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· developing on culture plates and Butler (2) consid
ered the importance of soil population concentration. 
Sadasivan ( 5) stated that fungi developing from 
colonized wheat straw may merely be those most 
easily able to develop into colonies under the particular 
conditions employed, and may not be those dominant 
in the actual decomposition of straw. Also Sadasivan 
( 6) and his students found that trace elements 
influenced colonization and survival of F. udum in 
gram roots whereas in these studies with F. oxysporum 
f. cubense in banana roots such influence was lacking 
or ev:ident only at phytotoxic concentrations. Stndies 
reported in this paper show how different methods of 
isolation can determine quantitatively and qualitatively 
the fungus flora appearing on culture plates. By using 
a grinding or Waring blendor technique, an entirely 
different picture of root colonization was obtained 
than when isolations were made directly from the 
tissue. These different results could be attributed to 
different materials and techniques used in measuring 
colonization and survival. 

Despite obvious advantages of the blending method, 
it too suffers from limitations. Variation among samples 
in numbers of colonies isolated, even the variation 
among roots of the same treatment, was often great, 
thus requiring large numerical differences for signifi
cance. The influence of surface sterilization, method 
and extent of blending, sampling and dilution on 
colony counts is not wholly understood and requires 
further detailed study. 

F. oxysporum f. cubense was a weak colonizer of 
detached banana roots and thus fits Reinking and Manns 
( 4) original classification of this fungus as a soil in
vader rather than a soil inhabitant. Garrett ( 3) clarified 
and expanded this classification into root inhabiting 
and soil inhabiting fungi. The former are characterized 
by an expanding parasitic phase on the living host, and 
by a declining saprophytic phase in its absence. Such 
behavior was characteristic of F. oxysporum f. cubense 
but not F. solani, which was a dominant colonizer of 
detached banana roots and survived where F. oxyspor
um f. cubense could not. Preliminary experiments 
indicate that. even when pieces of heavily infected 
rhizome tissue are placed in soil, they are rapidly in
vaded by F. solani and other saprophytes. Numbers of F. 
oxysporum f. cubense in such tissue gradually decline 
until they are recovered with difficulty. Decline is more 
rapid in moist soils as contrasted with dry soils. In a 
previous paper (7) it was stated that F. oxysporum f. 
cubense survived in banana roots in submerged soil 
but was eradicated in surrounding soil. It is now 
known that this fungus surviving in banana roots was 
F. solani, which was wrongly identified as F. oxyspor
um f. cubense. 

The presence of such few members of F. oxysporum 
f. cnbense in the roots of diseased plants even in 
advanced stages of disease is unique when compared 
with most other Fusarium wilt diseases. This indicates 
a pronounced resistance of roots to fungus invasion. 
Wardlaw (14, 15) noted that root inf.~ction was 

hindered by the secretion of wound gum, collapse of 
vessels, and formation of tyloses, and that invasion 
occurred through the root bas.es and not directly into 
the rhizome. Apparently such mechanisms of resistance 
operate to a limited extent in the stele of the rhizome 
since fungus penetration of this tissue is extensive 
once it is reached. Pathogehicity tests revealed the 
resistance of healthy roots to infection and are in 
agreement with Wardlaw's (14) results. Wellman (16) 
also noted that it is often difficult to find root infection 
in F. oxysporum f. cubense infested soil. Roots actually 
growing through decayed, infected banana heads 
remained healthy ( 16). 

The resistance of roots to invasion and the paucity 
of F. oxysporum in the rhizosphere of diseased plants 
indicate a comparatively low rate of disease spread 
in banana plantations. Thus Volk (11) has listed the 
"life" of different virgin banana soils with respect to 
Panama disease. For example, virgin soils with a 
pH of 6.6 and above, in general, had a production 
life of 20 years whereas more acid soils ( as low as pH 
5.6) reduced the productive life of the land. However, 
he further stated that while the pH of banana soils are 
of considerable importance they are only indicators of 
the presence of other unknown factor ( s) responsible 
for spreading disease ( 11) . In most crops attacked by 
Fusarium spp. a life of 10-20 years would be indicative 
of host resistance. Butler ( 1) has also shown that 
resistance to invasion is pronounced. Of 4,593 diseased 
mats he found that 75 per cent produced marketable 
fruit subsequent to exhibiting Panama disease symp
toms. The total percentage of infected mats producing 
fruit subsequent to show of symptoms gradually 
decreased, indicating that volume of fruit production in 
a diseased area is related to the total density of F. 
oxysporum f. cubense present in the soil. As this 
d-ensity increases, the natural resistance of more plants 
is overcome to the extent that no more fruit is pro
duced (1). Apparently a large amount of inoculum is 
required for rapid disease spread thus increasing 
chances of root fungus contact and of some of the 
invasions breaking through to the stele. Or in other 
words, the numerical threshold of infection and of 
disease is relatiyely high. 
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THE RELATIONSHIP OF PATHOGENICITY IN PSEUDOMONAS SOLANACEARUM 
TO COLONY APPEARANCE ON A TETRAZOLIUM MEDIUM1 

Arthur Kelman 

SUMMARY 

Mutants of Pseudomonas solanacearum differing 
in colony morphology from the normal or wild type 
were detected readily when bacterial suspensions 
from stock cultures were streaked on a medium 
containing tetrazolium chloride and examined with 
obliquely transmitted light. The most common 
mutant formed a round, butyrous, deep red colony 
with a narrow bluish border. In contrast, the normal 
or wild type formed an irregularly-round, fluidal, 

In connection with a study of colony morphology in 
isolates of Pseudomonas solanacearum E.F.S., causal 
agent of southern bacterial wilt, 3 main colony types 
were observed. .Colonies of the normal or wild type, 
which characterize fresh isolates obtained from 
diseased plants, were irregularly-round, fluidal, and 
opaque. In contrast, the mutant type most frequently 
encountered in stock cultures formed uniformly round, 
butyrous, and translucent colonies. In both types the 
colony surface was smooth. A third type that formed 
hutyrous translucent colonies with a rough surface was 
observed infrequently. These colony types were similar 
to certain of those described by Okabe ( 6, 7) in 
isolates of P. solanacearum obtained in Formosa and 
Japan. 

Although the main colony type in a given isolate 
could be determined by examination of streaked plate 

1 Accepted for publication August 12, 1954. 
Published with the approval of the Director as Paper No. 

574 of the Journal Series of the North Carolina Agricultural 
Experiment Station. Grateful acknowledgement is ex
pressed to Dr. Armin C. Braun for guidance and to the 
Rockefeller Institute for Medical Research for laboratory 
and greenhouse facilities provided during certain phases of 
this study. 

white qilony with a pink center. Inoculation tests 
on tomato seedlings demonstrated that colony 
appearance on the tetrazolium medium could be 
related to pathogenicity. Cultures derived from 
butyrous red colonies were either weakly pathogenic 
or non-pathogenic, whereas cultures from fluidal 
white colonies with pink centers were highly 
pathogenic. 

cultures with a dissecting microscope, detection of 
,small numbers of variants in the wild type culture was 
often difficult. In order to facilitate a study of varia
tion in P. solanacearum it was apparent that a medium 
was needed that would aid in the differentiation of 
colony types. Tetrazolium chloride had been used in 
rnlid media for detection of certain biochemical 
mutants in Escherichia coli ( 4) and for detection of 
morphological variants in Pasteurella pestis ( 5) and 
certain other bacteria. The investigations reported in 
this paper were initiated to determine 1) whether 
differences among colony types would be accentuated 
on a medium containing tetrazolium and 2) whether 
pathogenicity to tomato of a given colony type could be 
correlated with its appearance on a tetrazolium 
medium. A preliminary report on certain phases of 
these studies has been presented (2). 

EXPERIMENTAL METHODS.-Dilute bacterial suspen
sions were streaked on a medium of the following 
composition: 1.0 per cent peptone, 0.1 per cent casein 
hydrolysate (Difeo), 0.5 per cent glucose, 1.7 per cent 
agar, and 0.005 per cent ,triphenyl tetrazolium chloride 
in 1 liter of distilled water. Proper aliquots of a sterile 
1 per cent aqueous solution of tetrazolium were added 
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aseptically to the melted medium to obtain the desired 
concentration prior to pouring the plates. The streaked 
plates were incubated at 32°C. for 36 hours and then 
examined under a dissecting microscope with obliquely 
transmitted light, following the procedure described by 
Henry (1). 

Bacterial suspensions were prepared from stock 
cultures which had been stored under sterile mineral 
oil for periods ranging from 6½ years to 6 months. 
The method used in preparing these cultures for 
storage has been reported previously ( 3) . The cultures 
used represented isolates from diseased potato, tobacco, 
tomato, peanut and pepper plants collected in different 
areas in North Carolina. Tomato plants of either 
the Bonny Best or the Rutgers variety were inoculated 
by placing a drop of bacterial suspension at the third 
node below the stem tip and forcing a needle into the 
stem through the drop. At the time of inoculation 
plants were usually 14-16 in. in height with 6-7 ex
panded leaves. Disease readings based on a numerical 
rating scale previously described ( 6) were taken at 7 
day intervals. 

Single cell isolations were made with the Chambers 
mi~romanipulator. Growth of single cells was obtained 
in a sterile medium of the following composition: 1.0 
per cent tryptone, and 0.5 per cent glucose in 1 liter 
of distilled water. 

EXPERIMENTAL RESULTS.-ln all cultures, marked 
differences in the intensity of red coloration were 
evident between colonies of wild and variant types. 
Colonies of the wild type were either entirely white 
or white with a light red area in the center of the 
colony, whereas the colonies of mutant types were deep 
red with a very narrow light bluish border. These 
differences were most apparent when plates were 
inverted and the undersides of colonies examined. 
In cultures containing small mutant populations the 
colonies of mutants could be detected as tiny red 
circular spots, even when completely surrounded by 
the coalescing fluidal white growth of the wild type. 
Differences in color intensity between colonies de
creased after 72 hours. 

In order to confirm the assumption that the atypical 
colony types found in cultures were variants of P. 
solanacearum, single cells were isolated from a fresh 
culture of the wild type obtained from an inoculated 
tomato plant. When streaked on the tetrazolium 
medium, the cultures of single cell origin initially 
formed only the typical fluidal white colonies with 
pink centers. However, after 3-5 days of growth in 
1 per cent tryptone broth, mutants could be detected 
that formed non-fluidal red colonies identical in 
appearance on the tetrazolium medium to those formed 
by the mutants observed iri stock cultures. 

Tests were then initiated to compare the virulence 
of cultures derived from mutant and wild type colonies. 
In repeated inoculations of tomato plants in green
house experiments, cultures derived from single mutant 
colonies that showed a dark red pigmentation on the 
tetrazolium medium were either weakly virulent or 

avirulent. In contrast, cultures from wild type colonies 
which remained relatively free of coloration during 
the initial 36 hours of growth were consistently highly 
pathogenic. 

The reliability of colony appearance on the tetrazo
lium medium as a criterion of virulence was further 
demonstrated in the following experiment. This test 
was initiated in order to determine whether virulent 
cultures could be obtained consistently by colony selec
tion from isolates containing mixtures of virulent and 
weakly virulent or avirulent types. Dilute bacterial 
suspensions of the isolates listed in Table 1 were made 
from stock cultures preserved under mineral oil. 
When these suspensions were streaked on 1 day-old 
plates of the tetrazolium medium, it ,was apparent that 
c

0

olony types were present to a varying degree in all 
stock cultures. One well-isolated single colony of the 
wild type was selected from each of 17 different 
isolates; a single colony of the mutant type was 
selected from each of 5 isolates. These single colonies 
were suspended in sterile water blanks and streaked 
on the tetrazolium medium. The procedure of re
streaking a single colony from each of the 22 cultures 
was repeated 5 times at 72 hour intervals. Single 
colonies selected from the fifth series of streaked plates 
were re-streaked on a nutrient medium of the following 
composition: 1.0 per cent tryptone, 0.1 per cent yeast 
extract, 0.5 per cent glucose, and 1.7 per cent agar in 
1 liter of distilled water. At the end of 72 hours, 1 
loop of bacteria was removed from each of these 
cultures and suspended in 2 ml. of sterile tap water. 
Eight Rutgers tomato plants were inoculated for each 
isolate. ..., 

Results are summarized in Table 1. All cultures 
considered to be pathogenic on the basis of the charac
teristic appearance of colonies on the tetrazolium 
medium brought about very rapid wilting of inoculated 
plants. At the end of 14 days, all plants inoculated 
with these virulent cultures were either severely wilted 
or dead. In marked contrast, none of the mutant type 
cultures had produced pronounced wilting symptoms 
or plant death 21 days after inoculation. However, 
stunting, vascular discoloration, and adventitious root 
formation appeared in plants inoculated. with the 
mutant type cbltures of isolates 5 and 16. 

The tetrazolium medium has also been evaluated as 
an aid in detecting the wild colony type in isolations 
from diseased tobacco, tomato, potato, and eggplant. 
In those instances in which bacterial suspensions were 
obtained from severely diseased plants and streaked 
on the tetrazolium medium, many different kinds of 
colonies often appeared, including those of various 
saprophytic bacteria. Because of the distinctive 
appearance of the wild type colonies of P. s,olanacearum 
on this medium, however, selection of these typical 
white colonies from mixed cultures was greatly facil
itated. Single colonies sel~cted in this manner were 
re-streaked until examination with the dissecting micro
scope indicated that the cultures were free of other 
bacteria. All isolates obtained by this procedure were 
highly pathogenic to tomato. 

"" 
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TABLE 1.-Pathogenicity to tomato of cultures of Pseudomonas solanacearum classified on basis of colony appearance on 
the tetrazolium medium 

Cultures Tested Disease Index• 

Number 
Host from 

which isolated 
Number of months stored 
under sterile mineral oil 

Colony appearance 
Fluidal-white Non-fluidal-red 

3 
4 
Sb 
9 

51 
16 
17 
18 
40 
41 
45 
46 
47 
48b 
25 
60 
60-R0 

31 
80 

Potato 
Potato 
Potato 
Potaro 
Potato 
Tobacco 
Tobacco 
Toba.:co 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tomato 
Tomato 
Tomato 
Peanut 
Pepper 

• Disease index 14 days after inoculation. 
h Wild type colony was not found in stock culture. 

78 
78 
66 
30 
6 

66 
66 
66 
42 
42 
42 
30 
30 
6 

42 
3 
0 

66 
6 

85 
98 
----

100 
90 
95 

100 
88 

100 
98 

100 
100 
100 

100 
100 
100 
100 
93 

20 

0 
20 

0 

0 

• 60-R was a freslt re-isolate of 60 following passage through a moderately resistant tobacco plant (Dixie Bright 101). 

DrscussroN.-Isolates of P. solanacearum often lose 
virulence rapidly when maintained in culture by 
routine methods. The procedure of storing cultures 
under sterile mineral oil has been found to aid in 
maintaining isolates in a pathogenic state for 4 years 
(3). In these studies it was found that storage under 
mineral oil did not prevent the development of mutants 
of reduced virulence; however, the virulent wild type 
had not been completely eliminated in most instances. 
Furthermore, pathogenic cultures could be recovered 
from isolates stored for as long as 6½ years under 
mineral oil. 

Evidence was also obtained that loss in virulence 
of cultures could be attributed to mutation and selec
tion that resulted in populations dominated by weakly 
virulent types, differing in colony morphology from 
the wild form. This conclusion confirms in part results 
obtained by Okabe (7) in his studies on the pathogen
icity of colony types of P. solanacearum in Japan. In 
macroscopic observations of morphological character
istics of colonies, Okabe noted that weakly pathogenic 
or avirulent mutants I differed in colony morphology 
from the fluidal wild type. However, he also reported 
in tests on tomato and tobacco that all fluidal colonies 
were not necessarily highly pathogenic. Moreover, 
virulence was variable among morphologically similar 
colonies derived from a single virulent fluidal colony. 
This latter finding differs from results obtained thus 
far in pathogenicity tests on tomato with isolates from 
North Carolina. All cultures have been highly patho
genic that were derived from wild type colonies 

I 

selected on the basis of their characteristic appearance 
on the tetrazolium medium. 

The application of these results has facilitated the 
initiation of a more detailed study of the relationship 
between colony morphology and virulence of P. 
solanacearum. 
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aseptically to the melted medium to obtain the desired 
concentration prior to pouring the plates. The streaked 
plates were incubated at 32°C. for 36 hours and then 
examined under a dissecting microscope with obliquely 
transmitted light, following the procedure described by 
Henry (1). 

Bacterial suspensions were prepared from stock 
cultures which had been stored under sterile mineral 
oil for periods ranging from 6½ years to 6 months. 
The method used in preparing these cultures for 
storage has been reported previously ( 3) . The cultures 
used represented isolates from diseased potato, tobacco, 
tomato, peanut and pepper plants collected in different 
areas in North Carolina. Tomato plants of either 
the Bonny Best or the Rutgers variety were inoculated 
by placing a drop of bacterial suspension at the third 
node below the stem tip and forcing a needle into the 
stem through the drop. At the time of inoculation 
plants were usually 14-16 in. in height with 6-7 ex
panded leaves. Disease readings based on a numerical 
rating scale previously described ( 6) were taken at 7 
day intervals. 

Single cell isolations were made with the Chambers 
mi~romanipulator. Growth of single cells was obtained 
in a sterile medium of the following composition: 1.0 
per cent tryptone, and 0.5 per cent glucose in 1 liter 
of distilled water. 

EXPERIMENTAL RESULTS.-ln all cultures, marked 
differences in the intensity of red coloration were 
evident between colonies of wild and variant types. 
Colonies of the wild type were either entirely white 
or white with a light red area in the center of the 
colony, whereas the colonies of mutant types were deep 
red with a very narrow light bluish border. These 
differences were most apparent when plates were 
inverted and the undersides of colonies examined. 
In cultures containing small mutant populations the 
colonies of mutants could be detected as tiny red 
circular spots, even when completely surrounded by 
the coalescing fluidal white growth of the wild type. 
Differences in color intensity between colonies de
creased after 72 hours. 

In order to confirm the assumption that the atypical 
colony types found in cultures were variants of P. 
solanacearum, single cells were isolated from a fresh 
culture of the wild type obtained from an inoculated 
tomato plant. When streaked on the tetrazolium 
medium, the cultures of single cell origin initially 
formed only the typical fluidal white colonies with 
pink centers. However, after 3-5 days of growth in 
1 per cent tryptone broth, mutants could be detected 
that formed non-fluidal red colonies identical in 
appearance on the tetrazolium medium to those formed 
by the mutants observed iri stock cultures. 

Tests were then initiated to compare the virulence 
of cultures derived from mutant and wild type colonies. 
In repeated inoculations of tomato plants in green
house experiments, cultures derived from single mutant 
colonies that showed a dark red pigmentation on the 
tetrazolium medium were either weakly virulent or 

avirulent. In contrast, cultures from wild type colonies 
which remained relatively free of coloration during 
the initial 36 hours of growth were consistently highly 
pathogenic. 

The reliability of colony appearance on the tetrazo
lium medium as a criterion of virulence was further 
demonstrated in the following experiment. This test 
was initiated in order to determine whether virulent 
cultures could be obtained consistently by colony selec
tion from isolates containing mixtures of virulent and 
weakly virulent or avirulent types. Dilute bacterial 
suspensions of the isolates listed in Table 1 were made 
from stock cultures preserved under mineral oil. 
When these suspensions were streaked on 1 day-old 
plates of the tetrazolium medium, it ,was apparent that 
c
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olony types were present to a varying degree in all 
stock cultures. One well-isolated single colony of the 
wild type was selected from each of 17 different 
isolates; a single colony of the mutant type was 
selected from each of 5 isolates. These single colonies 
were suspended in sterile water blanks and streaked 
on the tetrazolium medium. The procedure of re
streaking a single colony from each of the 22 cultures 
was repeated 5 times at 72 hour intervals. Single 
colonies selected from the fifth series of streaked plates 
were re-streaked on a nutrient medium of the following 
composition: 1.0 per cent tryptone, 0.1 per cent yeast 
extract, 0.5 per cent glucose, and 1.7 per cent agar in 
1 liter of distilled water. At the end of 72 hours, 1 
loop of bacteria was removed from each of these 
cultures and suspended in 2 ml. of sterile tap water. 
Eight Rutgers tomato plants were inoculated for each 
isolate. ..., 

Results are summarized in Table 1. All cultures 
considered to be pathogenic on the basis of the charac
teristic appearance of colonies on the tetrazolium 
medium brought about very rapid wilting of inoculated 
plants. At the end of 14 days, all plants inoculated 
with these virulent cultures were either severely wilted 
or dead. In marked contrast, none of the mutant type 
cultures had produced pronounced wilting symptoms 
or plant death 21 days after inoculation. However, 
stunting, vascular discoloration, and adventitious root 
formation appeared in plants inoculated. with the 
mutant type cbltures of isolates 5 and 16. 

The tetrazolium medium has also been evaluated as 
an aid in detecting the wild colony type in isolations 
from diseased tobacco, tomato, potato, and eggplant. 
In those instances in which bacterial suspensions were 
obtained from severely diseased plants and streaked 
on the tetrazolium medium, many different kinds of 
colonies often appeared, including those of various 
saprophytic bacteria. Because of the distinctive 
appearance of the wild type colonies of P. s,olanacearum 
on this medium, however, selection of these typical 
white colonies from mixed cultures was greatly facil
itated. Single colonies sel~cted in this manner were 
re-streaked until examination with the dissecting micro
scope indicated that the cultures were free of other 
bacteria. All isolates obtained by this procedure were 
highly pathogenic to tomato. 
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TABLE 1.-Pathogenicity to tomato of cultures of Pseudomonas solanacearum classified on basis of colony appearance on 
the tetrazolium medium 

Cultures Tested Disease Index• 

Number 
Host from 

which isolated 
Number of months stored 
under sterile mineral oil 

Colony appearance 
Fluidal-white Non-fluidal-red 

3 
4 
Sb 
9 

51 
16 
17 
18 
40 
41 
45 
46 
47 
48b 
25 
60 
60-R0 

31 
80 

Potato 
Potato 
Potato 
Potaro 
Potato 
Tobacco 
Tobacco 
Toba.:co 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tomato 
Tomato 
Tomato 
Peanut 
Pepper 

• Disease index 14 days after inoculation. 
h Wild type colony was not found in stock culture. 

78 
78 
66 
30 
6 

66 
66 
66 
42 
42 
42 
30 
30 
6 

42 
3 
0 

66 
6 

85 
98 
----

100 
90 
95 

100 
88 

100 
98 

100 
100 
100 

100 
100 
100 
100 
93 

20 

0 
20 

0 

0 

• 60-R was a freslt re-isolate of 60 following passage through a moderately resistant tobacco plant (Dixie Bright 101). 

DrscussroN.-Isolates of P. solanacearum often lose 
virulence rapidly when maintained in culture by 
routine methods. The procedure of storing cultures 
under sterile mineral oil has been found to aid in 
maintaining isolates in a pathogenic state for 4 years 
(3). In these studies it was found that storage under 
mineral oil did not prevent the development of mutants 
of reduced virulence; however, the virulent wild type 
had not been completely eliminated in most instances. 
Furthermore, pathogenic cultures could be recovered 
from isolates stored for as long as 6½ years under 
mineral oil. 

Evidence was also obtained that loss in virulence 
of cultures could be attributed to mutation and selec
tion that resulted in populations dominated by weakly 
virulent types, differing in colony morphology from 
the wild form. This conclusion confirms in part results 
obtained by Okabe (7) in his studies on the pathogen
icity of colony types of P. solanacearum in Japan. In 
macroscopic observations of morphological character
istics of colonies, Okabe noted that weakly pathogenic 
or avirulent mutants I differed in colony morphology 
from the fluidal wild type. However, he also reported 
in tests on tomato and tobacco that all fluidal colonies 
were not necessarily highly pathogenic. Moreover, 
virulence was variable among morphologically similar 
colonies derived from a single virulent fluidal colony. 
This latter finding differs from results obtained thus 
far in pathogenicity tests on tomato with isolates from 
North Carolina. All cultures have been highly patho
genic that were derived from wild type colonies 

I 

selected on the basis of their characteristic appearance 
on the tetrazolium medium. 

The application of these results has facilitated the 
initiation of a more detailed study of the relationship 
between colony morphology and virulence of P. 
solanacearum. 

PLANT PATHOLOGY DEPARTMENT 
NORTH CAROLINA STATE COLLEGE 

RALEIGH, NORTH CAROLINA • 
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