1965) have proposed a 

method of counting A. tumefaciens on "Pinto" bean leaves, but neither 
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this nor the root slices can be truly considered "selective media ". 

For any degree of accuracy, counts by such methods must be carried 

out using large numbers of plants as was done by Brockwell (1963) with 

Rhizobium counts using sterile clover plants. 

A further disadvantage lies in the impossibility of using these 

methods to detect ecological changes as the period needed for gall 

initiation could cover considerable qualitative and quantitative 

rearrangements of the soil population. 

A rapid screening test must always be available when dealing with 

infection processes. This is demonstrated in the case of seed borne 

diseases, for, although only a small proportion of the total seed 

crop may be infected, this must be detected if crop failure is to be 

avoided. Visual examination of each and every potential carrier is 

impossible yet this is all that is presently available. In Idaho 

U.S.A. during 1961 a thirteen acre field, planted with bean, showed 

three infection foci. These had arisen from three infected seeds yet 

eventual infection reduced the yield by 75, meaning that one infected 

bean per 250,000 was all that was needed for this infection rate 

(Denver Conference, 1965). No visual method could have detected 

such small contamination. In Canada the problem of Xanthomonas, 

ehaseoli transmission on seed (plate 1) was approached by using 

phage multiplication as an indication of infection (Katznelson & 

Sutton, 1953). Since the phage would only detect stated phage types, 

other pathogenic strains escaped identification on seeds and set 

up nation -wide infection. Such selection brought X. phaseoli var. 

fps cans to the fore, and although it is now realised that this method 

has dangerous limitations, it was an attempt to solve the problem. 

In the light of the increase of mass production in this country 
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of beans for canning, methods must be found for the identification 

of as yet non -indigenous diseases such as Corynebacterium 

flaccumfaciens; methods other than visual identification late 1 

are required. From the Canadian experience these methods must not 

select only certain pathogenic strains; all species of pathogen 

must be equally revealed. 

The present methods used in the examination of soil populations 

can be considered primitive, relying only on the gross separation of 

morphogical types. They yield little or no information about changes 

in the micro- environment. The effect of a plant on a mixed soil 

population will depend on the plant (Nutman, 1956; Rovira, 1956 b, 

c; Dart and Mercer, 1964) and the interactions of the root micro - 

flora (Louw and Webley, 1959) and the state of the soil (Raney, 1965). 

Even the proximity to the root surface may influence the population 

dynamics owing to secretions by the roots (Dart and Mercer, 1964; 

Abraham and Herr, 1964; Rovira, 1964); a situation which heightens 

microbial antagonisms so that isolation of phytopathogens from soil 

or plants may yield fewer organisms than are truly present (Patrick, 

1954). This situation may be considered one stage further on. With 

Crown gall, the population of A. tumefaciens inside a gall is not a 

pure culture. Indeed, from any one gall a variety of strains may be 

isolated and from a variety of galls in the same area a similar 

diversity may be found to exist (Dickey, 1965). 

What then are the methods available at present for the isolation 

of agrobacteria generally and A. tumefaciens in particular? The 

classic in vitro method is the medium of Patel (1926) depending for 

its selectivity on crystal violet (C.V.) and taurocholate. More 

recently a medium purporting to be highly selective was published by 
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Schroth, Thompson and Hildebrand (1965). This medium was slightly 

toxic to agrobacteria (a recovery of only 18% was possible) but, 

"99% of other bacteria are inhibited ". This is not surprising since 

to the basal medium had been aseptically added:- propionate, 

berberine, selinite, penicillin G, streptomycin, cylcohexamide, 

tyrothrycin and bacitracin. This medium was considered no further. 

The one test yet remaining depended on the reduction of 

Benedict's solution by a reducing metabolic product of lactose 

formed by agrobacteria (Bernaerts and De Ley, 1963). Since the test 

medium has no selective power, it can only be used with a pure 

culture of test organism. 

The problem, therefore, was to test the value of existing media, 

to evolve better isolating techniques and to test their practicability 

by isolation from soil, diseased plants and plant /soil interactions. 
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Experimental 

Media for isolating Gram -negative organisms from soil always 

contain a Gram -positive repressor such as crystal violet (C.V.) or 

penicillin. Mannitol yeastrel agar was prepared at pH 9.0, 10.0 

and 11.0 with and without penicillin 5U /ml. The high pH was chosen 

as Hoffer (1935) had isolated A. radiobacter at pH 11 - 12.0. The 

selective test of Bernaerets and De Ley (1963) is based on the 

reduction of Benedict's reagent by 3 keto lactose (3 KL) following 

the growth of agrobacteria on lactose and, although the medium 

itself is not selective, it was hoped to give it some selective 

properties by adding penicillin 5U /ml. The recovery of agrobacteria 

from these two media (79 and DL) and from media without penicillin 

is represented in figure L-. Provided the agrobacterial count was 

high the 79 + penicillin medium could be used for isolation from 

inoculated soil (figure 43) but DL medium was totally unsuited for 

selective purposes. Even the medium 79 variations were unsatisfactory 

since nearly all were heavily contaminated by B. coes (* id in 

figure j3) and the counts were obviously too high even if the normal 

soil content of agrobacteria were considered (cf. control count of 

organisms added). Therefore many organisms looking like agrobacteria 

were being erroneously included. In an attempt to overcome this, 

replica plates from the medium 79 plates were made on De Ley test 

medium (by the method of Lederberg, 1950). Again the contaminants 

grew, but the agrobacteria although growing as isolated colonies did 

not give a positive De Ley test. This test only worked with masses 

of growth, not isolated colonies. 

Medium 79 was little further improved by using combinations of 

C.V. (1/5,000,000 and 1/50,000,000); penicillin 5U /ml; MnSO4 at 50 



and 30 mE Mn + +/1 and pH values 9.0 and 10.0. Manganese, however, 

had been shown (Mousta , pers. comm.) to inhibit saprophytic 

pseudomonads and Achromobacter but to have no effect on agrobacteria 

or certain Alcalienes strains. A synthetic salts medium containing 

0.5% glucose and 0.1% KNO2 (autoclaved) plus the above -mentioned 

combinations of substances also proved of little value. With 

manganese present, no organism grew. When penicillin and 1/50,000,000 

C.V. were used together, however, at pH 10.0 the plates were less 

heavily contaminated. These experiments were with a soil /agrobacteria 

mixture. 

To test the usefulness of this combination of penicillin /CV/ 

pH 10.0, the viability of agrobacteria was tested in soil with and 

without plants growing in it at a range of soil pH values. Primary 

experiments with twelve strains of agrobacteria suspended in citrate/ 

phosphate buffer (0.05 M) had shown that survival was affected by the 

pH value. The buffer, in é inch tubes at a range of pH values 4.0, 

5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0, was inoculated with standardised 

suspensions of organisms to give a final concentration of 1 x 107/m1 

buffer. The tubes were incubated at room temperature in the dark and 

viable counts (Miles and Misra, 1938) made at 7, 20, 40 and 100 days. 

The pH of the tubes was checked at 40 days. Results for the 12 

cultures under these eight conditions showed that few strains (223, 

794, 925, 8149) survived 7 days at pH 4.0 and of these only 223 and 

794 were unaffected (count 106/m1 whereas 925 and 8149 counted at 

102/m1). All strains survived at pH values 5.0 to 7.5 inclusive and 

at pH 8.0 death occurred in only one case (396 at 40 days); generally 

the counts were in no way reduced from those at other pH values. The 

stability of these pH values at 40 days altered by + 10% (e.g. 0.5 
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at pH 5) at pH 4 and 5 and pH values upward by t 3% (e.g. 0.2 at pH 

7.5) except in the case of 223 and 795. The actions of these 

organisms resulted in pH values of 7.1, 7.2, 6.9, 7.0, 6.8, 7.8 and 

7.1 for the original range of pH 5.0 to pH 8.0. That is, the 

organisms seemed able to adjust their environment, a fact supported 

by their superior survival. 8149 and 925 did not alter the buffer 

pH. 

In the soil experiment John Innes No. 2 unsterile compost was 

adjusted to a range of pH values of 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 

9.0 with dilute H2SO4 or IN NaOH. One month later the pH was checked 

and readjusted where necessary. After a further 7 days the pH was 

again checked and suspensions of agrobacteria mixed into the bulk soil 

to give counts of around 107 orgs /gm dry soil. Values were reported 

as "number /gram dry soil" because of the effect of pH adjustments on 

the soil texture and hence on porosity. The organisms used were 

A. tumefaciens 397, 794, 925 and 8150 and A. radiobacter 8149. The 

original count of the compost was: total, 4 x 107; fungi 1 x 105; 

Gram -negative 4 x 106. One half of the soil was placed in sterile 

4" clay pots in an unheated greenhouse and the rest potted into non - 

sterile, whale hide sweet pea tubes (Dobbie & Co., Edinburgh) along 

with 3 week old sweet pea plants. These plants had been grown in 

sterile sand and the roots washed before planting. In the plant 

experiment pH values of 3.0 and 9.0 were not used. The pH of the soil 

was tested at each sampling and did not vary drastically over the 56 

days except that all tended to neutrality, the largest change being 

in the pH 3.0, 4.0 and 5.0 range (0.7 units at 56 days). In the 

present experiment the differences were less (0.5 units). 

Viable counts were made at 3, 14, 28 and 56 days for the plantless 



pots, and at 28 and 56 days for the plant experiment. The method of 

Miles and Misra (1938) was employed, using Salts medium (see section 

I) plus 0.5% glucose; 0.1% KNO2 (autoclaved); 1/50,000,000 C.V; 

5U /ml penicillin at pH 10.0. This medium, although not toxic to 

agrobacteria, was far from selective on this soil which contained 

many fungi and pigmented organisms. Had not the colonial morphology 

of the added agrobacteria been well known, difficulty in recognition 

would have resulted as the fungi overgrew the colonies. When the 

counts fell below 1 x 104 /gm this difficulty increased. The results 

of the plantless experiment showed that between pH 4.0 and 8.0 there 

was a little decrease of count up to 14 days but after that a gradual 

decrease to or below 105 orgs /gm resulted. At pH 3.0 a marked 

decrease of all 5 organisms at 14 days to below 104 orgs /gm was 

observed. This was not paralleled at the other extreme (pH 9.0) 

until 56 days. The general decrease in soil count from 107 orgs /gm 

originally to 105 orgs /gm at 28 days and 104 orgs /gm at 56 days did 

not parallel the earlier buffer experiments and suggests that competi- 

tion or antagonism was reducing the agrobacterial flora down to a 

basal level which was certainly too low for accurate detection by 

this medium owing to the predominance of other organisms at and below 

104 orgs /gm. 

In the plant experiment, viable counts were made at 26 and 56 

days. The whale hide pots were broken open and the plants and roots 

gently shaken free of the soil, which was put aside for counting. 

The roots were cut from the plant and dropped into sterile weighed 

flasks containing 50 mis of water and gently shaken for 5 minutes. 

The roots were removed, drained on the flask side and then 
dropped 

into another sterile flask containing 10 mis of water and 
about 4 gms 
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glass beads (1 mm diameter). The first flasks were weighed and the 

weight of wet rhizosphere soil calculated. The flasks with roots and 

glass beads were weighed then shaken vigorously for 15 minutes on a 

wrist shaker. The resulting suspension was the root surface flora, 

calculated per gram wet root. Soil samples (10.0 gms) were dried at 

1050 for L.8 hours and reweighed. From the decrease in weight a value 

per gram dry soil was obtainable for both the bulk and the rhizosphere 

soil. Viable counts were calculated as before and on the same medium. 

The results, given in figure 5, show that in the bulk soil the count 

dropped at extreme pH values, falling to a lesser extent around 

neutrality but still to a figure well below that for survival in 

buffer and was even greater than when no plant was present. This would 

suggest antagonism of other soil inhabitants tending with time to 

reduce the count to a natural basal level. The rhizosphere soil gave 

results which were in essence similar to those of the bulk soil but 

the values tended to be higher. The root region counts, however, did 

not vary with pH. They cannot be compared with the other soil counts 

since the root surface count was calculated per gram wet root. Moreover, 

the counts fall with time to a far smaller extent than in the 

rhizosphere and in the bulk soil. All this could be explained by the 

roots' secretions supplying a microenvironment on the root surface; 

the action decreases with increasing distance from the surface. 

During these experiments it was noticed that in unsterile soil 

there was a decrease of agrobacteria, a feature which the buffer 

experiment had shown could not be due solely to pH effects. 

To test for competition, isolations of all colony types were 

made from the unir_oculated soil samples at the range of pH values. 

Total, Gram -negative, fungal and spore counts of these soils and 



Table 21. Counts of micro -organisms from soil which had received 

agrobacteria 56 days previously. 

Micro- 
organism 

type 

Soil 
pH 

Count /gm wet 

Soil plus: 

Control 8150 8149 

FUNGI 24.0 1 x 10 
1 

1.7 x 106 8.2 x 106 

8.0 x 10 5 x 10 3.4 x 10 

GRAM- 
NEGATIVES 4.0 4 x 106 2.6 x 106 4.1 x 106 

6.0 4x1061.2x106 5.0 x 105 

8.0 4 x 1 0 1 .5 x 107 7.1 x 106 

SPORE 
FORMERS 6.0 - 1.5x107 2.5 X 104 

TOTAL 6.0 4x107 5.8x106 2.9 x 106 

soil 

I 

794 397 

1.2 x 106 8 x 10 
2.5x10 3.4 x 10 

1.0 x 106 3.1 x 106 

5.0 x 105 6.0 x 105 

2.9X106 6.4x 106 

1.3 x 104 1.2x104 

4.4 x 106 4 x 106 



from inoculated soils showed an increased fungal count in the latter 

at pH 4.0 and 8.0, while the Gram -negative count at pH 4.0, 6.0 and 

8.0 remained, on average, constant; as did the spore count (Table 21). 

This would suggest that fungal growth was favoured, but since this 

type of test would only show gross changes, the examination of 

isolated colonies from the soils was required. 

These isolates were tested against 8150, 8149, 794 and 397 in a 

variety of ways, but failed to yield one organism which was antagonistic 

to these four agrobacteria. This was unexpected as Patrick (1954) 

had reported 60% of soil isolates to inhibit Agrobacterium. Around 

his inhibitor colonies were clear zones, some of which had edges of 

enhanced growth suggesting that the antagonistic substances produced 

might, in soil at sufficient dilution, enhance rather than inhibit 

growth. Johns et al. (1960) reported the inhibition of A. tumefaciens 

by bacteria, actinomycetes and fungi, but application of their 

techniques failed to demonstrate the presence of antagonists. These 

methods were (a) the preparation of soil dilution plates overlayed 

with indicator strains in semi-solid agar; (b) the covering of 

incubated dilution plates with a lawn of indicator bacteria; (c) 

the isolation of organisms and their streaking at right angles to 

the indicator strains and (d) the addition of the indicator strain 

at intervals after inoculation of the soil isolate. The placing of 

agar cubes, cut from plates of the soil isolates upon a seeded lawn 

of indicator agrobacteria was likewise negative. All processes and 

media gave preference to the growth of the possible antagonist (e.g. 

fungi were grown on citrate agar pH 4.6 overlayed with N.A. on which 

agrobacteria were seeded). 

Returning to the problem of evolving a selective medium, the 



Table 22. The effect of Mn ++ concentration, pH value and 
nitrogen source on the growth of A. tumefaciens 
in salts medium. 

6 DAYS 14 DAYS 

/ / \ 
Mñ pH. 3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10 

; N H4)2504 ° 
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25 ,,,, 
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K NO2 ° 
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K NO3 0 

1 

5 

10 

15 
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30 

. I 

IllGood growth with pellicle ( + ++ + + + +) 

Moderate to poor growth (+ + +) 

No growth 



last experiments proved the C.V. /penicillin medium at pH 10.0 to be 

of restricted use below counts of 104 /gm and not to inhibit fungi or 

chromogenic bacteria. Since in vitro tests had shown MnSO4 not to 

inhibit agrobacteria, and since trial media with KNO2 (autoclaved) 

and MnSO4 had been toxic (while neither was separately), a closer 

examination of Mn +4 concentration; pH and nitrogen source was made. 

Salts medium with 0.5% (w /v) glucose was adjusted to pH values 

between 3.0 and 10.0 and nitrogen sources (autoclaved) added to a 

final concentration of 0.1% (w /v). Stock solutions of MnSO4 

(autoclaved 15 lbs /15 mins) were added to these prepared media in a 

range of 0, 1, 5, 15, 20, 25 and 30 mE Mn + +/1 final concentration, 

and the whole tubed in 5 ml amounts in g" tubes. The results of 

growth at 27° for 6 and 14 days are given in table 22. This explains 

why in the trial selective media, a 30 mE Mn 
++ 

per litre /KNO2/pH 10.0 

combination failed to grow agrobacteria. KNO2 increases the toxicity 

of the salt or vice versa. 

To check that all agrobacteria were resistant to high MnSO4 

concentrations, the twelve National Collection strains were inoculated 

into tubes of liquid salts medium (pH 6.8) containing 0.1% w/v KNO3; 

0.5% (w /v) glucose and a range of Mn ++ concentrations of 0, 5, 10, 

15, 20, 25, 30 and 40 mE Mn + + /1. After three days most grew up to 

30 mE Mn ++ /1, except 223 which failed at 15 mE /l; while at 40 mE /1 

223, 794 and 5 failed to grow. At seven days all grew to 40 mE /1 

except 223 and 794 which did not grow above 25 mE Mn + + /l. 

Aconitic acid is selective against ?seudomonas (Pisano, 

Blahuta and Mullen, 1959) and this acid was incorporated into liquid 

salts medium at 0.1, 1.0 and 2.0 mg /ml (w /v) from seltz filtered 

stock solutions, pH 7.0. The whole was adjusted to pH values of 



Table 23. The effect of Mn ++ concentration, pH value, 
nitrogen source and aconitic acid concentration 
on the growth of A. tumefaciens in salts 
medium. 

Aconitate mg' ml 0.0 0.1 10 2.0 

p H 4 7 10 4 7 10 4 7 10 4 7 10 

Tr (NH4)2 SO4 0 

++ 
10 

MN 

30 

111 

_ K NO2 0 

+F 10 

MN 

30 
, 

K NO3 0 

4 10 

MN 20 

30 

11 il I 

IllGood growth jvith pellicle ( +; + ----> + + +) 

Moderate to poor growth (+ --- -- -----.2 +-+) 

No growth 



14.0, 7.0 and 10.0 and the Mn ++ added as in table 23 which shows the 

growth results at 8 days. Aconitic acid tended to increase the 

toxicity of Mn ++ in KNO2 and (NH4)2 SO4 media, but had little 

inhibitory effect in KNO3 media. The hope that this acid might be 

used as a carbon source in place of glucose was abandoned when tubes 

of KNO3 /semi -solid salts medium with aconitic acid 1.0 mg /ml (w /v) 

failed to encourage anything but micro aerophilic growth at 10 days. 

The addition of 0.1% w/v gkxttamate did not improve growth further. 

Reference to the section on carbon utilisation showed that 

lactose and dulcitol were used by agrobacteria but not by rhizobia. 

Since both these sugars are less widely used than glucose it was 

possible their use in the medium would increase selection. In effect, 

lactose was chosen for its relation to De Ley's test following growth 

on disaccharides. 

The final medium was composed as follows: - 

Autoclaved: Mg SO 7H20 0.01 gm 

Na 
2 

PO (anhyd. ) 0.018 gm 

111V O 0.1 gm 

Lactose 0.5 gm 

Agar 1.2 gm 

Water 100 ml 

Added Aseptically: Fe EDTA (0.25% w /v) 1.0 ml 

Mn SO 
4 

(33.3% w /v) 1.0 ml 

To test the qualitative and quantitative values of this medium, 

viable counts were prepared from suspensions of agrobacteria. Control 

counts were made on mannitol- yeastrel agar and on Patel's medium 

(1926). On the same media counts were made of agrobacteria added to 

soil. With the pure culture of A. tumefaciens 4, a total count on 

mannitol -yeastrel agar of 3.9 x 107 orgs /ml became 2.5 x 107 orgs /ml 

on selective media, 30 mE Mn + + /1; and on Patel's medium 2.8 x 107 

pH 6.8 
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orgs /ml. This showed each to have little toxic effect. By adding 

a known number of agrobacteria to a soil sample and counting again 

by Miles and Misra technique (1938) a count of 1.2 x 106 orgs /gm was 

obtained for the selective medium. The calculated number added was 

2.2 x 106 orgs /gm. The count on mannitol- yeastrel was unreadable as 

was the count on Patel's medium because of gross fungal and bacterial 

overgrowth, especially coliform. 

The new selective media 1,which had yielded very clean plates in 

the soil experiments, was next tested for its ability to isolate 

agrobacteria from pathogenic material. Patel's medium, McConkey's 

medium and non -selective 2% glycerol NA were also used. Some of 

these initial isolations appear in 1.16E0Lela3 and show the advantages 

of the new selective medium in enhancing growth of an organism 

subsequently shown to be an A. tumefaciens. It can be concluded that 

this medium is ideal for the isolation of Agrobacterium and other 

isolations are pictured in late..,. Further proof that the organisms 

were indeed agrobacteria was obtained by flooding the plates with 

Benedict's solution to demonstrate the presence of 3 ketolactose, 

which is only produced by agrobacteria ( late ). A negative test, 

however, does not preclude a gall forming organism from being classed 

as an Agrobacterium, as will be discussed in the next section. 

The final identification of the isolated agrobacteria was achieved 

by plant inoculation. Colonies picked from the selective medium were 

either inoculated direct into tomato plants or, for preference, 

inoculated after plating on 2% (v /v) glycerol nutrient agar. As a 

check that 30 mE Mn /1 did not alter the virulence of the organisms, 

A. tumefaciens 8150, 1001, Su 582, 4 and M 21 were plated onto the 

selective medium containing 10, 20 and 30 mE Mn + +/1 and grown at 27° 
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for four days. Inoculation of tomato plants with these organisms 

and with the same organisms grown on 2% (v /v) glycerol nutrient agar 

gave good galls, all of comparable size, showing no attenuation had 

occurred. The isolations from the 30 mE Mn + +/1 plates were also 

inoculated into 0.01% (w /v) L- tryptophane nutrient broth and, after 

three days growth at 27 °, plated on 2% (v /v) glycerol nutrient agar 

for two days before inoculation into the tomato plants. These second 

treatments were carried out lest the manganese had a deleterious 

effect. 

Despite these results it is suggested that isolated agrobacteria 

are not left on the medium longer than is necessary for colony forma- 

tion. Holloway (1955) reported that 0.04% (w /v) Mn C12 4H2O (4 mE 

Mn + + /1) caused mutation in Pseudomonas aeruginosa, the method being 

based on that of Demerec (1951) who showed the manganous ion to be 

a powerful mutagen. Old (1963) using Demerec's methods caused 

mutation of Salmonella with a survival rate of 50%, which is higher 

than for any other mutagen. In E. coli the site of action of Mn C12 

is at the gene sites controlling the enzyme steps called tryp b and 

tryp c in tryptophane synthesis (Demerec, 1954 quoted Braun, 1965). 

These facts prompted the pathogenicity check and suggested the need 

for care. The situation would, however, offer a useful tool for a 

genetic approach to the tryptophane metabolism of A. tumefaciens. 

If a strain could be shown to be genetically lacking the synthetic 

apparatus for tryptophane formation, an examination of its pathogenicity 

might well show unaltered virulence. This would be a first step in 

breaking down the inter -related problem of where the substrate 

tryptophane comes from for IAA synthesis in plant galls. 

The ability of agrobacteria to resist high concentrations of 
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manganese is not understood. Certainly, it is not associated with 

increased manganese levels in plants even although increased IAA 

oxidase (or peroxidase) levels in galls might be paralleled by 

increase of manganese as a cofactor. Tomato stem was shown to 

contain 139.0 p.p.m. manganese (on a dry weight basis) while galls 

contained 152 p.p.m. Although this is an increase in gall tissue it 

does not constitute a marked rise and is roughly equivalent to only 

0.5 mE Mn ++ in the gall tissue, assuming a tenfold decrease in wet 

weight on drying and an equal density for both water and gall tissue. 

This is only the roughest average guide and the localised manganese 

levels might be far higher but it is unlikely to approach 30 mE /l, 

the equivalent of 0.33 g% (w /v) Mn SO4. 

It is concluded that this medium is of value in quantitative and 

qualitative agrobacterial isolations. The medium will not support 

R. leguminosarum, R .mmeleloti, pathogenic or saprophytic Pseudomonas 

species, Bacillus megaterium, B. subtilis, Xanthomonas, coliforms 

(a few grew at 10 mE Mn 
+ 
+ /1) or micrococci and inhibits most fungi. 

However, as plate 3 shows, chromogenic organisms can grow. When a 

selection of coryneform organisms were plated on this medium some 

few strains grew but slowly. These organisms had been isolated by 

Miss Ruth Ixson from pine needle litter and fitted the present 

description of Arthrobacter better than Corynebacterium. Tests with 

C. fa ions on this medium suggested that it would grow and could be 

isolated from fa:iated tissue. 

One point of note, concerning the earlier experiments with sweet 

pea plants, must be mentioned. When the plants were harvested, prior 

to the examination of their root flora, those which had been grown 

with A. radiobacter 8149 were nodulated as table 24 shows. This 



Table 2 . Nodulation of sweet pea in unsterile soil in the 

presence of agrobacteria. 

Organism 

28 days 56 days 

pH of 
soil 

4 5 6 7 8 

CONTROL + ++ + - - - + ++ ++ 

8150 + + ++ - - - + ++ + ++ 

81 49 + + ++ + + ++ - + ++ + ++ ++ 

794+ - - + - - - + ++ + ++ 

397 + ++ + ++ - - - + ++ + ++ 

no nodules 

+ few nodules, small, not immediately seen 

++ few nodules but discernible, mainly near 

taproot 

+ ++ Nodules seen at a glance, quite numerous. 



suggested that A. radiobacter 8149 enhanced nodulation at low pH 

values possibly by altering the environment. It was unlikely that 

IAA formation was responsible since A. tumefaciens did not have this 

effect. 

Clover S 183 was grown aseptically in 8" x 1" tubes (Singer, 

1964) on slopes of Bond's medium (Allen, 1951). When the plants had 

grown for 20 days on this nitrogen -free medium, they were inoculated 

with effective or ineffective R. trifolii strains with or without 

A. radiobacter 8149. Su 586 or A. tumefaciens 8150. After three 

months the plants were graded on growth response (Singer, 1964) and 

A. radiobacter was shown to have no effect on the inoculated rhizobial 

strain with respect to effectivity; A. tumefaciens also did not alter 

the plant response, but appeared to greatly repress ineffective 

nodulation. This repression was continued in a later experiment 

where nodulation, rather than plant response, was considered. When 

tests with other rhizobia were carried out, R. leguminosarum Su 390 

caused a great increase in the number of root hairs of the clover 

plants, but without nodulation. 

Harris (1953) showed that with subterranean clover, the nodula- 

tion by effective and ineffective rhizobia was influenced by the soil 

micro- organisms, only in the direction that the number of ineffective 

nodules per plant was increased whereas the isolated fungi and bacteria 

(unspecified) had no effect on effective nodulation. His results 

only support the above finding in part and the differences between 

the test tube and the soil experiments probably are due to A. radio- 

bacter encouraging nodulation to occur at lower pH values than does 

A. tumefaciens. These results are reported for their interest and 

were not pursued further. 



3-KETOSUGAR.S 
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Introduction 

Disaccharide metabolism frequently depends on the enzymic 

hydrolysis of the dimer to its constitutive monomers and the 

incorporation of these into the metabolic pathways of the micro- 
organism. One case at least exists in which the disaccharide, but 

not its monomers, is utilised (Douderoff, Hassid, Putmann, Potter & 

Lederberg, 1949) . 

Agrobacteria metabolise disaccharides with the production of 

reducing substances having the hydroxyl group at C3 of the aglycone 

oxidised to a ketonic residue. Thus sucrose becomes: - 

CM2O N 
N °G{1 ,O 

O óN 

or f- D- fructofuranosyl- îß-D- ribohexopyranoside -3 -close which is the 

legitimate name (Geneva Convention). The trivial name is 3 -keto- 

sucrose. Equivalent products are formed from lactose, maltose, 

trehalose, lactobionic acid and maltobionic acid (Bernaerts & De Ley, 

1960 a, b; Fukui and Hochster, 1963). 3- ketosucrose has been 

reported to be produced by a soil Micrococcus species (Grebner, 

Durbin & Feingold, 1964) otherwise only agrobacteria produce this 

type of compound from disaccharides. 

It is unusual for changes to occur in the molecule before 

cleavage of the disaccharide link. Normally, this hydrolysis would 

be associated with one sugar mofety going to polysaccharide 

formation or becoming directly phosphorylated before metabolism 

(Klinge, 1960; De Ley, 1960). Each substrate is hydrolysed by an 

enzyme specific to the linking bond and usually also to one 
of the 
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sugars in the disaccharide (Dixon & Webb, 1964). It is therefore 

useless to look for a common hydrolytic mechanism for 3- ketosugars 

since they represent ester bonds of the 
p 
-1: 2; 

T 
-1: 4; -1: 4 and 

1 type and not all the disaccharides or acids contain glucose. 

The formation of 3- ketosugars must then occur during a non specific 

process not connected with hydrolysis and this process is not 

inhibited by a build up of the product, since, in certain media 

between 50 and 80% of the added disaccharide may be changed to the 

corresponding 3- ketosugar. This accumulation of a strongly reducing 

product may be used in identification tests for agrobacteria 

(Bernaerts & De Ley, 1963). These authors proposed a medium which 

closely resembles that used to test for acid production by Acetobac- 

ter. They give no reason why this test medium was adopted and it 

bears no relation to media earlier used to examine and identify the 

disaccharide products (Bernaerts & De Ley, 1960 a, b). 

The production of 3- ketosucrose from sucrose by intact cells of 

A. tumefaciens is inhibited by glucose, whereas, according to Fukui, 

Tai and Hochster (1963, quoted 1965) cell -free extracts are not so 

inhibited. These authors in the same paper give details of experi- 

ments to show that sonicated cells do not form 3- ketosucrose: a 

strange anomaly. Of more satisfactory nature is the result that 

whole cells and cell -free extracts both hydrolyse 3- ketosucrose.. 

The production of 3- ketosucrose is possible with growing and resting 

cells although the former, if not previously grown on sucrose, 

experience a lag of 20 hours before 3- ketosucrose accumulates; the 

latter must be grown on sucrose for any such production (Fukui & 

Hochster, 1963 ). The transfer of sucrose across the cell membrane 

is energy dependent and the site of sucrose reception and the 

resulting conversion to 3- ketosucrose never involves invertase 



which is localised within the cell. This is a complicated sugges- 

tion. There is no proof that invertase is a localised enzyme and a 

system must be proposed which accepts the product 3- ketosucrose and 

either passes it out of the cell or passes it into the cell to be 

hydrolysed. The theory of p- galactosidase in E. coli recognises 

that some strains are "leaky ". That is, they pass out metaboli %e 

intermediates which have accumulated inside the cells, their exist 

being by a transport system differing from the entry system. It is 

possible that a similar case may exist with A. tumefaciens. 

The claims made by Bernaerts & De Ley (1963) that all agro- 

bacteria produced 3- ketolactose from lactose, led to the adoption of 

this test in agrobacterial taxonomy. Strains have been removed from 

national collections on their failure to conform to the test (NCPPB - 

personal communication regarding A. tumefaciens 794 in the 1966 list) 

irrespective of the tumorogenic properties of the organisms. Further, 

taxonomic evaluations of the genus Agrobacterium and. Rhizobium 

have been attempted on strains which were selected on the strength 

of their 3- ketolactose formation (Graham, 1964). Unfortunately, 

not all agrobacteria produce 3- ketolactose from lactose as determined 

by the test of Bernaerts & De Ley (1963). Evidence of this lies in 

the recent literature and even De Ley (1966 in De Ley, Bernaerts, 

Rassel and Guilmot) has recorded the existence of negative strains, 

a feature pointed out by Feingold, Durbin and Grebner in 1961 and 

by others elsewhere (Dickey - personal communication). 

Rhizobia fail to produce 3- ketosugars. But Kern (1965; 1966), 

in experiments on transformation of A. tumefaciens and R. leguminosarum 

obtained a transformant of R. leguminosarum capable of producing 

galls and forming 3- ketolactose. In his later paper (1966) he 
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attempted to correlate virulence of his transformants and a series 

of virulent A. tumefaciens strains with 3- ketolactose production. 

No correlation existed in qualitative experiments which also supports 

the idea that not all agrobacteria produce excess 3- ketolactose. 

Tests with avirulent agrobacteria have shown that avirulence is 

associated with decrease in 3- ketosugar production from lactose, 

maltose and sucrose (Manigault and Beaud, 1963), suggesting that a 

quantitative relationship may exist. Investigations were made into 

the factors resulting in the failure of certain strains of 

A. tumefaciens to produce 3- ketosugars; whether such strains could 

be rendered "positive" and what might be the connection between the 

production of 3- ketosugars and pathogenicity, if attenuated strains 

of A. tumefaciens failed to produce the sugars in parallel with loss 

of virulence, while A. radiobacter, the non -pathogenic, saprophytic 

form, produced these oxidation products. 
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Experimental 

Assessment of "De Ley" test and media 

Slopes of 1.0% (w /v) DYE, 2.0% (w /v) glucose, 2.0% (w /v) CaCO3 

and 1.2% (w /v) agar were inoculated with agrobacteria and incubated 

at 27° for 2 days. Heavy spot inoculations from these slopes were 

made upon plates of 0.1% (w /v) DYE, 1.0% (w /v) lactose and 2.0% 

(w /v) agar. When rhizobia were similarly treated, they grew poorly 

on the first medium and generally failed to grow on subculture on 

the second medium. After incubation for 2 days at 27 
0 

the plates 

of agrobacteria cultures were flooded with Benedict's or Pehling's 

solution and allowed to stand at room temperature for three hours 

(method of Bernaerts & De Ley, 1963). A test was considered positive 

when a yellow -orange precipitate formed in the agar around the 

spot inoculation. Fehling's solution rarely gave a precipitate 

whereas Benedict's solution gave large orange zones around the 

growth. When the twelve national collection agrobacteria were so 

treated only six showed any sign of precipitate around the growth 

and some of these zones were very faint; five other agrobacteria 

isolated from soil were positive and all Alcaligenes and Achromo- 

bacter strains were negative. The reaction had been reported by 

Bernaerts & De Ley (1960 a) as being due to Alcaligenes faecalis. 

Variable results occurred on repeating the experiment. It therefore 

seemed necessary to improve the medium so as to both stabilise the 

results and to increase the sensitivity of the test since claims 

had been made that the reaction was unique to all agrobacteria 

(Bernaerts & De Ley, 1963). 

The effects of autoclaving the lactose in the medium and of 

changing the concentration of agar, on the zones produced, was 



Table 25 The effect of agar concentration and the 
autoclaving of lactose on De Leyts test for 
agrobacteria. 

Positive tests. Diameter in cm_of precipitate in parenthesis 

Organism 

2% agar 

Lactose 
added to 
medium 

Lactose 
autoclaved in 

medium 

1-I 

5 

223 

396 

397 

398 

794 

925 

93o 

1001 

8149 

8150 

LK 11 

LK 10 

ZIA 1 

CT 16 

CT 14 

*Cs 11 

CS 8 

r* CB 11 
** 

7A i4 
** 

F 34 

A634 
B 639 

C 639 

E 639 

(1 5) 
(1.5) 

(1.5) 

(0.6) 

+ (2.0) 

+ (2.0) 

+ (3.o) 

+ (2.0) 

+ (3.o) 

+ (1.8) 

+ (1.2) 

+ (0.8) 

+ (1.3) 

+ (1.5) 

+ (0.5) 

* 
Alcaligenes sp. 

1.2% agar 

Lactose 
added to 
medium 

Lactose 
autoclaved in 

medium 

+ (2.0) + (3.5) 

+ (2.5) + (2.5) 

+ (2.0) + (3.o) 

+ (0.8) + (1.o) 

+ (1.5) + (2.5) 

+ (1.5) + (3.o) 

(0.6) 

+ (0.8) 

+ (1.o) + (3.o) 

+ (2.0) + (1.5) 

+ (1.5) + (2.0) 

+ (1.5) + (3.o) 

+ (o.6) + (1.5) 

+ (1.o) 

11 e + 

MIS 

+ (1.5) + (3.o) 
+ (2.5) + (3.0) 
+ (2.0) + (2.5) 
+ (2.0) + (2.0) 

* .1L 

Achromobacter sU. 
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examined. Agrobacteria were grown on medium 1 for 2 days at 27° 

and then inoculated onto medium 2 over an area of approximately 

0.5 cm. The medium was varied as in tabled which records the 
results of flooding with Benedict's solution, after incubation for 

2 days at 27 °, and the diameter of the precipitate formed in four 

hours. Reducing the agar concentration increased the areas of 

reaction and some organisms which previously had been negative, 

now became positive. Autoclaving the lactose in the complete 

medium also increased the sensitivity of the test, but only when 

the agar concentration was reduced to 1.2% (w /v) and the lactose 

autoclaved in the medium were the results reproducible. 

':then lactose was compared with maltose, sucrose, cellobiose, 

raffinose, galactose, fructose,-methyl glucoside and c( -methyl 

mannoside it was found that none, except maltose, gave a reaction 

to De Ley's test (provided the maltose was autoclaved in a 1.2% 

(w /v) agar medium). Maltose gave the same results as recorded for 

lactose. 

It is of note that A. rhizogenes (NCPPB No. 5) was positive 

in the lactose test while in the original paper by Bernaerts & 

De Ley (1963), A. rhizogenes is stated to be negative along with 

one strain of A. tumefaciens (AMC No 11. 095) which they considered 

misnamed because of this failure. Since then De Ley, Bernaerts, 

Rassel and Guilmot (1966) have reported NCPPB No. 5 as positive but 

have queried its identity even though no evidence is given, "No 

effort was made to test for the hairy -root disease attributed to 

A. rhizogenes: They confirm results obtained in the present study 

that NCPPB strains 223, 794 and 930 failed to produce 3- ketolactose. 

This paper also includes ATCC No 11. 095 and reports it as being 
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polarly flagellate, although it has a GC content no different from 

that of A. tumefaciens strains generally. In view of Leifson's 

(1966) recent comments on some "accredited" strains, they may be 

correct in questioning its authenticity. 

Improvement of "De Ley" test media 

The necessity of using two media dispensed in two different 

ways is tedious, hence a single medium was devised to give reliable 

results. One medium tested consisted of 0.5% (w /v) DYE, 1.0% (w /v) 

lactose and 1.2% (w /v) agar with either nothing further added or 

0.2% (w /v) glucose or 0.2% (w /v) mannitol added. Another medium 

was similar to the above but with the DYE content reduced to 0.1% 

(w /v). Other media were based on the DYE /lactose /agar base with 

2.0% (w /v); 1.0% (w /v) or 0.5% (w /v) CaCO3 added, and the same 

with either 2.5 mg% (w /v) FeEDTA or MgEDTA in addition, added 

aseptically. All were poured as plates and spot inoculated in 

duplicate with the twelve agrobacteria previously grown on 2% (v /v) 

glycerol nutrient agar. One set of plates was tested at 4 days, 

the other at 6 days. Results at 4 days showed that the addition 

of glucose or mannitol to the basal lactose medium did not improve 

the test, neither did reduction of the DYE content to 0.1% (w /v). 

However, when CaCO3 was added to the medium a marked improvement 

occurred at 1.0% (w /v) and 2.0% (w /v). The "whitish" precipitate 

of CaCO3 formed a good background to the yellow -orange zones formed 

following the addition of Benedict's reagent, and these zones were 

larger and more consistent than those formed in media without chalk. 

The addition of FeEDTA or MgEDTA to this chalk medium did not 

improve the results. At six days the intensity of the reaction 

increased but no new positive results occurred. That is to say that 
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strains 223, 794 and 930 were negative whilst all others were 

positive with an easily visible yellow -orange area around each 

inoculation. It was concluded that the new medium was an improve- 

ment on that of Bernaerts and De Ley (1963) and a routine medium 

of the following composition was used; 1.0% (w /v) lactose, 0.5,E 

(w /v) DYE, 1.2% (w /v) agar and 1.0% (w /v) CaCO3. The DYE content 

was decreased to 0.3% (w /v) when conditions of nitrogen limitation 

were required. The test was not harmed by this alteration and 

0.3% (w /v) DYE is the concentration of De Ley's second test medium. 

Possible reasons for 3- ketolactose negativity 

Before the addition had been tried of CaCO3 to the test medium, 

it had been thought that a fall in the pH value of De Ley's second, 

unbuffered, medium could have led to the destruction of 3- ketolactose. 

Fukui & Hochster (1963) suggested a pH value of 6.8 as the lowest 

desirable for 3-ketosugar production. 

Tubes of liquid medium containing 0.5% (w /v) DYE and 1.0% (w /v) 

lactose were inoculated in duplicate with the organisms appearing 

in table 25, previously grown for 2 days on De Ley's first medium. 

tiuhen the lactose was added aseptically to the basal medium, the 

initial pH value was 6.4, whereas when autoclaved in the medium 

the value was 6.8. After two days at 27° the pH value of each pair 

of tubes was read and averaged. The pH values of the control media 

now read 6.4 and 7.0 respectively and the inoculated media gave pH 

values of 6.6 - 7.5 and 7.2 - 8.0 respectively. Only strains ZM 1 

and LK 11 gave readings of 6.0 for added lactose. Negative results, 

therefore, are not attributable to excess acid production, the acid 

destroying the 3- ketolactose formed, as there were no differences 

between 3- ketolactose positive and negative strains. 



Table 26 The effect of the pH value of growth and of testing 
on the results of De Ley's test 

Growth pH 4.0 5.o 6.o 7.o 8. 0 

Tested 
pH value: -5 

,-4 

+3 

Original 2 L.0 o 5.0 ° 6.0 o 7.0 0 8.0 
ldjusted 0 6.8 0 7.0 0 5.5 0 1.2 c, 6.5 

Organisms 

4 - - - + + + + + + + + - + + + 

5 (+) - - + + + + + + + + - + + + 

223 - - - -t- - - + - - + - - + -- - 

396 - - - + + - + + + + + - -F + + 

397 ( +) - - + + + + + + + + - + + + 

398 - - - + + + + - - + -i- - + - + 

794 - - - + - - + - - + - - + - - 

925 - - - + + + + + -;- + + - + + + 

930 _ - + _ - + _ - + _ - -i- - - 

1001 ( +) - - + + + + - - + + - + + + 

8149 - -- - + + - + + - + + - + ( +) + 

8150 - - - + + + + + + + + - + + + 

su 582 - - - + + - + + + + + - + + + 

,3u 583 - - - + + 4 + + + + + - + + + 

su 584 - - - + + + + + + + + - + + + 

Su 586 - - - + + + + + + + + - + + + 

Su 574 ( +) - - - - - + - - + - - ( +) - - 

611 413 - - - + - - + - - (+) - - (+) - - 

Su 390 - - - + - - - - - - - - ( +) - - 

R 315 - - - + - - ( +) - - ( +) - - ( +) - - 

R 314 ( +) - - + - - ( +) - - ( +) - - ( +) - - 

R 308 - - - - - - ( +) - - + - - + - - 

R 142 ( +) - - - - - + - -- ( +) -- - ( +) - - 

R 1 1 1 - - - - - - ( +) - -- (+) - - + - - 
R 140 ( +) - - - _ _ + _ -- + - - + - - 

R 105 ( +) - - - _ _ ® _ - - _ _ - - - 

Control - - - - - - _ 
°- 

_ _ _ - _ _ 
- 
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The effect was studied of the original pH value of the basal 

medium on 3- ketolactose production. Tubes of 0.5% (w /v) DYE and 

1.0% (w /v) lactose were adjusted to pH values of 4.0, 5.0, 6.0, 

7.0 and 8.0. Following light inoculation with the organisms listed 

in table 25 the media were incubated for L days at 27o and the pH 

value of each tube checked. Table 26 shows the results of testing 

the medium for 3- ketolactose content at the original pH value and 

at a second adjusted pH value. The adjustments were made with 

either 0.2M phosphate buffer or 3N HC1. Three facts emerged: 

(1) where agrobacteria grew, irrespective of pH value - 3- ketolactose 

was formed (except for the negative strains); (2) when 3- ketolactose 

was formed, reduction of the pH value to 5.5 did not generally 

destroy the ketosugar (it is, however, destroyed at pH 1.2); (3) 

when the test was negative at the unadjusted pH value, it remained 

so during any alteration in that pH value, so showing the negative 

results of the more acid media are not attributable to the 

inactivation of the reagent. 

In an attempt to isolate lactose utilising rhizobia, ten 

strains of R. trifolii were irradiated in water for 0.5, 1.0, 2.0, 

3.0 and 4.0 minutes. Loopfulls of the suspensions were plated on 

1% (w /v) lactose -yeastrel agar and incubated at 27° for L. days. 

No colony which grew, however, produced 3-ketolactose when transfer- 

red onto the test medium. 

A number of other experiments were carried out to determine 

why some agrobacteria failed to give a 3-ketolactose reaction. 

The possibility of permeability barriers being responsible was 

discounted following experiments with toluene treated cells. The 

idea that 3- ketolactose was never formed as an intermediary in 
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lactose utilisation was discounted on theoretical grounds. The most 

likely reason appeared to be that the "negative" strains utilised 

3- ketolactose as rapidly as it was formed. Strain 794 was grown 

in a sterilized culture filtrate of the "positive" strains 5 and 

8150 (containing 3- ketolactose). The reducing properties of these 

culture media disappeared upon incubation. The 3- ketolactose 

accumulating strains, however, grown on similar filtrates did not 

destroy the 3- ketolactose as judged by the reducing test of Benedict. 

Using sonically disintegrated cells of 3- ketolactose positive 

strains 4, 8150, Su 584 and Su 586, which had been grown on 2% (v /v) 

glycerol nutrient agar, it was possible to destroy a sterile 

solution of 3- ketolactose in 18 hours at 300. Similar extracts 

of 3- ketolactose negative strains 223, 794 and RD1 failed to 

metabolise 3- ketolactose. Fukui, Tai & Hochster (1965) showed that 

both 3- ketosucrose and sucrose were hydrolysed by invertase, a 

constitutive enzyme in A. tumefaciens. But cell -free extracts, 

although they could destroy 3- ketosucrose, could not synthesise it 

from sucrose. Thus the 3- ketosucrose forming and destroying systems 

were separable. There seems to be no reason why p- galactosidase 

may not exist in a similar capacity except that the enzyme is rarely 

constitutive. 

The - alactosidase of arobacteria 

Strains of agrobacteria and one of E. coli C17 were grown in 

Roux bottles at 270 on MgSO4 0.01% (w /v); Na2HPO4 0.018% (w /v); 

DYE 0.3% (w /v); KNO3 0.1% (w /v); biotin 25.0 pgm% (w /v); thiamine 

100 p.gm% (w /v); FeEDTA 2.5 flgm% (w /v); agar 2.0% (w /v) and either 

glucose, maltose or lactose at 2.0% (w /v). After 4 days the cells 

were harvested, washed, resuspended in 0.05M phosphate buffer pH 

7.0 and assayed for p- galactosidase content. In the case of toluene 



Table 27 The p- galactosidase of agrobacteria 

Organism 

Sugar in growth medium 

Lactose Glucose Maltose Lactose Glucose 

pM ONPG /mg protein /hour 

Whole cells Toluene cells 

4 2,050 262 189 1,500 1040/568 

5 550 215 

223 620 0 0 2,)j)J)1 o 

396 1,610 52o 

397 910 273 

794 365 o o 3,160 0 

925 500 179 

930 200 0 

1001 1,030 665 

8149 775 55o 

8150 1,810 57o 198 735 970/800 

C 17 3,350 o o 10,820 0 
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treated cells, the 5.0 ml aliquots were shaken with 1.0 ml toluene 

for 15 minutes at 270 on a wrist -action shaker. After shaking, these 

cells were assayed by the same method as for whole cells. The 

p- galactosidase activities are reported in table 27 as pM ONPG 

hydrolysed /mg cell protein/hour. 

The results show "positive" strains to have a low, constitutive 

amount of enzyme which, in the presence of lactose, increases. The 

assay of this increase was somewhat depressed by toluene treatment, 

suggesting that ONPG has unrestricted entry into the whole cell. 

The "negative" strains were shown to have an inducible p- galactosidase 

whose assay in induced cells was greatly increased following toluene 

treatment, suggesting some limiting permeability factor to ONPG, 

and, therefore, possibly to lactose, entry. Such a system with a 

limiting supply of substrate which, on entry causes a high induction 

of an auto -hydrolytic enzyme would not be expected to form excess 

intermediary products. This could account for the negative results 

of the 3- ketolactose test. The converse case of unhindered perm- 

eability, linked with a low enzyme content, could account for the 

positive 3- ketolactose test. Table 27, however, shows that the 

positive strains have a B- galactosidase content which, comparing 

whole "positive" cells to whole "negative" cells, would be expected 

to hydrolyse lactose on entry. The toluene treatment results 

suggest, however, that the actual content of p- galactosidase may 

be lower in "positive" lactose cells, than in "negative" lactose 

cells. 

These results overlook one point. The p- galactosidase values 

are final values at 4 days and give no idea of rate of change of the 

enzyme concentration. Further, the test for 3- ketolactose, although 



NMONPG /mg /Hr. 

Fib 6. -galactosidase activity of A. tumefaciens 
794 and 8150 growing in lactose medium. 
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performed at 24 days, will not give a reaction for "positive" strains 

before 3 days and is performed on a slightly different medium. 

A. tumefaciens strains 791. and 8150, therefore, were grown on 2% 

(v /v) glycerol nutrient agar and heavily inoculated into flasks of 

prewarmed media consisting of 0.1% (w /v) DYE and 1.0% (w /v) CaCO3 

to which had been added Seitz -filtered lactose to give a final 

concentration of 1.0% (w /v). Control flasks received water instead 

of lactose. Figure 6 shows the p- galactosidase activity of these 

cultures (assayed with toluene -treated cells). At the third day 

when 3- ketolactose should be detectable by Benedict's reagent, the 

"negative" strain shows a rapid rise of enzyme activity, a rise which 

could cause a decrease of substrate. These results may suggest 

that 3- ketolactose only appears in the medium at the third day and 

if so it must be a better inducer of p- ga.lectosidase than is lactose. 

The course of production of 3- ketolactose was examined using 

the resorcinal reagent with centrifuged culture supernatants. 

Liquid medium containing 0.1% (w /v) DYE, 1.0(% (w /v) CaCO3 and 1.0% 

(w /v) lactose was inoculated with strains 794 and 8150 previously 

grown on 2% (v /v) glycerol nutrient agar. The medium, in flasks, 

was incubated at 250, 300, 32o and 350 with the 250 and 35° flasks 

in duplicate, one of each duplicate pair being exchanged 25° - 

0 
35 (and vice versa) at 92 hours. Results for 3- ketolactose 

production at 25 °, 32° and 35° are given in figure 7, the results 

for 30° and 32° being nearly identical. Five facts emerged: (1) 

3- ketolactose is produced by strain 8150 up to the third day, 

irrespective of temperature although increase of temperature causes 

a decrease in total 3- ketolactose formed; (2) 3- ketolactose is only 

detected by Benedict's reagent at or after the third day at a time 
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when the 3- ketolactose production was well advanced, showing a low 

sensitivity of the reagent; (3) 79L4. produced 3- ketolactose at the 

third day but at a level below that detectable with Benedict's 

reagent, and the resulting reducing sugar was metabolised by 14h to 

5th day; (L{.) by the 3rd day at 35°, 8150 produced the same amount 

of 3- ketolactose as did 794 at 25° and in neither case was the 

product detectable with Benedict's reagent. After the 3rd day at 

35°, 8150 metabolised the reducing sugar; (5) by reducing the 

temperature from 35° to 25 °, 3- ketolactose again accumulated. When 

these results are compared to figure 8, which was compiled at the 

same time as figure 7, it can be seen that with strain 794, but not 

with 8150, high temperature incubation decreases the B- galactosidase 

content of the cells. Comparing the p- galactosidase and 3- ketolactose 

results the two organisms at 25° and 35° at 72 hours then at 

115 hours explains the results. A change of temperature either way 

caused small variations in,p- galactosidase contents and these could 

be explained by an increase or decrease of protein destruction at 

the timesof change to high or low temperatures respectively. The 

small change of B- galactosidase activity occurring when the 
o o 

temperature is lowered from 35 to 25 , does not explain the marked 

accumulation of 3- ketolactose by strain 8150 following such a change 

and the result again suggests the conclusion that 3- ketolactose is 

formed by a system at a rate greater than 3- galactosidase can 

hydrolyse it at 25 
o 
but at 35 

o 
, the former system is either less 

efficient or /and the p- galactosidase activity is more in keeping 

with it. 

These results are unusual as Bernaerts & De Ley (1960 a) 

incubated their cultures at 35° to form 3- ketolactose. The medium 



NM ONPG /mg./Hr. 
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Fig 9. The effect of incubation temperature 
upon the B- galactosidase activity of 
A. tumefaciens 8150 growing in 
phosphate buffered lactose media. 
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used was a salts base plus 0.175% (w /v) DYE, 0.1% (w /v) (NH4)2SO4 

and 4.0% (w /v) lactose. The paper states "Strong aeration and 

heavy inoculation were required for a good yield of 3- ketoglycosides." 

This medium is not similar to their later published test medium 

(Bernaerts & De Ley, 1963). 

During experiments with resting cells, incubated at a range 

of temperatures with 1.0% (w /v) lactose, it was noted that although 

the f3- galactosidase content of strain 8150 did not vary from before, 

the test with Benedict's reagent was negative at all temperatures 

and at all times of incubation. The cells had been suspended in 

0.1M phosphate buffer pH 7.5 and when the experiment was repeated 

with the addition of 0.4% (w /v) DYE to the medium, the p- galactosidase 

content of these growing cells increased as in figure 9, but the 

test with Benedict's reagent remained negative. If figures 8 and 9 

are compared, three facts emerge. In phosphate buffer medium, the 

o o 
3- galactosidase content of strain 8150 is greater at 25 than 35 ; 

the increase is well above the enzyme values in figure 8 when 

considered generally; and there is no lag before the third day - 

the increase of enzyme content rises steadily. Figure 9 explains 

why the 3- ketolactose test was negative - an activity of above 400 

fM ONPG /Mg /hour as shown in figure 8 is paralleled, by a fall of 

3- ketolactose below the sensitivity of Benedict's reagent (figure 7). 

Further, a comparison between the 1- galactosidase activities at 

25° on the 4th day with those at 27° at the 4th day (table 27) 

shows good agreement for toluene -treated cells, yet the medium on 

which strain 8150 in table 27 was grown, yielded a positive 

Benedict's reagent test. This medium contained Na2HPO4, while the 

buffer medium contained in addition NaH2PO4. This suggested that 



- 88 - 

in the latter case phosphate may have aided the entry of the 

substrate into the cell, so increasing the enzyme content which 

could account for the negative 3- ketolactose test. That this was 

the case was shown when strain 8150, grown in the presence of 

either no phosphate, Na2HPO4, NaH2PO4 or pyrophosphate had an 

increased B- galactosidase content only in the NaH2PO4 medium which 

was 48% above the values for the control or either of the other 

two phosphates. 

Conditions for the conversion of " neátive" to "positive" results 

Figure 8 shows that at increased temperature the B- galactosidase 

activity is reduced in the 3- ketolactose "negative" strain 794. 

The possibility was investigated that increase of temperature up 

to the point of loss of viability might make "negative" strains 

"positive ". Tubes of 0.1% (w /v) DYE and 1.0% (w /v) lactose were 

incubated at 370, 42e, 450 and 48e, having been either lightly or 

heavily inoculated in duplicate. After four days all tests, includ- 

ing those on "positive" strains, failed to show the presence of 

3- ketolactose. Other experiments incorporated metabolic inhibitors 

and antibiotics in the test medium. Neither penicillin, strepto- 

mycin, iodoacetate or sodium malonate caused strains 223, 794 or 

RD1 to give a positive test. 

Conditions for the conversion of "positive" to "negative" results 

It has been shown that a high incubation temperature or the 

addition of NaH2PO4 to the medium causes "positive" strain 8150 to 

become "negative ". If the accumulation of 3- ketolactose was, as has 

been suggested, because the steps between lactose and 3- ketolactose 

occurred more rapidly than between 3- ketolactose and glucose and 

galactose, then if the cells were "trained" on 3- ketolactose they 



°/° T ransmittance 

Fig. 10. The affect of increased lactose concentration 
on the production of 3- ketolactose by 
A. tumef ac lens 8150. 



might lose this rate-- limiting step. A liquid medium was prepared 

containing 0.5 ml of a 1/30 dilution of filtered stock 3- ketolactose 

(contaminated with a small amount of lactose as detected by 

chromatography) ; 0.2% (w /v) DYE and 4.5 ml H20. Strain 8150 was 

subcultured in this medium every 2 days for 14 days and, at each 

transfer, plated onto the test agar medium and into liquid test 

medium. After six days at 27° in these media the agar medium was 

tested with Benedict's solution, the liquid medium with the 

resorcinal reagent. No decrease of 3- ketolactose producing ability 

was found. 

When the strain 8150 was grown for 4 days at 27o in liquid test 

medium containing 0.2% (w /v) DYE and lactose at 0.0, 0.05, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.8, 1.0, 1.5 and 2.0% the amount of 3- ketolactose 

formed at that time as judged by the resorcinal reagent was as in 

figure 10. This shows that only when the lactose is in excess does 

3- ketolactose accumulate in the medium. The standard test medium 

has this excess of lactose. 

Attempts to prepare 3- ketolactose 

Bernaerts and De Ley (1960, b) prepared 3- ketolactose from a 

culture medium by precipitating out the protein with 0.1M K4Fe(CN)6 

3H20 and 0.2M ZnSO4 101120 and absorbing the excess cations with a 

strong resin (e.g. Amberlite IR 120). The final solution was 

concentrated by lyophilisation and freed from lactose by paper 

chromatography in water saturated phenol, elimination of the solvent, 

elution and lyophilisation. In this paper no figures are given for 

the recovery rate using this method and early experiments showed at 

least a 50% loss of reducing ability of the crude medium following 

the deprotinisation. For this reason and because paper irrigated 
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with phenol could not be totally freed from the solvent (as tested 

by diazotised sulphanilic acid) this method was not used. 

A selection of papers and solvents were tested for efficient 

separation of lactose and 3- ketolactose. These were (1) acetone/ 

acetic acid /water (4/1.2/1); (2) methyl ethyl ketone /acetone/ 

water (3/1/1.6); (3) acetic acid/ethyl acetate /water (1/3/3); 

(4) n- propanol /ethyl acetate /water (7/1/2) and (7/2/2); (5) 

pyridine /ethyl acetate /water (1/3/0.5) and all were tested descend - 

ingly on ú'(hatman No. 1, 3MM, 4 and 54 papers. In no case was the 

separation as good as with phenol saturated with water solvent 

although (1) and (2) on paper No. 4 gave Rf values of 0.22 and 0.11 

for 3- ketolactose respectively and 0.18 and 0.21 for lactose 

respectively. These methods were not suitable for preparation of 

any quantity of product so column separation was attempted, there 

being no method of liquid/liquid extraction of 3- ketolactose 

(Bernaerts, personal communication). 

Culture of A. tumefaciens strain 4 on 21 (w /v) lactose, 0.1% 

(w /v) DYE and 1% (w /v) CaCO3 for six days yielded a solution which 

reduced Benedict's reagent. The cells and chalk were centrifuged 

and the supernatant passed through Sephadex G25 (column 11 x 0.7 

cm). A column of polyamide (Woelm) was prepared (8 x 1.5 cm) and 

equilibrated with borate /NaOH buffer pH 8.6. The sample from G25 

was eluted from the polyamide column with an increasing gradient of 

ethyl alcohol, the original eluant being borate buffer. Samples 

were collected, every 2 ml, and tested for reducing power. 

Samples of the original medium before and after its various 

treatments were run on No. 1 paper irrigated with H2O saturated 

phenol. The cuts from the column were also chromatogramed on 



No. 1 paper with the same solvent and developed with aniline 

diphen.ylamine or triphenyl tetrazolium chloride reagent. From 

these tests it emerged that 3- ketolactose was present in the sample 

entering the polyamide column and in fractions ten to fourteen 

but lactose was present in fractions five to fifteen. Increasing 

the pH of the borate buffer to 10.0 did not improve the separation 

neither did elution with a decreasing ethanol gradient in pH 8.6 

borate. It had been hoped that the borate might bind the lactose 

grouping of 3- ketolactose and bring about its elution from these 

columns (Khym Zill, 1951, 1952). 

Tests using Sephadex G50, car`cxymethyl cellulose, DEAE 

cellulose and powdered cellulose columns eluted with borate buffer 

pH 8.6 or 10.0 yielded no better results. 

Theander (1962) and Baker, Bourne and Theander (1955) had used 

borate to separate cellulose oxidation products with a gradient of 

ethanol but on a charcoal /cellite column. Applying their methods 

to the centrifuged 3- ketolactose -containing medium, samples were 

applied to a 50/50 (w /w) charcoal /cellite pad 1 cm thick in a 8 cm 

diameter Buchner funnel and eluted with increasing concentrations 

of ethanol. It appeared that 10% gave maximum elution and so a 

column of the same mixture was prepared (10 cm x 1.3 cm) equilibrated 

with borate buffer pH 10.0 and eluted with an increasing gradient 

of ethanol. The fractions were tested by paper chromatography in 

water saturated phenol and for reduction of Benedict's reagent. 

Although the 3- ketolactose appeared in the.first five fractions the 

lactose again overlayed these and also appeared in later cuts. 

Because of these failures it was decided'to return to the method of 

Bernaerts and De Ley (1960 a) despite its limitations and the lack 

of bulk freeze drying equipment. 
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Instead of adding K4Fe(CN)6 and ZnSO4 separately to the 

centrifuged culture medium, so causing a precipitation within 

the medium, the two solutions were mixed separately and the white 

curd precipitate added to the culture fluid. This avoided problems 

of co- precipitation. The precipitate was removed by continuous 

centrifugation at 40o and (17,000 r.pm). The supernatant was 

treated with Amberlite IR 120, decanted and then treated with 

Amberlite IRA 410 in the bicarbonate form. The supernatant liquid 

was decanted and tested for freedom from sulphates with Ba(OH)2. 

The pale yellow liquid was then evaporated in batches on a rotary 

evaporator at 35 o under reduced pressure until the final volume 

was 200 ml. This was a thick brownish solution which on dilution 

and chromatography showed itself to be almost free from lactose 

and to contain 3- ketolactose. It could reduce Benedict's reagent 

in five minutes. This appeared to be a crude sample of 

3- ketolactose.: 

Role of 3- ketosugars in virulence 

Although 3- ketosugars are only one of the intermediates formed 

during disaccharide metabolism, it is possible that they have some 

other function besides yielding energy. Only agrobacteria produce 

3- ketosugars (except for the Micrococcus species of Grebner, Durbin 

and Feingold, 1964) and only agrobacteria produce galls - although 

A. radiobacter produces 3- ketolactose but no galls. In the next 

section phenolic substances and their inhibitory effect on invading 

micro- organisms are considered. Oxidised phenols (quinones) are 

shown to be more toxic than the parent phenols and since 

3- ketolactose is a powerful reducing agent it was thought that 

the production of this compound might enable the organism to survive 

this form of plant defence mechanism. 
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A. tumef ac fens strains 4, 223, 794 and 8150 were inoculated 

into media containing 0.3% (w /v) DYE, 1.0% (w /v) lactose and either 

phloroglucinol, orcinol, catechol or p -OH phenol (hydroquinone) 

at concentrations of 0.0, 0.003, 0.006, 0.012, 0.025, 0.05 and 0.1% 

(w /v). After 4 or 8 days growth had occurred only in the tubes 

containing phloroglucinol and 0.003% (w /v) orcinol. At 25 days the 

results were unaltered. When tubes of identical base phenol -free 

medium was inoculated with the organism, then allowed to incubate 

at 27o for 24 hours and the phenols then added to give a final 

concentration of 0.0, 0.0025, 0.01, 0.025, 0.05, 0.1 and 0.2% (w /v), 

the results given in table 28 occurred. This table also shows 

results of growth when the phenols were added at the same time as 

the inoculum. Growth responses of the tubes to which phenols were 

added 24 hours after inoculation were measured against tubes of 

boiled 24 hour growth. The results showed that if the 3- ketolactose 

forming mechanisms are allowed to develop before the organisms 

are treated with phenols then the organisms may (a) grow better than 

when phenols are added at inoculation; (b) the subsequent amount 

of growth is greater than that of non -3- ketolactose producing 

organisms. That this is a result of quinone reduction to the less 

toxic phenol is proved by comparing the results obtained with 

benzoquinone, hydroquinone and hydroquinone plus ascorbic acid. 

As a result of these observations a study was made of the relation- 

ship between 3- ketolactose and pathogenicity, as it seemed possible 

that reduction of quinones might be involved in successful 

establishment of the pathogen. 

Organisms rendered avirulent by glycine passage (vide supra) 

were inoculated into the liquid test medium, grown at 27o for L. days 
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and then an equal volume of Benedict's reagent added. Plate 5 

shows the decrease in reaction of isolates from glycine concentra- 

tions ranging between zero and 0.14% (w /v). (The range in which 

the pathogenicity was lost was 0.9% to 0.14% (w /v)). In a second 

glycine series neither the pathogenicity nor the 3- ketolactose 

forming ability was lost at up to 0.475% (w /v) glycine. When 

4 week old tomato plants were inoculated with glycine attenuated 

organisms 21 to 33, and the punctures infused with a sterile 1/30 

dilution of stock 3- ketolactose, the avirulent strains could not be 

made virulent. 

Benzoquinone at 5 x 10 -3, 1 x 10 -3, 7.5 x 10 -3, 5 x 10 -4, 

2 x 10 -4 and 1 x 10 -4 M concentration was added to tomato plants 

growing in sand on nutrient solution. Inoculation of the plants 

with A. tumefaciens 8150 and the addition of 3- ketolactose on strips 

of paper cut from chromatograms failed to give definite evidence 

that the toxicity of benzoquínone was reduced by the added sugar. 

This was probably a result of the drying effect of the paper wick 

protruding through the stems causing a hardening of the sliced 

tissue and subsequently poor gall formation. 

The results for 3- ketolactose production at 35o and 250 together 

with the possible role of 3- ketolactose in quinone detoxication and 

hence increased virulence, suggested that 3- ketolactose might be 

responsible for the results of Braun (1954) and explain his theories 

of temperature dependent TIP. This unspecified agent is destroyed 

(Braun 1954) (or does not accumulate) at 350 and is only needed for 

successful infection between 24 and 60 to 72 hours after inoculation 

(Braun & Mandle, 1948) and this is the time when 3- ketolactose 

accumulates under ins vitro conditions. With sucrose, a lag of 21.E 

hours occurs before 3- ketosucrose is detectable in test media 
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( Fukui, Tai & Hochster, 1965). On this basis experiments were 

carried out to see if the failure to incite galls at elevated 

temperatures might be reversed by transfusing 3- ketolactose into 

the wound site. 

The experiments were carried out with sunflower plants (sweet 
o 

pea plants died at 35 ) grown in the greenhouse for 5 weeks and 

then placed in glass fronted incubators held at 35o and 250, with 

artificial illumination and forced air input. The plants were 

grouped in pairs, one of each pair having a sterile Pasteur pipette 

inserted at the point of inoculation (strain 8150) and filled with 

2.0 ml of 1/15 dilution of stock 3- ketolactose. Plants were 

removed from the incubators at 0, 1, 2, 3, 4 and 5 days after 

inoculation and placed in the greenhouse for 25 days. At this time 

all plants at 25o had formed galls irrespective of their 

having received 3- ketolactose and plants held at 35o all formed 

galls up to the third day after inoculation. Thereafter there were 

irregular gall occurrences with no agreement among replicates. A 

repeat of this experiment gave similar equivocal results. 

A second attempt was made with Kalanchoe plants. Cuttings of 

Kalanchoe were inserted into precipitation tubes containing either 
o o 

water or 3- ketolactose and incubated at 35 or 25 . They were 

inoculated 2 days later, and then put in the greenhouse at 0, 1, 2, 

3 and 4 days after inoculation. Two months later no galls had 
o 

formed on those plants held at 35o whilst most of those held at 25 

produced galls. When those cuttings which had been soaked in water 

were, after inoculation, transferred to a solution (1/40 dilution) 

of 3- ketolactose at 0 to 6 days after inoculation and then placed 

in the greenhouse on the sixth day after inoculation, no galls were 
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formed up to two months later. 

The last experiment carried out on plants grown in disaccharide 

solutions and inoculated to form galls was to determine the 

3- ketosugar content in the gall tissue. 

Sterile plants were grown in liquid nutrient solution contain- 

ing 1.0% (w /v) sugars. The sugars were glucose, lactose and 

sucrose. sunflower, tomato and bean plants were inoculated with 

A. tumefaciens, 8150 at 5 days after germination. Five weeks later, 

galls and sterile plants were ground under n- propanol /acetic acid/ 

water (7/1/2), spotted on Whatman paper No. 1 and irrigated in the 

(7/1/2) solvent or in 90% (w /v) phenol. Although glucose, lactose 

and sucrose were detectable in the plant extracts no signs of 

3- ketosugars were found. It is possible that the crude extraction 

method might have liberated phenols which could have reacted with 

any 3- ketosugar present. 

3- ketolactose was, however, identified in carrot homogenate in 

which strain 8150 had grown in the presence of 1.0% (w /v) lactose. 

Attempts to repeat this with gall tissue formed on carrot slices 

failed because of the tendency of the slices to dry in time. 

Although no definite in vivo evidence has been found that plants 

contain 3- ketosugars when infected with agrobacteria, or that 

3- ketolactose will detoxify the added quinones, or that 3- ketolactose 

will enable virulent strains to form galls on plants held at 35 
o 

, 

it can be concluded that these possibilities are still worth 

pursuing. The major criticism of the experiments lies in the fact 

that lactose is not a common plant disaccharide and repeating these 

experiments with sucrose or mannose products might be more rewarding, 

since their detoxifying activities seem likely to be similar to 

3- ketolactose. 
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Introduction 

Phytopathology textbooks state that plants have three types 

of defence mechanism: mechanical, chemical and genetic. The 

chemical mechanisms cover everything from an acid sap to the 

production of such bacteriotoxic compounds as mustard oils (Spencer 

and Carter, 1964; Wetter, 1964). This section is concerned only 

with those compounds having a benzenoid ring, substituted by one 

or more hydroxyl groups; a class of compounds loosely termed 

phenols. 

The basic reaction associated with resistance is the oxidation 

of phenols to the more toxic quinones (Le Tourneau, McLean and 

Guthrie, 1956; Lyr, 1965). The phenol oxidation is accompanied 

by the darkening of the plant tissue (weurman & Swain, 1953; 

Shiroya & Hatton, 1955; Bossi, 1962; Mace & Wilson, 1964; Rabin & 

Artsikhovskaya, 1964). The types of oxidation reaction have been 

ascribed to normal plant respiration (Rabin, Artsikhovskaya & 

Proskurnikova, 1947); phenol oxidases of various types classed 

as polyphenol oxidase, phenolase, laccase and DOPA oxidase (Hattori 

& Shiroya, 1955; Cantino & Horenstein, 1955; Kenten, 1957; 

Oku, 1960); peroxidases (Portier, 1898 quoted Rabin et al., 1947; 

Onslow, 1921; Elliott, 1932; Rudolph & Stahmann, 1964) and 

ascorbic acid oxidase (Mapson, 1958). On infection, the respira- 

tion of plant tissue increases and this is not inhibited by malon- 

ate; rather it is associated with a shift from the Kreb's cycle 

to the pentose pathway type of metabolism. Such a shift accomplishes 

two things: a loss of keto acids (and therefore amino acids) which 

might be metabolised by the invading bacteria and secondly, the 

pentose pathway supplies the carbon skeleton of shikimic acid 
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for benzenoid syntheses. This is the basis of the infection theory 

favoured by Eastern European scientists (Farkas and Kiraly, 1957 a, 

1962; Kiraly & Farkas, 1959; Rabin & Artsikhovskaya, 1964). The 

underlying basis of the theory is the old idea that the difference 

between susceptible and resistant plants lies in the latterts 

inability to nourish the pathogen because of nutriment deficiencies 

in the sap (see Lewis, 1953; Hare, 1964). This theory can be 

shown to hold good for the nutritionally deficient phytopathogenic 

fungi but not for bacteria. Ivanova and Rabin (1963) showed that 

cabbage plants, resistant to Botrytis cinerea, had a higher amino- 

acid oxidase level than susceptible varieties and four times as 

much free aminoacid pool. On infection the aminoacid oxidase level 

rose in both. Since dehydrogenase mechanisms also played a part 

(Rabin & Ivanova, 1959) these authors considered that the plant 

firstly oxidised away available aminoacids and so starved the 

invading pathogen; and secondly, since isocitratase and succinic 

dehydrogenase were inhibited by infection (Hare, 1966), the plant 

metabolism switched to the pentoses so forming phenolic precursors. 

A far more likely explanation is that in resistant varieties the 

store of aminoacids is oxidatively deaminated on infection so 

producing H202. The dehydrogenases will act on phenols, as will 

the H202 with peroxides, to form Quinones. The inhibition of 

succinic dehydrogenase ensures that the flavoproteins of oxidative 

phosphorylation are unavailable so that the aminoacid reactions 

must progress via aminoacid oxidase flavoproteins (there being no 

other mechanism for the reduction of oxygen) and the isocitratase 

inhibition is necessary to avoid the synthesis of succinate which 
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would be a better source of reducing power than the aminoacids. 

Since the Kreb's cycle is so inhibited, the metabolism must switch 

preferentially to the pentose pathway. This pathway can then 

synthesise phenol units to replace those used in the earlier 

oxidations, for the plant must have immediately available defence 

mechanisms, not ones dependent on a shift of metabolism and of 

protective synthesis de novo. 

The immediate defence store of phenols exists in plants as 

p- glycosides, although their presence has been attributed to 

other biochemical functions (Mcllroy, 1951). They are hydrolysed 

by plant 3- glycosidase and the variation of this enzyme with 

infection has only been studied in pear leaves infected by Erwinia 

amylovora (Hildebrand & Schroth, 1964 a). That phenolic substances 

build up at points of infection has been shown by histochemical 

methods (Tomiyama, 1960; Oku, 1962) and this rapid deposition of 

phenolic compounds in the cells around infection is typical of the 

resistant response; a response given the unfortunate term of 

hypersensitivity. Indeed, Oku (1962) has stated that it is the 

products of this response and not the response itself which afford 

resistance. That is to say that resistance is a post- infection, 

response due to the products of infection, and not due to prior 

mechanisms such as polyphenol oxidase, p- glycosidase or phenol 

stores. This is practically the same as the Muller's original 

theory (Muller & Borger, 1941; Muller, 1956) of phytoalexins; 

toxic compounds detected in plants only after infection. Compared 

to the phenols, the phytoalexins (only about ten have ever been 

identified) are extremely complex, multi -ring structures, whose 

type is typical of the plant genus. The ability to produce these 
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compounds must, therefore, be genetically controlled as will be 

the enzyme synthesis of the pre- infection theory. This shows that 

of the classical resistance factors, the chemical and genetic 

aspects are interrelated. 

The genetic competence of plants to produce specified 

phenolics has only been examined in the case of flower colour 

(Pecket, 1960) and the relation between phenol types within the 

genus Lathyrus,(Pecket, 1959). No clear cut results on phenol 

differences have ever come from the examination of resistant and 

susceptible plants. The only exception is the classical case of 

red and white skinned onions. Red onions are resistant to Smut 

(Colletotricum circinans) while white onions are susceptible, and 

both are susceptible to Black Mould (Aspergillus niger). The colour 

of red onions is only in the dead outer scales and is a result of 

their protocatechuic acid and catechol content (Link and Walker, 

1933; Hatfield & Owen, 1948) . If the skins are peeled off, the 

onions become as susceptible to Smut as the white variety. In vitro 

growth responses to scale extracts and protocatechuic acid and 

catechol showed the smut fungus, but not the black mould, to be 

inhibited. Hatfield & Owen (1948) also showed a spectrum within 

the resistant onion varieties dependent on how tightly the outer 

scales enclosed the onion bulb. A less well authenticated case 

has been made for arbutin in pear bark and leaves, phloridzin and 

chlorogenic acid in apple leaves (Williams, 1960) and chlorogenic 

acid in potato tubers (Johnson & Schall, 1952, 1955, 1957; Lee & 

Le Tourneau, 1958). This latter case is made use of in the FeCi3 

screening test for resistant potato varieties (McLean, Le Tourneau 

& Guthrie, 1956). 

Returning to the enzymes capable of oxidising phenols, it is 
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found that although their names differ they are all strikingly 

similar (Hacket, 1964.). All, except peroxidase, are copper 

porphorin complexes and all are linked to plant respiratory 

systems. All oxidise a wide variety of phenolic substrates with 

the formation of quinones, but ascorbic acid oxidase is specific 

to ascorbic acid, the product, dehydroascorbic acid being the 

actual oxidant so making phenol oxidation, in effect, the 

secondary process. Polyphenol oxidase differs from lactase in the 

former's sensitivity to CO (light irreversible) and the latter's 

inability to oxidise monohydroxy phenols (Keilin and Mann, 1939). 

It is more than probable that the specificity of phenol oxidising 

enzymes will be found to vary with the host plant but little or no 

work has been attempted in this field (Bonner, 1957). Kenten 

(1957) showed that the phenolase activity of healthy broad bean 

leaves was bound and inactive. Acid, alkali or anionic detergents 

would activate the enzyme, suggesting infection processes might do 

likewise, especially the products of pectin decomposition which 

have detergent properties. This indeed happens in broad beans 

infected with Botrytis fabae (chocolate leaf spot) (Deverall, 

1961). How the quinones produced by such oxidations can inhibit 

invading pathogens is not known. Some phytopathogenic fungi 

synthesise quinones and melanin compounds themselves, some can grow 

on the oxidised phenols (Barnes & Williams, 1961; MacMillan & 

Brandt, 1966). Szent- Gyorgy (1931 quoted Rabin et al., 1947) 

suggested the quinones tanned bacterial proteins while Geiger 

(1946) proposed an irreversible binding of SH- enzymes at points 

ortho to the quinoid grouping on the benzenoid ring. Certainly 

phenols can inhibit enzymes (the most notorious being dinïtro- 
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phenol) and since quinones are involved in terminal oxidation 

some may act as competitive inhibitors. IAA oxidase is the best 

authenticated enzyme which is both phenol inhibited and stimulated 

(McRae and Bonner, 1952; Rabin & Klein, 1957), a feature examined 

in the next section of this thesis. 

A scheme of plant response, with regard to substrates and 

enzymes, as well as a sketch of the ideal pathogen is necessary before 

an examination is possible of the host- parasita relationship. 

Figure 11 summarises what has already been discussed together with 

idealised bacterial attributes and reactions based on findings in 

plant pathology. The phenols themselves arise from the shikimic 

acid pathway and are glycosilated by enzymes with uridine 

diphosphonucleotides (Yamaha & Cardini, 1960 a, b). Rudolph & 

Stahmann (196 -) showed that plant peroxidases inhibited bacterial 

invasion and bacterial catalase mediated this inhibition. With 

figure 11 as a hypothetical basis the ideal pathogen would be 

f- glycosidase negative, oxidase negative, catalase positive, 

peroxidase negative, and be able to reduce quinones and not 

produce H202 from aminoacids. With these notions in mind experi- 

ments were carried out to test each of the systems singly and, 

where possible, their interrelationships. 
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Experimental 

In vitro oxidation of phenols by bacteria 

The oxidative power of micro- organisms is routinely estimated 
t t 

with the oxidase reagent 4,4,4 ,4 -tetramethyl- p- phenylene diamine 

diHCl at 1.0% (w /v) (Kovacs, 1956) and a limited time for the 

formation of the blue colour (Steele, 1961). The method is liable 

to two inaccuracies. The growth medium may influence the cytochrome 

content of the cells and bacterial slime or capsules will increase 

diffusion times, so tending to give false negative results. If 

the rule that a strong positive reaction must appear within ten 

seconds is followed, then agrobacteria grown in shake cultures of 

semi -solid salts medium with 0.1% (w /v) KNO3 and either 1.0 or 0.5% 

(w /v) glucose are negative, no colour arising within 20 seconds. 

The negative response in these media is not altered when 5 or 20 

1gm haemin /ml were added to the media, but if the organisms were 

grown on nutrient agar the reaction became positive. The addition 

of 1.0% (w /v) glucose to nutrient agar again removed the oxidative 

ability. This is a typical glucose effect inhibiting cytochrome c. 

If the agrobacteria and rhizobia were grown on mannitol- yeastrel 

agar, a medium supporting copious slime production, the organisms 

were again negative when tested by the classical streaking of 

growth on filter paper soaked with 1% (w /v) oxidase reagent. 

Due to the above results, agrobacteria and rhizobia were grown 

in liquid mannitol (0.5% (w /v)) -yeastrel medium with forced aeration 
0 

on an orbital shaker (Gallenkamp) at 250 r.p.m. for 3 days at 27 . 

The cells were harvested, washed and tested, by streaking, on 1.0% 

(w /v) oxidase reagent - all were positive. The results from this 

experiment are listed in table 29 as are the oxidase results for 



Table 29 The oxidase (0); catechol oxidase (CO); 
tetrazolium reduction (TR) and catalase (C) 
reactions of agrobacteria, rhizobia and other 
organisms 

STRAIN 0 CO TR C STRAIN 0 CO TR C 

4 + + + + Su 390 + + + NT 

5 
+ 

R 308 + + + NT 

223 - + R 3i4 
+ + 

- NT 

396 + + + + R 315 
± ± 

- NT 

397 + + + + Su 574 + + + + 

398 + + + + Su 413 + + + + 

794 MOO. IMO + + R 105 + + + + 

925 + + + + R 111 + + + + 

930 + + + + R 140 + + + + 

1001 + + + + R 142 + + + + 

8150 + + + + LEAL + - - + 

PoI 1 + + + + 6 CL + + --+ + 

M 15 + + + + 8 BS + 
± + 

+ 

M 21 + + + + P 1 + - NT + 

I}i 22 S P 2 + 
± 

NT - 

M 22 R P + + NT + 

M 25 + + + + G 2 - - + + 

A 634 + + + + tiv 183 - - + + 

B 639 + + + + P 12 - - + + 

C 639 + + + + LK 7 - - + + 

E 639 + 
± 

+ + 667 NT NT + NT 

Su 582 + + + + 4A 3 + + + 4 

Su 584 + + + F300 + + + + 

8149 + + + + C 17 - - + + 

Su 583 + + + + C 26 - - + + 

Su 586 + + + + CS 8 + + + + 

LK 10 - - + NT CS 11 + + + + 

LK 11 ± - + + F 34 + + 
± 

+ 

ZItI 1 + + + + CB 11 + + + - 

CT 14 -}- - + + 

CT 16 + - + + 
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other organisms. Of the agrobacteria, only 223 and 794 were 

negative, the strain LK 10 was later shown to possess properties 

unusual in an Agrobacterium. The plant pathogenic pseudomonads 

were all oxidase negative while the saphrophytic forms were 

positive. 

Other indicators of oxidative properties were tested and, 

of these, catechol (o -OH phenol) afforded a colour change to brown 

in about a half to 2 hours with oxidase positive strains, the 

negative strains remaining colourless indefinitely. Although there 

is no proof that this reaction is due to processes identical to 

those of the classical oxidase reaction, it will be called catechol 

oxidase and the results of streaking bacterial growth on filter 

paper soaked with a 1.0% (w /v) solution of catechol are listed in 

table 29. The organisms were those tested in the oxidase survey 

and, by and large, the strains which were oxidase positive were also 

catechol oxidase positive with a few exceptions. No strain which 

was oxidase negative was catechol oxidase positive. 

Stanier, Palleroni and Douderoff (1966) showed that the oxidase 

negative P. maltophilia lacked both the o(and f-bands of cytochrome c, 

whereas all oxidase positive strains of Pseudomonas possessed these, 

although in some cases they lacked the :X-band of cytochromes a a3 

and b. These authors quote a similar situation in the genus 

Moraxella which comprises both oxidase positive and negative species. 

Moustafa (1966) has shown that plant pathogenic pseudomonads 

(which are oxidase negative) lack cytochrome c. No data exists for 

the cytochrome content of the agrobacteria although Appleby & 

Bergerson (1958) reported that soybean rhizobia have cytochromes 

a3 b and c when grown in vitro, but loose a a3 when the organism 
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forms bacteroides in vivo, provided the organism is effective. 

Ineffective rhizobia retain cytochrome .21_2 
3 

in vivo. Such findings 

might account for one reason of ineffectivity, in that an organism 

which retains all its oxidative properties would, in vivo, convert 

plant phenols to bacteriotoxic quinones; a reaction which might not 

be possible if the organism lacked cytochrome oxidase á a.3. When 

agrobacteria were grown in Roux bottles at 270 for 4 days on 2.0% 

(v /v) glycerol or 2.0% (w /v) glucose nutrient agar the cytochrome 

content was of interest. All oxidase positive strains possessed 

cytochrome c (growth on glucose reduced, but did not remove this 

cytochrome) while strains 7944. and 223 lacked cytochromes b and e. 

It can be concluded, therefore, that cytochrome c mediates both the 

oxidase and the catechol oxidase reactions, both substrates acting 

as H donors. 

That both the oxidase and catechol oxidase reactions are linked 

to the cytochrome system was shown by the use of inhibitors. A 

loopful of growth of agrobacteria from 2.0% (v /v) glycerol nutrient 

agar plates was emulsified in 0.02M sodium azide solution. After 

one hour at 350, oxidase reagent was added and all the organisms 

failed to form a blue colour (positive test). When catechol was 

used instead no change occurred in the organisms' ability to oxidise 

the phenol. The oxidation of catechol could be completely inhibited 

by 0.001M DECA, whereas the oxidase reaction was unaffected. If 

the bacteria were treated with 10-6M 2,Lj -- dinitrophenol for 12 

hours at 25 
0 
both the oxidase and phenoloxidase activity was lost. 

These results suggest that both the oxidase reaction and the catechol- 

oxidase reaction progress via the cytochrome system. Both require 

the presence of the flavoprotein /DPN step (dinitrophenol test) 



- 106 - 

but only the oxidase reaction requires cytochrome Lay At some 

stage in the process, catechol oxidase requires a copper enzyme 

not present in the cytochrome chain (DECA test) and, considering 

that oxidase negative strains lack cytochrome c (see results of 

pseudomonads and Mustafa, 1966) it is possible that the copper 

enzyme occurs after the azide inhibited cytochrome á a3, so 

accounting for the parallel losses of cytochrome c, oxidase and 

catecholoxidase activity. The actual role of each component in 

this system, however, can only be surmised, especially as the 

nature of the copper enzyme mediated step is unknown. 

When the glycine series of agrobacteria were tested for 

oxidase and catecholoxidase properties, all were positive. This 

means that avirulence is not associated with the loss of these 

oxidative reactions. This would be expected from the hypothesis 

of pathogenicity. 

That the plant resistance hypothesis holds good in vitro was 

shown by heavily inoculating agrobacteria and pseudomonads into 

liquid mannitol- yeastrel (without CaCO3) medium with catechol 

(autoclaved 10 lbs /10 min) to a final concentration of 0.01% (w /v). 

After 5 days at 27° all the organisms grew but the oxidase negative 

pseudomonads had not caused the medium to turn deep amber. When 

the agrobacteria were lightly inoculated into liquid salts medium 

containing 0.1% (w /v) KNO3, 0.5% (w /v) glucose and 0.01% (w /v) 

catechol, no growth occurred by 3 days and the medium turned brown. 

At 10 days no change was evident but at 21 days some organisms 

had grown and the medium was no longer brown. If other phenols 

were used at 0.01ó (w /v) in the medium, the toxicity appeared to 

depend on the phenol in question. p- Benzoquinone at 0.01 and 
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0.001% (w /v) was totally toxic and hydroquinone was likewise toxic, 

as expected. Orcinol, phloroglucinol and m -amino phenol allowed 

growth of some strains in 3 days, growth being associated with lack 

of colour formation. Growth occurred only after 21 days with 

anthranilic acid. 

Nagasawa, Gutman and Morgan (1959) showed that o -amino phenols 

were oxidised and condensed into chromogens by cytochrome c and 

cytochrome oxidase in vitro. When nutrient agar was augmented by 

either o -, m- or p -amino phenol, growth of agrobacteria resulted 

in brown growth, but if the plates were allowed to autoxidise for 

24 hours before inoculation, no growth occurred. This showed that 

agrobacteria most probably possess both cytochrome c and oxidase as 

well as showing the oxidised phenol ( quinone) to be more toxic than 

the parent phenol. 

In vitro reduction of quinones by bacteria 

If the tendency to form Quinones could be reversed by the 

bacteria invading a plant, then they would be better equipped to 

survive. A previous section has already shown how the formation of 

3- ketolactose may reduce phenol toxicity, but other reducing reactions 

such as succinic dehydrogenase could also be important. 

The reducing power of bacteria can be tested by the ability to 

reduce triphenyl tetrazolium chloride (T.T.C.) to the insoluble 

red formazan. This is usually carried out in the presence of an 

external hydrogen donor such as sodium succinate and the hydrogen, 

through the flavoprotein succinic dehydrogenase, passes to DPN and 

thence directly to the test substrate. The reaction is irreversible. 

Agrobacteria, rhizobia and pseudomonads were grown as for the 

oxidase test and the washed cells suspended in a solution of 0.1% 
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(w /v) sodium succinate containing 0.01% (w /v) T.T.C. Control tubes 

had no succinate. The results are included in table 29, a positive 

reaction usually occurring within half an hour at room temperature, 

although after 2 hours a failure to form formazan was considered 

negative. When the experiment was repeated with blue tetrazolium 

and tetrazolium violet similar results were obtained. These 

positive reactions were not affected by 0.0016M sodium azide, as 

expected, but if the organisms were incubated at 35o for half an 

hour in 0.5M sodium malonate before adding an equal volume of test 

liquid (i.e. 0.25M malonate finally) the rhizobia became negative 

while agrobacteria were unaffected. The reaction was the same at 

2 and 24 hours. It is possible that the agrobacteria obtain 

reductive power by some other method than via succinic dehydrogenase. 

A point of note was the finding that agrobacteria grown on nutrient 

agar containing 0.01% (w /v) T.T.C. became oxidase negative. 

Lovrekovich and element (1960) showed 0.02:, (w /v) T.T.C. in nutrient 

agar to be the maximum concentration tolerated by agrobacteria, 

while all other phytopathogens, with the exception of Xanthomonas, 

tolerated far higher levels. The site of oxidation of blue 

tetrazolium in Bacillus subtilis is at the chondroitid membranes, 

as estimated by election microscope, while T.T.C. precipitation 

does not occur within the cell (Wheene & Van Iterson, 1965 a). 

Proteus vulgaris, however, precipitates tetrazolium violet at the 

plasma membrane and not on the reticulate membrane systems (chon- 

droitid organelles are absent in this organism) showing an undefined 

site of reduction (Wheene & Van Iterson, 1965 b). The site of 

oxidative phosphorylation of these organisms is associated with 

the tissues mentioned. 
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If the bacteria can reduce tetrazolium they may reduce Quinones. 

A. tumefaciens 223, 794, 8150; A.A. radiobacter 8149, Su 586 and 
R. meliloti Su 390 were grown on 2; (v /v) glycerol nutrient agar 

flooded with mannitol- yeastrel for 4 days in Roux bottles at 27e. 

After washing, the organisms were suspended in water to equal 

turbidities and 10.0 ml aliquots added to flasks containing 100.0 

ml water, 1.0% (w /v) carbon source, 0.1% (w /v) KNO3 and 0.025% 

benzoquinone. The pH values of these media were 7.5 and the 

benzoquinone had, before being added, been adjusted to pH 10.0 for 

an hour, before returning the value to 7.5, to ensure a maximal 

quinone form in solution. A parallel set of flasks had liquid 

paraffin on the surface of the medium to reduce autoxidation of 

reduced quinone, but, since the results from these flasks were 

to the open flasks, only the results for the open flasks 

are reported in figure 12. The change in colour was followed using 

centrifuged samples measured by EEL colorimeter (green filter). 

During the 7 days of incubation at 27o the control (uninoculated) 

media darkened, suggesting the further autoxidation of the benzo- 

quinone solution to true benzoquinone or some further oxidised 

(polymerised ?) form. The balance between benzoquinone, semi 

benzoquinone and hydroquinone was shown by Williams (1963) to be 

dependent on cytochrome c oxidase, the rate of oxidation being first 

order and being antagonised by the reverse reduction (second order). 

The semi quinone is only formed slowly and this may account for the 

darkening. The results show that strains 223 and 794 are best 

suited to resisting this increase, they are oxidase negative and 

readily reduce tetrazolium. A. tumefaciens and A. radiobacter 

both gave values slightly in advance of the control with A. radio- 
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batter the less able to reduce the quinone, although the difference 

was not marked. The pH value of the media did not vary and was 

checked at each colour reading. 

In vitro B- glucosidase 

Having shown that agrobacteria and rhizobia can oxidise phenols, 

it is necessary to establish the role of the bacteria in liberating 

phenols from the non -toxic glycosides in the plants. All plant 

glycosides are 
r 

linked (Pridham, 1960) to a narrow range of sugars, 

of which glucose is the most common (Mcllroy, 1951). 

Nutrient agar plates containing 0.1% (w /v) aesculin (6 : 7- 

dihydroxycoumarin- 61- D- glucoside) and 0.05% (w /v) ferric citrate 

were spot inoculated with members of Agrobacterium, Rhizobium, 

Pseudomonas, Xanthomonas and Erwinia. _after 3 days at 270, the 

organisms hydrolysing aesculin were surrounded by a brown area. 

All the agrobacteria and rhizobia were positive, the agrobacteria 

strongly so, while of the pseudomonads, P. morsprunorum and 

P. phaseolicola were negative (as were some saprophytic strains) 

while P. syringae was positive. The Erwinia strains were weakly 

positive to negative and both Xanthomonas were positive. Hildebrand 

and Schroth (1964 b) reported that of 58 phytopathogens tested, 

most had -glucosidase activity, especially the pseudomonads, 

although the reaction of the xanthomonads varied with species. 

If glucose was added to the medium at 0.5% or 1.0% (w /v) no 

inhibition occurred, nor did 2.0 (w /v) lactose change the reaction. 

When 2.0% (w /v) of 1 : 5 gluconolactone was incorporated into the 

aesculin medium no brown areas resulted, this compound acting as 

an inhibitor of p- glucosidase. 

With the p- glucoside phloridzin, it was possible to study the 



effects of the hydrolysis products on growth. Phloridzin hydrolyses 

with p- glucosidase to phloretin and glucose which is further 

hydrolysed by an unknown enzyme to phloroglucinol and p- hydroxy- 

phenyl propionic acid. ? hloridzin, 0.5% (w /v), was added to the 

liquid salts medium and then inoculated with A. tumefaciens 8150 

and 791. After incubation for two months at 27° samples were run 

descendingly on Whatman No. 1 paper irrigated with n- butanol /HAc /H20 

(4/1/5). The solutions were by this time different colours, that 

of 8150 gave 20% and that of 794 gave 96% transmission, measured by 

SP 1300 (green filter). The chromatograms were dipped in ammoniacal 

silver nitrate, ferricyanide /ferric chloride, diazotised benzidine 

or vanillin/HC1 reagents. Phloretin was not identified from either 

experiment while phloridzin, phloroglucinol and an unknown compound 

appeared in both. The unknown compound could have been p -0H phylene 

propionic acid although no control compound was run. 

Agrobacteria, R. leguminosarum and R. meliloti were inoculated 

into liquid salts medium containing 0.1% (w /v) KNO3, 1.0% (w /v) 

glucose and 0.05% (w /v) of either phloridzin, phloretin or phloro- 

glucinol. Phloroglucinol proved toxic to the agrobacteria but not 

to the rhizobia after 9 days at 27 °. The rhizobia grew in the 

presence of phloretin as did the agrobacteria but phloridzin was 

toxic. The decreased toxicity of phloretin might be associated with 

its low solubility but the experiment suggests that since the 

products of hydrolysis are toxic the lack of growth in the presence 

of the parent glucoside is because of the hydrolytic products. 

Peroxidative properties of the bacteria 

In the introduction it was suggested that the oxidation of phenols 

to quinones could be a result of the reaction of H202 with peroxidase. 
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Agrobacteria and rhizobia were grown on mannitol- yeastrel agar, 

harvested, washed and suspended in phosphate buffer pH 6.6 0.1M to 

equal turbidity. 2.0 ml of suspension plus 2.0 ml of 0.5% (w/v) DOPA 

were incubated at 300 for half an hour in the presence of 2.0 ml of 

2.0 volume H202. All agrobacteria and rhizobia caused a rapid 

darkening in the test system, demonstrative of strong peroxidative 

properties. 

The glycine series of agrobacteria were similarly tested and 

proved to be no less peroxidative than the parent strain of 

A. tumefaciens 8150. Thus avirulence is not associated with loss 

of peroxidase ability. 

In vitro source of H2O2 

Before a peroxidative system can function a source of H202 must 

exist. In the plant this may be released from damaged tissue or be 

by bacterial action on the plant. The most likely source of H202 is 

oxidative deamination of amino acids. The test used for the in vitro 

production of H202 was based on that of Whittenbury (1964). To 90.0 ml 

of salts medium, containing 0.01% (w /v) KNO3 and vitamins, was added 

5.0 ml heated blood (a 50% (v /v) dilution heated at 100° for 15 

minutes) and 5.0 ml suspension of 2.0% (w /v) o- dianisidine (previously 

heated 100° for 15 minutes). In some cases the blood was replaced 

with 5.0 ml of 0.04% (w /v) haemin, to give a final concentration 

of 20 lagm haem. /ml. To this medium was added the aminoacid at 0.1% 

(w /v) . Previous experiments had shown 1.0% (w /v) Mn02 in an agar 

overlay to be insensitive to peroxide production. The haem. /o- 

dianisidine method gave brown areas around the point inoculations. 

The results for a series of aminoacids are given in table 30 

which combines the results for blood and haemin media. 
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Comparison of the results with earlier experiments on amino - 

acid utilisation shows that the microaerophilic growth of rhizobia 

in these later tests occurred with aminoacids from which H202 is 

produced. Agrobacteria produce more peroxide than rhizobia and from 

a larger range of aminoacids. This could be balanced by the more 

active catalase of agrobacteria, although rhizobia are not lacking 

in catalase themselves. The oxidative deamination of aspartate 

and glutamate by rhizobia cannot be via the oxidative deamination 

of f- alanine and .-aminobutyric acid as the results show. No enzyme 

for L- aspartate is reported ( Sauwal & Lata, 1964; Dixon & Webb, 

1964) although enzymes for D- glutamic and D- aspartate oxidation 

exist. The oxidative deamination of tryptophane by agrobacteria 

but not by rhizobia was unexpected since the indole pyruvic acid 

formed in an intermediate compound in the formation of IAA. The 

utilisation experiments indicated that whereas rhizobia grew on 

0.1% (w /v) L- tryptophane, the growth was uniform, not micro - 

aerophilic. Although the results for R. leguminosarum growing on 

proline (table 30) are reported as negative, early experiments had 

suggested that only R. leguminosarum and the agrobacteria formed 

H202 from proline. The irregularity of results on repetition 

forced the negative conclusion as no definite positivity could be 

proved. 

Catalase 

The final bacterial attribute that has been associated with 

pathogenicity is catalase. 

All the organisms listed in table 29 were grown for 3 days at 

270 on 2% (v /v) glycerol nutrient agar slopes or mannitol -yeastrel 

agar slopes. The slopes were flooded with 5 volume H202 and the 



Table 31 Activation of latent phenolase with acid or 
detergent 

Tissue 
Original Adjusted test " Teepol" 

pH pH pH present 
O.D. 

(EEL, -iglue filter) 
30"74 hrs 

Etiolated bean 

Green bean 

tt It 

Green S. pea 

tt ti 

6.6 

6.6 

6.6 

6.6 

6.6 6.6 

4.5 6.6 

2.7 6.6 

2.3 6.6 

0101 

6.6 - 6.6 + 

6.6 - 6.6 - 

6.6 - 6.6 + 

6.6 - 6.6 - 

0.0 

0.9 

1.0 

1.7 

(EEL, Eed filter) 
30 /18 hrs 

3.3 

0.0 

4.6 

o 
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presence of catalase detected by the effervescence. All the 

organisms tested were positive, although the rhizobia were less 

active than the agrobacteria. When using washed cells grown in 

liquid mannitol- yeastrel medium the results were identical to the 

above. 

In vitro oxidation of henols b slant tissue 

The plant enzymes converting phenols to quinones have been 

termed phenoloxidases, phenolases or laceases. The differences 

between the first two and lactase is illdefined as discussed in the 

introduction. 

Kenten (1957) and Bailey (1961) reported that the phenolase 

( phenoloxidase) of broad bean ( Vicia faba L.) was "latent ", that is, 

the enzyme was only detectable in vitro following acid or alkali 

treatment of the plant brie or by anionic detergent action (Kenten, 

1958). To check this result and to determine if IAA oxidase is as 

activated in parallel with phenolase, French bean plants (Phaseolus 

vulgaris - Canadian Wonder) were grown on sterile sand in the dark 

for 14 days. Normal bean plants were also grown as were plants of 

Lathyrus odoratus (Cream Delight). The plant tissues were homogenised 

in 0.02M phosphate buffer, pH 6.6, at 00 at the amount of 350 gm wet 

plant per litre of buffer. The homogenate was strained through 

muslin and the liquid brie deep frozen till required. 

The etiolated brie was acidified with 2N HCl to the specified 

pH values for 3 minutes then readjusted to pH 6.6 with IN NaOH as 

in table 31 This table also reports results when green tissue 

is treated with "Teepol ". The reaction mixture consisted of 4.0 ml 

brie, 2.0 ml phosphate buffer, pH 6.6, 0.05M and 1.0 ml of 0.05% (w /v) 

DOPA. In the case of the "Teepol" experiment the detergent was 
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incorporated into the DOPA solution at 5.0% (v /v). After incuba- 

tion as stated the liquids were cleaved by centrifugation and the 

optical densities measured. The results confirm the "latent" 

description of phenolase. 

When the etiolated brie was adjusted to a range of pH values 

(figure 13), and held for 10 minutes before readjusting to pH 6.6 

followed by balance of the final brie volumes, then phenolase 

activity was shown to be incited by both acid and alkali. That 

this was an enzymic reaction was proved by heating the readjusted 

brie for 3 minutes in a boiling water bath, cooling and testing as 

before, when there was even further activation as Kenten (1957) 

found for broad bean. If the brie was heated to 100° for 10 minutes 

all phenolase action was destroyed. 

In vivo oxidation of phenols by plants 

During the life of the bean plant the phenolase activity varies. 

French beans were grown in shallow boxes of John Invest compost 

from seeds whose coat had been removed to avoid the imbibed phenols 

affecting the phenolase levels. The plants were harvested at the 

times shown and, where practicable, the roots separated from the 

plant. The phenolase activity was measured of both root and shoot 

with 3.0 ml of homogenate in 0.1M phosphate buffer pH 6.6 containing 

1.0% (v /v) "Teepol ", added to 3.0 ml of 0.1% (w /v) DOPA. After 

incubation at 30° for 22 hours the solutions were centrifuged, 

diluted 2X and the colour measured by SP 1300, red filter. The 

arbitrary value for "Phenolase activity" was calculated from the 

antilog of the logarithmic SP 1300 reading divided by the dry weight 

of the homogenate (calculated from 10.0 ml of homogenate dried for 

48 hours at 105 °). After 3 days the phenolase of both root and 
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shoot rose, especially the root values (figure 14). During this 

period the phenols leached from the seed coat could afford localised 

protection for the germinating seed (Giertych, 1964), but as the 

roots extend beyond this zone they would experience invasion from 

the soil organisms unless protection occurred. Once the roots have 

aged to form the root sheath, the need for this enzymic protection 

would cease. In infection the peroxidase values should increase if 

the hypothesis is to hold, although Farkas and Kiraly (1957 b) 

reported no increase in peroxidase on infection; a failure probably 

being a result of failing to activate the enzyme prior to assay. 

Phenol content of bean plants 

In earlier experiments when the pathogenicity of some National 

Collection strains of A. tumefaciens was being tested, it was noted 

that French beans (Canadian Wonder) were mainly resistant to inocula- 

tion. These plants were about one month old and it was thought that 

this resistance to infection was due to the classical increase of 

resistance with age of the plant. 

French bean seeds were sterilized in HgCl2, germinated on 

mannitol-yea.strel agar and transferred to open 8" x 1" tubes with 

sterile cellulose wadding in the base (1" deep and wet). These were 

kept in the dark at room temperature until the cotyledons separated, 

when the tubes were placed in the greenhouse. The age of the plants 

was calculated both from the time the root tip appeared and from the 

time the cotyledons separated. These plants were inoculated by 

needle puncture with A. tumefaciens 8150 between the cotyledons 

and into the hypocotyl where practicable. The occurrence of galls 

showed that up to two days after the cotyledons separated, and at 

all times from germination to this separation (6 - 8 days) galls 
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could be induced. After this date the plants became increasingly 

resistant up to twelve days after germination when the plants were 

completely resistant. The average time for gall development was 

18 days. (Sweet pea plants (Cream Delight) did not show this 

increased resistance). 

That bean resistance was a result, in part at least, of 

increased total polyphenol content of the plant was demonstrated 

by taking bean plants (Canadian Vonder) of different ages, as in 

the phenolase experiment, and estimating the total phenol in 

aliquots of the homogenate by the method of Lowry et al. (1951). 

Dry weight measurements were obtained from 10.0 ml aliquots dried 

for 48 hours at 105 °. Figure 15 shows that the phenol content of 

the stem (and leaves) increases after the fifth day to a plateau 

level at about the fifteenth day. This is in good agreement with 

the inoculation results. El- Basyouni and Towers (1964) found that 

germinating wheat the phenolic acids increased markedly after the 

fifth day post germination. The rapid increase of phenol content 

of the root is reflected by the phenolase rise in the earlier 

experiment. No experiments were carried out to establish if the 

phenol content of infected tissue was higher than these values 

because of the inability to cause galls on anything but seedling 

beans. 

Peroxidase and Catalase reactions of infected plants 

Gall and healthy tissue from French bean plants (Canadian 

Wonder) and tomato plants (Ailsa Craig) were ground in a mortar 

with water and the liquid centrifuged at 15,000 r.p.m. at 0 °. 

Tissue from tomato plants inoculated with A. radiobacter Su 586 

was similarly treated. Bacteria, grown on 2% (v /v) glycerol nutrient 
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agar at 27° in Roux bottles were washed and the thick suspension 

placed in a Prickle disintegrator at 5° for 30 minutes. The beads 

were poured off and the cell debris removed by centrifugation at 

15,000 r.p.m. at 0 °. Both plant and bacterial extracts were dialised 

for 48 hours against at least a hundred fold volume difference of 

tris /citrate buffer as used in the starch gel electrophoresis 

(see Material and Methods). Peroxidases were identified by flood- 

ing the gel slices with 1.0% (w /v) o- dianisidine (dissolved in a 

minimum of glacial acetic acid before making up to volume) for 10 

minutes, then with 2 volume H202. Peroxidases appear within 5 

minutes as green or brown bands. Catalase was identified either 

by the standard starch/K1 method or by treating the gel with 1.0 

(w /v) p- aminophenol for half an hour, washing the gel, and then 

adding volume H202 the catalases appear as brown bands. 

Some peroxidases also appear as light brown bands equivalent in 

position to those appearing in the peroxidase test, but bubbles of 

02 always appeared at catalase sites. 

The results show (figure 16) more peroxidases present in bean 

than in tomato and the number increases in gall tissue. This may 

account for why bean plants are more difficult to infect than 

tomato plants. In tomatoes a low level of the charged peroxidases 

greatly increases in galls. Usually it is impossible to make 

comparisons between samples but since the bands with Ef values 

around 10.0 were of equal strength the stronger reaction of bands 

Ef -2.3, -5.3 and -6.L1_. must represent an infection response. 

Mixing the bacterial extracts with plant extracts gave results 

identical to the results for the plants alone, showing the infected 

tissue results are not a result of plant protein carriage by bacteria. 



Table 32 Modification of plant response to infection 
with agrobacteria 

Additive' 
Final 
conc. 
(mM) 

Number 
of 

plants 
Inoculum Number of plants 

showing galls 

HQ +AA 1.0 5 8150 1 (small) 

HQ +AA 1.0 +1.0 3 NIL 0 

H , 1.0 3 8150 0 

HQ 1.0 3 NIL 0 

BQ 1.0 3 8150 0 

BQ 1.0 5 NIL 0 

NIL - 5 8150 5 (medium) 

DECA 1.0 5 8150 5 (large) 

DECA 1.0 5 NIL 0 

DECA +HQ 1.0 +1.0 5 8150 0 

DECA +HQ +AA 1.01+.0+ 5 8150 3 (medium) 

BQ 0.1 5 8150 2 (small) 

BQ 0.1 4 NIL 0 

FA 0.5 5 8150 2 (small) 

FA 0.5 3 NIL 0 

BQ 1.0 5 su 586 0 

BQ 0.1 4 Su 586 0 

DECA 1.0 6 Su 586 0 

DECA +HQ 1.0 +1.0 5 Su 586 0 

FA 0.5 5 Su 586 0 

FA +D ECA 0.5+1.0 6 su 586 0 

HQ - hydroguinone 

BQ - benzocauinone 

AA - ascorbic acid 

FA - ferulic acid. 
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When harvested, the tomatoes were 30 days post infection and 

this may account for the lack of difference between healthy 

and Su 586 infected tomato plants. 

Modification of lant resonse to infection 

The past experiments give support to the role played by the 

basic reactions in the hypothetical plant /bacterium interrelation- 

ship. In vivo, the electrophoretic patterns suggest why beans 
"ply 

are more refracts than tomato plants. But there remains the 

question of how the plant defence mechanism may be impeded, so 

that virulent organisms induce larger lesions, attenuated organisms 

become virulent and avirulent organisms become able to cause 

disease. 

Phenoloxidase is a copper protein. Inhibition of phenol - 

oxidase can be achieved by DEC,.., a copper chelator (Keilin & Mann, 

1939; Oku, 1960); peroxidase may be inhibited by 4- chlororesorcinol 

(Noveroske, Kuc & Williams, 1964) and any oxidised phenol may be 

reduced by ascorbic acid (Shiroya, Shiroya & Hattori, 1955). As 

IAA is essential for gall formation, L- tryptophane and,,)/ -keto 

glutaric acid may be used as substrates and the IAA produced 

protected from oxidation by an IAA oxidase inhibitor, such as 

ferulic acid, p- hydroxybenzoic acid, p-coumaric acid and vanillic 

acid. Lastly, the increase of plant resistance was achieved with 

p- hydroquinone and its oxidised product p- benzoquinone. 

Sweet pea plants (Cream Delight) were grown aseptically in 

grass tubes. The compounds (membrane filtered) were added to the 

nutrient liquid 14 days after germination and to the molar strengths 

as in table 32. Twenty -three days after the additions had been 

made, the plants were inoculated with either A. tumefaciens 8150 
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or A. radiobacter Su 586. The results show that at 1.0mM benzo- 

quinone and hydroquinone are bacteriotoxic (and to a degree phyto- 

toxic), but if the phenol is held in the reduced state it is far 

less toxic and if phenoloxidase is inhibited as well, then the 

pathogenicity is increased almost to the control (8150) level. 

This level is surpassed when 8150 is inoculated into plants with 

DLCA but no added phenol. Plate 6 shows samples of these plants 

with and without galls while plate 7 shows the cut galls. Ferulic 

acid at 0.5mM had no stimulatory effect on pathogenicity and was 

to an extent phytotoxic. In other experiments neither ferulic, 

p- coumaric, vanillic or p- hydroxybenzoic appeared to alter path- 

ogenicity. 

Table 32 shows that Su 586 did not cause galls following the 

stated treatments. Combinations of DECA, 4- chlororesorcinol, 

ferulic, p- hydroxybenzoic, vanillic and p- coumaric similarly 

failed to give' galls with A. radiobacter Su 586 or 8149. When the 

glycine attenuated organisms Gly. 43 and G. 26 were similarly 

tested, only G. 26 gave galls, but since this organism is not fully 

attenuated the results do not confirm the acquiral of pathogenicity 

by an attenuated strain. Sterile sweet peas were grown on plant 

nutrient medium lacking potassium. Under these conditions keto 

acids (especially oxaloacetic) increase due to a decrease in 

pyruvate kynase, and it was hoped that this would obviate the 

need for added keto acids. Additions of inhibitors as before 

again failed to enable Su 586 to cause galls. 

French bean plants (Canadian Wonder) were grown in John Innes' 

compost, and, when four weeks old, were lifted. The roots were 

washed free of soil and placed in two pint milk bottles containing 
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200 ml of plant nutrient solution. To the nutrient liquid was 

added mixtures of DEECA,, 4- chlororesorcinol, DL- tryptophane and 

IAA to 0.1mM concentration. Three days later the plants were 

inoculated at the cotyledon, at a node above and at the growing 

tip with A. tumefaciens 8150 or A. radiobacter Su 586. Plants 

receiving IAA died and were discarded, but plants which had 

received DECA, L.- chlororesorcinol and DL- tryptophane gave galls 

with 8150, but not with Su 586. Control plants gave galls with 

neither. This experiment could not be repeated by growing the 

plants in soil and watering the compoundson the soil. Probably 

this is because of absorption in the soil or a reaction with soil 

constituents (c.f. DECA). Phenols, however, can reach the plant 

in this way as plate 8 shows. One plant was watered for a week 

with 0.1mM hydroquinone when it was one month old. The resulting 

seed pods were striped black and the seeds had a black -violet testa. 

These seeds failed to germinate six months later, while the control 

plant seeds did. 

By inoculating beans of decreasing age with A. radiobacter 

it was hoped to cause true galls. Two week old plants, treated 

with 1.0mM combinations of ̀ - ketoglutarate, DECA, 4- chlororesorcinol, 

ascorbic acid, L- tryptophane, 1 : 5 gluconolactone (5.0mM) and 

oxaloacetate gave a very well formed callus, but not obvious gall 

tissue, even although the control plants showed no comparable 

wound response. At the other extreme, bean seeds germinated in 

such mixtures failed to grow and develop. 
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INTRODUSTION 

Indole acetic acid (IAA) occurs in plant tissue as a 

natural auxin and is a prerequisite for gall formation. It is 

presumably produced from tryptophane in the plant, and certainly 

IAA is produced from tryptophane by bacteria. However, there 

seems to be some doubt as to the processes involved in its 

formation. IAA is destroyed by an unknown oxidising system 

called IAA oxidase, which produces an unidentified, oxidised 

compound which has no auxin activity. This seems to be the 

present state of knowledge concerning the production and destruction 

of IAA. 

Theoretically, the steps between tryptophane and IAA 

must involve deamination and decarboxylation. The doubt lies 

in their order of action. If deamination occurs first, then 

indolepyruvate would be a likely intermediate followed by indole 

acetalydehyde on decarboxylation. If the enzyme order is reversed 

then tryptamine followed by indole acetaldehyde, would be likely. 

(The deamination in this case being of an amine oxidase type.) 

Tests of the intermediates for auxin action (Avena coleoptiles) 

showed indole pyruvic acid to be active. But this compound 

decomposes in aqueous solution to give seven products, one of which 

is IAA (Bently et al., 1956) and none of the products corresponds 

to what was originally called indolepyruvic acid by Stow and 

Thimann (1954). Kaper and Veldstra (1958) found similar breakdown 

products of indole pyruvic acid and recognised in these both IAA 
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and indole acetaldehyde. This shows how difficult it is to 

conclusively identify possible intermediates in vivo. Indole 

acetaldehyde itself, when tested for auxin activity, as judged 

by the elongation of Avena coleoptiles, was ten times less 

active than IAA (Larsen, 1951). This result would be unexpected 

if indole acetaldehyde was the compound from which IAA was formed. 

Another compound, indole acetonitrile, was isolated from cabbage 

and showed auxin activity on coleoptiles but not in the pea 

curvature test. Thilann (1953) explained this by the failure of 

pea tissue to convert the nitrile to IAA, while Avena possessed the 

necessary enzymes for this conversion. The production of the 

nitrile by the plant has been doubted following the finding that 

this compound can be formed during chromatography in ammoniacal 

solvents, as used in such studies. 

The oxidation of IAA yields a compound with an 

intact indole nucleus (Tang and Bonner, 1948) thought to be 

methyloxindole. No conclusive proof of this exists. The 

oxidation proceeds under the consurnation of one molecule of 02 

per molecule of IAA oxidised (Manning and Galstone, 1955), giving 

off one molecule of CO 
2 

in the process. This CO 
2 

is derived 

from the carboxyl group of IAA (Srivastava and Shaw, 1962). The 

reaction is inhibited by certain phenols, especially 

0- dihydroxyphenols (Goldacre, Galston and Weintrarb, 1953) and by 

specific enzyme blocking agents. Of these sodium bisulphate 

(binding Meto groups and therefore possibly inhibiting the later 
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deamination step); heavy mental chelators and carbon monoxide 

(Gortner and Kent, 1953; Tang and Bonner, 1947), are of interest. 

In some cases the system can be broken down into two 

components, a thermostable fraction and a thermolabile fraction. 

Horse radish peroxidase can replace the thermolabile fraction, while 

the thermostable fraction can be dialysed from the preparation and 

is probably phenolic in character. This dialysis destroys most 

of the enzymic activity. Horse radish peroxidase alone, in the 

presence of Mn and dichlorophenol (DCP), can destroy IAA 

provided the concentrations are correct (Hillman and Galston, 1956). 

Since horse radish peroxidase preparations lacked flavoproteins 

and since the inhibition of plant IAA oxidases by CO, KCN and 

heavy metals predisposed the presence of such metalo- flavoprotein 

systems, two theories of IAA oxidation arose. Galston and Baker 

(1951) suggested that H2O2 was produced by a flavoprotein enzyme 

which then reacted wi t h IAA in the presence of a peroxidase. 

Kenten and Mann (1952) denied the requirement of a flavoprotein, 

basing their arguments on the horse radish results. Workers have 

reported varying results following the addition of H202 to IAA 

oxidase preparations and Yamazaki and Souza (1960)3following their 

failure to influence IAA oxidation by adding H202, favoured a 

free radicle /peroxide theory. This is similar to the theory of 

reaction on H202 by peroxidase as stated by Chance but includes 

features of both the IAA oxidase theories. They suggest that an 

initial peroxidation of IAA yields a free radicle which, on reaction 

under a second molecule of IAA, decomposes in conjunction with an 

iron oxidation- reduction system to give H202 and the oxidised product. 



- 125 - 

Whether the original peroxidation involves phenolic compounds or 

whether their conversion to organic peroxides is achieved by the 

liberated H202 is not stated but it is more probable that the 

initial veroxidations involve organic peroxides and not H202. 

The oxidation/reduction system which could be flavoprotein in 

nature, could be replaced, in theory, by an inorganic oxidation/ 

reduction couple such. as Mn -/DCP. The inhibition by 0- dihydroxy 

phenols would occur at the point of H202 formation when the added 

inhibitors would be preferentially peroxidised rather than the 

phenolic cofactor necessary for IAA peroxidation. No matter 

which theory is more probable, it is unlikely that a single 

enzyme can be isolated which has specific IAA oxidising ability. 

For this reason, a study was made of the ability of 

IAA oxidase preparations (from beans) and horse radish peroxidase 

to destroy IAA. Their inhibition by specific phenols was also 

studied since the inhibition of IAA oxidase would promote gall 

formation. Electrophoretic patterns of the peroxidases from 

both enzyme systems were examined and these were tested for their 

peroxidative power in the presence of phenols. It has been shown 

that the phenols have synergistic as well as antagonistic 

properties to IAA oxidation, depending on the concentration used 

(Rabin and Klein, 1957; Gortner, Kent and Sutherland, 1958; 

Sondheimer, 1964). Therefore, the phenols released on invasion 

by the bacterium could have three roles: that of plant defence 

mechanism, that of IAA oxidase synergist and that of IAA oxidase 

inhibitor. 



TABLE 33 The production of IAA by agrobacteria 
and rhizobia from tryptophgne isomers 
following incubation at 27 for 12 days. 

Organism Number of 
Strains tested 

vg-m/ml. IAA produced from 

D- tryptophane L- tryptophane 

A.tumefaciens 10 21.0 18.0 

A.radiobacter 4 14.5 35.0 

R.meliloti 6 11.5 5.0 

R.leguminosarum 4 6.5 22.0 

R. trif olii 2 6.5 12.5 

A.tumefaciens 3 17.0 4.5 

(223, 794, 925) 
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Nh.PEFLIMLNTAL 

Indole acetic acid formation by bacteria 

Preliminary experiments had shown that both D- and L- 

tryptophane were converted to IAA by agrobacteria. When 

agrobacteria and rhizobia were grown in liquid mannitol (or glucose) - 

yeastrel medium containing D or L - tryptophane at 0.015 (W /V), all 

the strains formed IAA from the L zsomer in 4 days at 27 °. This was 

confirmed by chromatography. The mannitol medium, however, gave 

irregular results on repetition and in neither medium was IAA formed 

from D- tryptophane up to 6 days after inoculation. Using salts 

medium plus vitamins and with 0.01% (W /V) KNO3, 0.5¡c (W /V) Glucose 

and 0.01¡ (W /V) tryptophane, the results (table 33) showed IAA 

was eventually (12 days) produced from both D cec L tryptophane but 

that when the tests were performed at 6 days only L- tryptophane 

had been utilised. Further, at 6 days A. tumefaciens strains 

223, 794, 930 and RDI produced no IAA from either isomer. These 

strains are the same as those which fail to produce an excess of 

3- .ketolactose in lactose media, but experiments of IAA production 

in lactose media, and on the ability to form 3- k e tolactose in the 

presence of IAA failed to show any correlation. It is of note that 

table 33 shows R. meliloti to produce IAA preferentially from 

D- tryptophane, a feature also of the strains 223, 794 and 930 (see 

the section of General Discussion for further similarities). 

The apparent lag in IAA production from D- tryptophane 

was examined by inoculating A. tumefaciens 8150 (heavily and 

lightly)into salts medium containing one or other of the isomers 
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at 0.01% (w /V) and following the growth and IAA production. 

Whereas IAA was produced immediately from L- tryptophane; a 

lag of 18 hours was experienced under D- tryptophane, irrespective 

of the inoculation size. At this time, however, the lightly 

inoculated medium contained a bacterial population of the 

same order as the originally heavily inoculated medium, showing 

that the result was not due to lack of growth but to the necessity 

of forming some enzyme system necessary for converting D- tryptophane 

to IAA. The most probable process, theoretically, would be the 

isomerisation of D- to L tryptophane, especially as the eventual 

rate of IAA formation of both isomers is comparable. Such an 

isomerisation would be of advantage at the step of deamination, since 

pyridoxal phosphate must react with the amine group of tryptophane. 

In the D- isomer this group is held close to the indole ring, 

while in the L- isomer it is held above the ring. Such steric 

hinderance would be -Unsuited to the reaction. Preliminary attempts 

to separate D and L- tryptophane by paper chromatography according 

to Closs and Hang (1953) and to bioassay L- tryptophane according to 

Sebek (1956) all failed, and the experiments for the detection of 

the racemisation of .D- tryptophane, before the formation of IAA, 

were discontinued. 

.IAA production by plants. 

Mature plants of french bean (Canadian Wonder) and 

sweet pea (Cream Delight) were homogenised in 0.05M phosphate 

buffer, pH 5.5, and aliquots incubated with C< -ketoLutarate, 

pyruvate, oxaloacetate, or phenylpyruvate in the presence of 30 mlV 

D or L- tryptophane. After 24 hours at 27° only sweet pea tissue 
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showed IAA formation and then only from L- tryptophane. This 

result also occurred in the absence of added keto acids but not when 

the keto acids were present but L- tryptophane absent. Attempts 

to promote gall tissue formation in sterile wounded sweet pea 

plants, infused with L- tryptophane solution and the above 

keto acids, failed. When non -pathogenic A.radiobacter strain 

8149 was inoculated into a wound along with L- tryptophane, a well 

developed callus resulted after a month, but this was not identified 

as a true gall. 

A.rhizogenes stimulated good gall formation in 21 days under the 

.same conditions. These experiments were the basis for those 

reported in the phenol section with A.radiobacter and attempts to 

render the organism pathogenic. 

Destruction of IAA by plants. 

a) The pea enzyme 

200 gm. of soaked seed (Little Marvel) were blended in 500 ml. 

of chilled phosphate buffer pH 6.6 (0.05M) as suggested by 

Tang and Bonner (1947), strained through muslin and cleared by 

centrifugation at 2,000 r.p.m. for 15 minutes. The crude brie 

was divided into three portions, one of which was dialysed against 

100 volumes of the same buffer for 48 hours at 50; another portion 

was precipitated with 4 volumes of acetone ( -20 °) and the 

precipitate taken up in the same volume of buffer; and the remainder 

was left untreated. 1.0 ml. samples of the preparations and 4.0 ml. 

of phosphate buffer pH 6.6 (0.1M) were incubated with 0.3 ml. of 

0.06j;;. (W /V) IAA (neutralised to pH 7.0 with N OH) at 27 °. 

AligiAots were assayed for IAA content up to 18 hours but no 

destruction had occurred by this time. When dialised and crude 

brie samples were tested in the presence of MnSO4 at 1 X"10 -3, 
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10 -4 and l0 -5M final concentration with and without dichlorophenol 

(DCP) being present at 1 x 10 -4 and 10 -5M final concentration, 

n.o IAA destruction occurred at 35° up to 18 hours. This agrees 

with the finding of Tang and Bonner (1948) that pea seeds lack 

IAA oxidising ability. They showed this lack of activity to 

be due to the rresence of a.strong inhibitor in the seeds. 

Pea seeds (Little Marvel) were grown on sand in 

the dark for 9 days at room temperature and the etiolated tissue 

was homogenised in chilled phosphate buffer pH 6.6 (0.1Y), 

strained through muslin and an aliquot dialysed against the 

same buffer for 48 hours at 5 °. 3hen these samples were tested 

as before for IAA oxidase activity, 61% of the added. IAA had 

been destroyed when neither MnSO4 nor POP were present. If 

MnSO4 was present at 10 -3M final concentration, the destruction 

varied between 0 and 51% depending in which order the components 

were added; this suggested the possibility of MnSO4 toxicity 

or protein denaturation. When the concentration of 1VnSO4 was 

reduced to 10 -0`M, and DOP added at 10 4M, then 78% destruction 

of IAA occurred. When a boiled sample of the pea seed was 

added to the reaction mixture, without either MnSO4 or DCP 

present, all the IAA oxidising activity vanished, indicating 

that a thermostable inhibitor was indeed present in pea seed. 

This agreed with Tang and Bonner (1948) who showed that the 

failure of pea seeds to oxidise IAA was due to a thermostable 

inhibitor, which was absent in etiolated peas (Tang and Bonner, 

1947). 
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b) The bean enzyme. 

French bean seeds (Canadian Wonder) were germinated and 

grown in the dark at room temperature for 14 days. Etiolated 

tissue (360 _m) was homogenised in 1.0 litre of 0.02M phosphate 

buffer, pH 6.6, at 0° and strained and centrifuged at 2000 g. 

for 30 minutes. The supernatant preparation was the crude 

brie. 5.0 ml. of brie were added to 15.Om -l. of citrate/ 

phosphate buffer or phosphate buffer at pH values as in 

figure 21. 1.0 ml. of 0.06% (w /V) IAA was added and the 

samples incubated at 27° for 6 hours and it was noted that the 

highest percentage of IAA oxidised was at a pH value in the 

region of 6.6. This pH value was used in subsequent experiments. 

On keeping, the enzyme preparation lost its activity when 

stored at -5 °. Dialysis against 0.01Ní phosphate buffer 

pH 6.6 for 16 hours at 0° did not restore the activity, neither 

did acetone precipitation followed by resuspension in phosphate 

buffer restore the activity. However, when 2 x 10 -4M (final 

concentration) of MnSO4 was added to the dialysed preparation, 

28¡i of the original activity was found. This suggested that 

manganese could reverse inactivation of the enzyme presumably 

either by liberating the bound enzyme (assuming an enzyme /inhibitor 

complex) or by acting as a cofactor replacing some substance 

irreversibly bound or destroyed during storage. An examination 

of the effect of manganese concentration on this preparation 

showed that 1 x 10 -5 and 1 x 10 
6ENInSO4 did not stimulate 

IAA oxidase activity but increased the amount of IAA per sample 

by about 20 in 7 hours; this value dropped to 5% over 24 

hours. 



*Crude 
brie 

Etiolated bean tissue 

Crude brie 

1 

Crude brie Crude brie 
(PVP) (polyamide) 

4 4- 
Strained and cleared by centrifugation 

* Vi * * °ir * 
Crude brie dialysed Crude brie dialysed 

(PVP) (0.05M phosph- (Dolyamide) (0'.05M phosph- 
ate, pH 6.6) ate, pH 6.6) 

I I 

**Concentrated** 
(PEG) 

* 9 
*Dialysed *Boiled 

(0.05M phosphate pH6.6) 

*.E 'JI ** 
Concentrated Concentrated 

(PEG) (PEG) 

*Acetone precipitated, 
resuspended buffer. 

Table 34 Treatment of etiolated bean tissue. 
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This result was not pursued further but could possibly have been 

due to the liberation of bound auxin or the conversion of 

auxin precursors (Larsen, 1955). In green bean tissue no 

IAA oxidising activity was detected. ìVhen the homogenate was 

treated in such a way as to activate latent phenolase, no 

parallel activation of IAA oxidase resulted. 

Although the previous bean preparation lost its IAA 

oxidising ability on storage, when the enzyme was prepared in 

the presence of soluble polyvinyl pyrrolidone (PVP) or in the 

presence of the insoluble polyamide (Woelm; Koch Light Ltd.) 

no such loss occurred. These compounds are classed as enzyme 

stabilisers, although both have been used for phenol absorption 

(Sanderson, 1964, 1965). 

Etiolated bean plants, grown in the dark were chopped into 

0.05M phosphate buffer pH 6.6 at -13° and, when the temperature 

had risen to -50, homogenised. Further samples of bean tissue 

were homogenised either in the presence of PVP (100 /1 /100; 

100 /10 /100; 100/20/100 and 100/100/180 wet tissue weight /weight 

PVP /volume buffer) or polyamide (100 /1 /100; 100 /10 /100; 

100/20/100 and 100/40/200 on the same basis as above). These 

preparations were further treated as shown in table 34-. The 

final preparations are marked with a single asterisk. The 

polyethylene glycol (PEG) concentrated samples (noted * *) were 

used later in electrophoresis experiments. 

The dialysed samples were tested for IAA oxidase using 1.0K 

ali9uots in a total volume of 5.0 ml. containing 36 uigm. IAA /ml 
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with or without 1 x 10 -3M Mme. S 04. Of the samples tested at 

35° for 2 hours, only those which contained. PVP at 100/10/100 

and 100/20/100 were active; except for the original dialysed 

homogenate which had a weak activity. The PVP samples 

destroyed 76çó of the original IAA present, irrespective of the 

presence or absence of MnSO4. This value dropped to 46 ¡S 

when the boiled preparation was added (0.5 ml. to 1.0 ml. enzyme in 

5.0 ml. test volume). This showed that it contained an 

inhibitor, but its identity was unknown, although it was not 

an 0- dihydroxy phenol as tested for by Arnow's reagent 

(described by Johnson and Schall, 1957). When DCP (2 x 10 -5M) 

was added to the preparations (single m, table 34) along with MnSO4 

(1 x 10 4M) then further enzymic action occurred (82%); only 

the boiled preparation failed to oxidise IAA. The balance of 

DCP and LnSO4 concentration was shown to influence the 

percentage destruction of IAA. If 2 x 10 -5M DCP and 

1 x 10 -5M MnSO4 were present, 40 to 50% IAA was destroyed; 

altering the NlnSO4 concentration to 1 x 10 -4M, gave 82% 

destruction which fell to 75% with i x 10 -5M MnSO4 and 2 x 10 -6M 

DOP. It was therefore evident that polyamide preparation, 

having no activity unless DOP and MnSO4 are present, contains 

the same enzyme as the PVP preparation, but that polyamide 

irreversibly absorbs a cofactor which can be replaced by DCP 

and MnSO4. When DCP alone was present (2 x 10- 6I4'í) only 8% of 

the original IAA was oxidised, while if MnSO4 (1 x 10 -514) alone 

was present no oxidation occurred, as happened when no MnSO4 

was present. No such variations occurred with the PVP 

preparations in the presence of MnS0LI , since this preparation 
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was already active (76% IAA destroyed) but with DCP as well 

the level of activity rose to 86¡0 as previously stated. 

These results are explained by the absorption of some 

cofactor by both PVP and polyamide, but the latter, being 

insáuble, had been removed at centrifugation, while the former, 

being soluble had not. Further, PVP was not removed by dialysis 

(MW - 24,000) and was therefore still present in the test 

systems. 

(c) Horse radish peroxidase 

Solutions of commercial (BDH) horse radish peroxidase 

(HR peroxidase) were prepared containing 6.0 purpurogallin 

units /ml; 1.2 units /ml; 0.6 units /ml and 0.06 units /ml. 

Samples of these were dialysed against phosphate buffer pH 6.6, 

0.05M. In the presence of 1 x 10 -3L P,nSO4, it was found that 

the optimal concentration of DCP needed for IAA oxidation was 

between 1 x 10 
-6 

and 4 x 10-6M. This was arrived at using 

1.0 ml of 1.2 units /ml HR peroxidase in 5.0 ml test solution 

(buffer pH 6.6) containing the MnSO4 , DOP and 36 Zgm /m1 IAA. 
t 

Incubation was at 35° in a water bath for 2 hours. With the 

0.6 units /ml HR peroxidase preparation in the presence of 

1 x l0- 3MD9n804, the DCP required for equal activity rose to 

2 x 10 -4M. Figure 22 shows that the desttuction of IAA by 

HR peroxidase was dependent on the presence of DOP and not 

of MnSO4, although the reaction with DCP was enhanced when 
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MnSO4 was added. The presence of catalase in the system did not 

alter the reaction showing that the peroxidation is unlikely to be 

due to H202. The destruction of IAA by catalase, peroxidase 

and MnSO4 (but not with HR peroxidase and NnSO4 alone) is 

inexplicable although reports exist of the peroxidation of 

Mn to Mn and the peroxidative ability of catalase, a reaction 

which would then destroy IAA in the presence of HR oxidase. No 

increase of peroxide would occur in this system. and hence no 

inhibition, tendering the process cyclic. Kenten. and Mann (1952) 

and Goldacre, Galston and Weintraub (1953) showed that when. DCP 

was present, the reaction did not depend on the Mh -- Mn 

reaction, but on a phenol to ouinone oxidation, which, coupled 

to IAA oxidation, resulted in the regeneration of DOP. The DOP 

formed was then inhibitory to catalase action (Goldacre and. 

Galston, 1953). 

The inhibition of IAA oxidation by phenols 

The plant enzyme destroying IAA has been shown in 

the literature to be most probably a peroxidase system linked 

through some transport system to molecular oxygen. The reaction 

can be both mediated by or inhibited by phenols, depending on 

their concentration. Since the plant peroxidases can be easily 

examined by electrophoresis (see phenol section) it was thought 

that comparisons between the polyamide and PVP enzyme on one hand, 

and the HR peroxidase on the other, might give data not only of 

similar inhibitions as detected in tube tests, but might also 

give inhibition of specific peroxidases separated by electrophoresis. 
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Such inhibitions could then be linked to the actual bands 

responsible for "IAA oxidase" activity in the three enzyme 

preparations. 

Samples of dialysed PVP and polyamide enzymes, as 

in table 3k, along with HR peroxidase (1.2 units /ml) were tested 

for their IAA..oxidising ability in the presence of phenols at 

the concentrations given in table 35. The reaction mixture was: - 

1.0 ml enzyme; 1.0 ml phenol; 0.3 ml IAA, 0.06ó (W /V); made to 

5.0 ml with phosphate buffer pH 6.6, 0.05P;ß. In the case of 

polyamide preparation 1.0 ml. DCP (2 x 10 -5M) and 1.0 ml MnSO4 

(1 x 10 -4M) were present, while for HR peroxidase 2 x 10 -6M DCP 

and 1 x 10 -3M Mn.SO4. After 2 hours at 35o the percentage destruction 

of IAA was clearly influenced by the phenol present. The PVP 

enzyme preparation was little affected by phenols, due, as already 

stated, to the PVP being undialysable and therefore present in 

the sample and protecting the enzyme. Only p - OH coumaric and 

. 0 -amino phenol at 2 x 10 -4M had an inhibitory effect. When the 

protecting compound was removed (i.e. in the polyamide preparation), 

the inhibition pattern appeared to be similar to that of the 

HR peroxidase, àlthough the amounts of enzyme present in the 

assays are not comparable. The HR peroxidase was inhibited by 

phenols at 1 x 10- 3M/10 -4M similar to those types inhibiting the 

polyamide bean enzyme preparation at 2 x 10 -4M (i.e. phenol 

numbers in table 35: 4, 5, 6, 7, 8, 10, 13 and 14). There are 

variations of antagonism and synergism with variations of the 

phenol concentration. This is expected. These results gave 

three facts (1) that the PVP enzyme preparations are protected from 
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phenols by PVP whereas the polyanide preparation is not and has 

lost its DCP equivalent cofactor. 

(2) the peroxidase in inhibited in its IAA oxidase activity by 

the same range of phenols as inhibits the activity of the polyamide bean 

IAA oxidase preparation. 

(3) the Action of the phenols depends on their concentration - see 

especially the effect of vahillic and p -oH benzoic acids. in 

table 35. 

Electrophoresis of the enzyme preparations. 

The dialysed enzyme preparations were concentrated 

with polyethylfn.e glycol (PEG) as shown in table 35. The 

concentrates were then dialysed against tris /citrate buffer as 

used in the starch gel system. Following electrophoresis and 

gel slicing, longditudional strips were cut from the gel (i.e. 

containing all the bands of one sample) and flooding them with 

1 x 10 -1 to 1 x 10 -511'I phenol solutions. After 15 minutes, 

o- dianisidine was added and left in contact for a further 15 minutes 

before the gel was washed free of these compounds and a 2.0% (V /V) 

H202 solution poured on. Since control determinations for the 

total number of peroxidase bands were present in each of the 

three enzyme preparations, the ability of the phenols to suppress 

peroxidase activity (as tested by o- dianisidine) could be 

determined. If it proved possible to obtain IAA destruction by 

specific peroxidase bands, a correlation could be drawn between 

IAA oxidation, peroxidase activity and the phenol repression of 

bean IAA oxidase and HR peroxidase. Figures 23 and 24 show the 

intensity of peroxidase bands obtained by the electrophoresis of the 



FIG. 24 The inhibition by phenols of the peroxidase 
bands appearing on the electrophoresis of 
horse -radish peroxidase. See table 3 
for the identity of phenols -I - 14. 
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The inhibition by phenols of the peroxidase 
-bands appearing on the electrophoresis of 
bean IAA oxidase. See table 35 for the 
identity of phenols 1 - 14. 
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bean enzyme and HR peroxidase. As each treatment was carried 

out on preparations identical to the controls it was possible 

to compare the intensity of peroxidase activity. Figure 23 

shows that phenols, numbers 2, 3, 4, 5, (6), 7, (10), 13 and 14 

inhibit a peroxidase from HR peroxidase of Ef 9.3 and two 

peroxidases in the region of Ef 5.5. Considering the figure 24, 

it is seen that the peroxidases of the bean enzyme are inhibited 

by phenols numbers 7, 10, 12, 13 and 12 with respect to Ef 6.5; 

and that one band of the pair in the region of Ef 4.0 - 4.7 is 

inhibited by 2, 3, 4; (5), 6, 7, 10, 12, 13 and 14. This is 

exactly the same pattern for the inhibition of HR peroxidase, 

peroxidase and includes all the phenols inhibitory in the tube 

tests (except for No. 12). 

Attempts to show IAA oxidation by methods employing 

the whole gel were uniformly negative. This was because no 

reagent exists for the identification of the products of oxidation; 

the reagents for IAA or ring structures are strong acids which 

hydrolyse the gel and if a period is allowed for reaction with 

IAA, before the addition of reagents, then the electrophoresed 

bands diffuse into the gel. The lack of knowledge concerning 

the nature of main oxidation product made it impossible to use 

other reagents. An attempt to obtain oxidation of naphthyl- 

acetic acid failed. It had been hoped to identify the naphthyl- 

group by diazotised dyes. The only method available, then, was 

to cut the bands from the starch gel and add these to reaction 

mixtures, incubated in 25 ml flasks on a shaking water bath for 

18 hours at 35 °. The reaction mixture contained the gel slice, 
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1.0 ml of 0.112% (W /V) 142nSO4, 0.3 ml. of 0.06% (W /V) IAA, and 

4.7 ml of phosphate buffer pH 6.6, 0.1M. The strength of 

buffer being necessary to reduce the pH value of the starch gel 

from pH 8.7. 

The PVP preparations destroying IAA were from the 

regions of the gel corresponding to Ef values 9 - 10 and 5 - 6. 

This destruction was between 40 and 50% and only occurred when 

DCP (2 x 10 -M) was present. It will be remembered that the 

whole PVP preparations needed no added cofactors for IAA oxidation, 

but electrophoresis has obviously separated the units necessary for 

IAA destruction. If the area of the gel behind the sample start 

line was used whole, neither Mn.SOA or DOP being present, then 50% 

of the original IAA was destroyed on one occasion only. The areas 

in the gel of Ef values, as stated, were able to increase the 

amount of IAA destroyed if the enzyme preparation was changed to 

one which had experienced a higher concentration of PVP when 

originally homogenised. This method of cutting sections from 

the gel has the disadvantages of the gel volume diluting the reaction 

mixture and the control values for residual IAA were always less 

than expected for the volume added suggesting that IAA was absorbed 

by the gel particles. It is well known that starch gel electro- 

phoresis of enzymes has the marked disadvantage in that it is 

difficult to elute the enzyme off the gel. 

It is concluded that the reactions which proceed 

in etiolated bean tissue during the destruction of IAA bear marked 

resemblances to the reactions recorded for horse radish peroxidase. 

Not only are the two enzyme preparations inhibited by the same 

range of phenols but, on electrophoresis, comparable bands are 
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inhibited in their peroxidase activit_, (tested by o- dianisidine) 

by the same phenols. When DCP is used on these electrophoresed 

peroxidases, then the reaction is intensified. The destruction 

of IAA by isolated slices of the gel showed that, with the bean 

enzyme preparations, regions which contained peroxidase activity 

caused IAA destruction. When HR peroxidase was tested for IAA 

destruction the results were inconclusive. The technique, 

although crude, gives good support to the idea that "IAA oxidase" is 

a peroxidase mediated reaction and that probably in the plant this 

is linked to oxygen by a flavoprotein oxidase. While in the 

flavoprotein- lacking HR peroxidase this role is taken by the 

manganese /DU system. 

A response to plant infection is a release of 

phenols and it seems likely that the increase in phenol content, 

besides assisting in the destruction of the invading pathogen, 

also predisposes the plant to gall formation by allowing IAA to 

accumulate. Although A.tumefaciens may not persist in the plant 

(it has the characteristics of an idealised saprophyte rather 

than of a pathogen, oxidase positive etc.) the gall tissue, once 

initiated, is able to develop in the absence of the causitive 

organism. 



GENER .A.L Iar*ussION 
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Although this investigation has already been discussed 

in detail, certain features require bringing together in order 

to assess the present state of research on the genus Agrobacterium, 

its pathogenicity and its relationship to the genus Rhizobium. 

Carbon and nitrogen metabolic studies revealed no significant 

differences among the agrobacteria; and no distinction of 

agrobacteria from rhizobia was possible on the basis of carbon 

compound utilisation. Only lactose and dulcitol were used by 

almost all strains of Agrobacterium, whilst almost all strains 

of Rhizobium failed to utilise these compounds. These findings 

do not agree with those of Graham (1964), whose results appear 

only to prove the difficulty of attempting to use carbon 

metabolism as a taxonomic criterion in the study of these 

organisms. Nitrogen metabolism was studied in a new defined 

medium suitable for the growth of both agrobacteria and rhizobia. 

It was found that Fß\03 was the best inorganic nitrogen source 

and that nitrate was reduced to nitrite by all strains of agro- 

bacteria and by most strains of Rhizobium trifolii. The results 

did not support the published evidence that only A.radiobacter 

completely assimilates NO3 'as some strains of A.tumefaciens 

were also found to completely assimilate NO3'. When organic 

nitrogen compounds were tested for their ability to act as sole 

C and N sources, or as sole N sources, interesting differences 

emerged. These are summarised as follows : - 
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Agrobacterium spp Rhizobium spp 

R.trifolii R.meliloti R.leguminosarum 

Sole C & N Source: 

DL alanime 

Leucine 

Proline 

Argenine 

+ 

To these can be added the results for ammonia production 

from allantoin and urea as well as H202 formation from amino acids. 

Urea ) NH ( 

4 

allantoin) from ( 

H202 production 
(Generally) 

H202 production 
Proline 

+ 

These tests should be tried upon a larger range of 

organisms of each species for a better assessment of their 

differential -value. A detailed examination of biuret utilisation 

failed to support the findings of Jensen and Schroder (1966) in 

relation to species differences. No in vitro test emerged which 

would separate the strains of A.radiobacter from A.tumefaciens. 

A selective medium has been evolved on which agrobacteria 

may be easily isolated from infected plant material and from soil. 

This defined medium depends for its selectivity on lactose and 

MnSO4. Since rhizobia fail to grow on this medium it constitutes 

the first selective medium which will separate these apparently 

closely related organisms. This medium appears likely to be 

very useful in separating the non -infective rhizobia from the 
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non pathogenic A.radiobacter strains. 

On this selective medium most agrobacteria may be 

recognised by their ability to produce 3- ketolactóse from lactose. 

A few agrobacteria, and all rhizobia, fail to produce detectable 

3- ketosugars from disaccharides. Those agrobacteria which are 

3- ketolactose negative (as tested by Benedict's reagent) appear 

to be "negative" because the reagent is not sufficiently sensitive 

to detect the very small amounts of 3- ketolactose sometimes 

produced. These "negative" strains of agrobacteria have an 

active and inducible Ip- galactosidase system which rapidly increases 

at the time when 3- ketolactose would be expected to accumulate in 

the medium. In "positive" strains there is very little increase 

of the constitutive p- galactosidase at any time in the growth cycle. A 

"positive" strain may become "negative" in conditions of increased 

incubation temperature, in the presence of NaH2PO4 or in the 

presence of metabolic inhibitions. In the first two instances, 

these changes are paralleled by increases in the p- galactosidase 

content of the cells. Although the strains which fail to 

produce detectable 3- ketolactose can utilise it as a carbon and 

energy source, all attempts to make a "negative" strain 

"positive" failed. This reaction needs further investigation 

especially as Graham (1960a) preselected agrobacteria for study 

by their ability to produce 3- ketolactose and others have stated 

that all agrobacteria produce this product from lactose. The 

National Collection of Plant Pathogenic Bacteria have deleted 

strain 794 from its current lists because it is 3- ketolactose 

negative although it is a tumourogenic strain of "a" certification. 
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Despite the inconvenience of some A.turnefaciens strains being 

3-ketolactose negative, the combined results of pathogenicity 

tests, 3- ? :etolactose tests, and tolerance of manganese should be 

useful in separating all Agrobacterium from all Rhizobium strains, 

(effective, ineffective and non -infective). A.radiobacter 

strains, which are non -pathogenic and therefore likely to be the 

most troublesome organisms to distinguish from rhizobia and non - 

infective rhizobia in particular, are all 3- ketolactose positive 

and manganese tolerant. The production of 3- ketosugars in vivo 

may be of benefit to the pathogenic strains as these are reducing 

compounds and could reduce quinones to the less toxic phenols. 

In vitro tests supported this idea, in vivo tests did not and 

possible reasons for this are discussed along with the experimental 

results. Attenuated strains of A.tumefaciens inoculated into 

plants in the presence of 3- ketolactose also failed to elicit 

galls although the increasing avirulence of such strains is 

paralleled by a decreasing ability to form 3- ketosugars. The 

possible protective effect of 3- ketosugars requires further 

investigation. 

The effect of phenols in plant defence mechanisms may 

depend not only on the plants action on the respective phenols, 

but also on the metabolism of the invading micro- organisms. 

Bacteria which are B- gtlycosidase positive, oxidase positive, 

catalase negative and form H202 from amino acids are unlikely to 

be able to resist the plants' defence mechanisms. This is 

because the plant phenols may be oxidised or peroxidised to the 

more toxic quinones. A pathogen should ideally, therefore, have 

as few of these properties as possible, but it was found that the 

majority of A.tumefaciens strains possessed most of these 



- 144 - 

properties. It thus proves difficult to relate these properties 

to plant response and successful pathogenicity. However, it can 

be suggested that gall formation is a special case of pathogenicity 

in that plant cells are not invaded by the organism. In this 

case, the plant's defence mechanism may not be involved. 

Therefore, instead, the agrobacteria are not exposed to phenols 

or related compounds and can (and do) persist in the interstitial 

spaces. This would be a somewhat similar situation to that 

occurring with rhizobia in nodules. These organisms, although 

inside the cell, are separated from the cell environment by a 

membrane and apparently do not bring about cell sensitisation 

and, therefore, do not invoke the defence mechanisms. This 

situation differs markedly from most pathogenic conditions where 

plant cells are invaded or lysed by the pathogens, which must, 

therefore, be able to defend themselves against the plant defence 

mechanism. When the gall centre begins to rot, a change in 

colour of the tissue is noted; presumably phenols are oxidised 

to quinones. In such circumstances, agrobacteria cannot be 

isolated from the necrotic gall centre and it can be assumed that 

the plant's defence mechanism has been involved in this area and 

has resulted in the death of the agrobacteria, which are unable 

to defend themselves against phenol metabolism. 

phenolic compounds have been shown to act as inhibitors 

and synergists of indole acetic acid oxidase (free IAA is necessary 

for gall formation) and of horse radish peroxidase. The precise 

role of the phenols in these reactions depends on the concentration 

used. Since specific phenols have the same action on either bean 

IAA oxidase preparations or horse radish peroxidase, it seems possible 
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that IAA oxidase' may contain a peroxidative enzyme. This 

view was supported by the finding that the activity of specific 

peroxidase bands obtained from both enzyme preparations was 

inhibited by identical phenols, and that those areas of the gel 

in which such bands existed had IAA oxidising ability. This 

suggests a further role of phenolic compounds in gall formation. 

If, on wounding, the phenols are released as a normal wound 

response, in the right concentration, these phenols might be 

responsible for inhibiting IAA oxidation and cause a localised 

increase of IAA. 

Finally, a study was made of the catalase and esterase 

bands of electrophoresed, broken -cell extracts of rhizobia and 

agrobacteria. The results were of interest in speculating on 

the interrelationship between the organisms, especially since it 

has been suggested in the literature that the agrobacteria should 

be submerged in the genus Rhizobium; R.meliloti being more closely 

related, it is claimed, to the agrobacteria than any other 

Rhizobium strain. The E 
f 

values are shown in figure 25. 

A.tumefaciens. Three strains possessed similarly 

placed esterase and catalase bands but two strains (794 and 223) 

possessed an extra esterase and lacked catalase (though whole cells 

of 794 are catalase positive). These two strains are the 

3- ketolactose negative A.tumefaciens strains, while strains 1001, 

8150 and áu582 are positive. 

A.radiobacter. These organisms were identical with the 

3- ketolactose positive strains of A.tumefaciens. 

R.meliloti. Four organisms were unique in possessing 

three esterase and two catalase bands. Two further strains lacked 
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one of these esterases. 

R.leguminosarum. These organisms were similar to 

the agrobacteria strains but lacked an esterase band at the 

leading edge. 

These results do not indicate that there is any 

obvious similarity between agrobacteria and R.meliloti. Although 

common esterases and catalases occur in both genera this only 

supports the generally accepted idea that they may be closely 

related. 
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SUMMARY 

The criteria generally used in the classification of 

the genus Agrobacterium and the genus Rhizobium have been 

evaluated and found to be unsuitable for both differentiation of 

the genera and the species. Other tests based on the types of 

reaction expected to occur in the plant have been examined. 

No in vitro method was found to differentiate the saprophytic 

Agrobacterium radiobacter from the pathogenic form, A.tumefaciens, 

but it is suggested that tests based on organic nitrogen 

metabolizm can be used to differentiate both genera. A selective 

medium has been developed for agrobacteria which is also useful 

in distinguishing between agrobacteria and rhizobia. The reactions 

leading to the production of 3- ketolactose from lactose by some 

agrobacteria have been examined. It is shown that the production 

is temperature dependent and phosphate sensitive. The reasons 

why certain strains of agrobacteria do not form 3- ketolactose 

have been determined. All attempts to induce such strains to 

form excess 3- ketolactose, and so achieve uniformity within the 

genus, failed. It was suggested that this reducing sugar 

intermediate may aid in the survival of the pathogen in the host 

plant, and a detailed examination was made of this suggestion in 

relation to the effects of temperature on gall initiation. Phenols 

appeared to be essential in plant defence against bacterial 

invasion. The resistance of the plant might be increased or 

decreased depending on whether the phenol systems were augmented 

or inhibited. The phenols seemed to have a dual role, as indole 
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acetic acid synergists or inhibitors, and an examination of their 

effect on destruction of IAA and on peroxidase reactions showed 

that plant "indole acetic acid oxidase" is probably associated 

with peroxidation. 
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