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Relative increases in cell populations of specific Erwinia carotouora strains injected 
into potato tubers either singly or in combination of two strains were determined 
by depositing tissue extracts on membrane filters and staining cells of individual 
strains by immunofluorescence. The population increase of an Erw. curotouora 
subsp. atroseptica (Eca) strain was, in general, not affected by the presence of an 
Erw. carotouora subsp. carotouora ( E c c )  strain. However, the increase of an Ecc 
strain was inhibited by the presence of an Eca strain, especially a t  incubation 
temperatures of 5" and 15°C but not at 26°C. One Ecc strain consistently increased 
in population over another Ecc strain at a greater rate when they were inoculated 
together at the same loci in comparison to when they were inoculated separately at 
different loci 

Serological identification of Erwinia carofouora 
Jones (Bergey ef af.) strains in ecological and 
epidemiological studies (Graham et al. 1976; 
Powelson & Apple 1983; De Boer 1983) have 
revealed that many different strains may be 
present on one potato crop. Furthermore, 
strains in certain serogroups tend to predomi- 
nate over other strains in certain geographic 
areas (De Boer et al. 1979; Maher et a!. 1981; 
De Boer 1983). The predominance of particular 
serogroups suggests that there is heterogeneity 
within the species with regards to adaptability 
or competitiveness under specific environmental 
conditions. Stanghellini et al. (1977) also have 
suggested that 'the existence of more than one 
biotype may indicate regional selection of a spe- 
cific biotype of the pathogen by the host from 
an existing heterogeneous population . . .'. Cer- 
tainly differential responses to environmental 
conditions have been reported among strains of 
other bacterial species. For instance, strains of 
one Rhizobium leguminosurum (Frank) Frank 
serotype survived preferentially in moist soil 

whereas strains of another serotype survived 
best in dry soil (Mahler & Bezdicik 1980). Simi- 
larly populations of Escherichia coli (Migula) 
Castellani & Chalmers shifted in strain com- 
posjtion in chemostat cultures in response to 
changing environmental conditions (Mason & 
Richardson 1982). 

Competition among Erw. carotovora strains 
in plant tissue has been demonstrated (Togashi 
1979). Furthermore strains of Erw. carotouora 
subsp. atroseptica (van Hall) Dye (Eca)  and Erw. 
carotovora subsp. carotovora (Jones) Bergey et 
al. (Ecc) are known to respond differently to 
temperature. Ecc in vitro, has a more rapid 
growth rate and yields higher population levels 
than Eca at temperatures of 18-36"C, while at 
lower temperatures Eca grows more rapidly and 
yields higher population levels than Ecc 
(Campos et a/.  1982). Ecr also causes the black- 
leg disease in potato when soil temperatures are 
high (21-35"C), whereas Ecn causes the same 
disease at cool soil temperatures (7-26°C) 
(Molina & Harrison 1980). Ecc is isolated more 



518 S. H .  De Boer 
frequently than Eca from decayed potato tubers 
if  lesions develop at  temperatures above 25"C, 
and Eca is isolated more frequently than Ecc 
below 22°C (Perombelon 1979; Perombelon et 
ul. 1979). 

In this study competition between some Erw. 
carotovora strains was evaluated in vivo, by 
measuring relative increases in bacterial cell 
populations injected into potato tubers. Popu- 
lations of two serologically distinct strains were 
measured at the same loci in potato tubers by 
depositing cells on membrane filters and differ- 
entially staining cells of the two strains separa- 
tely with an indirect immunofluorescence 
procedure. The procedure was similar to that 
used to enumerate Rhizobium japonicum 
(Kirchner) Buchanan in soil (Bohlool & Schmidt 
1973; Reyes & Schmidt 1979) and several differ- 
ent bacterial species in aquatic environments 
(Reed & Dugan 1978; Ward & Perry 1980). 

Materials and Methods 

The bacterial strains used in this study were 
freshly isolated and are designated as Ecu strain 
510 (serogroup I), Ecc 511 (TIT), Ecc 512 (111), 
Ecc 513 (V), and Ecc 514 (XVIII). All the strains 
were isolated from potato tubers except strain 
Ecc 514 (XVIII) which was isolated from potato 
foliage. The strains were isolated on crystal 
violet pectate medium (Cuppels & Kelman 
1974) and stored on nutrient agar slants at 3°C. 

For inoculation into potato tubers, 24-h-old 
cells grown at  26°C were washed from nutrient 
agar slants, suspended in sterile distilled water, 
and diluted to approximately lo8 cells/m. 
Potato tubers (cv. Russet Burbank) were 
injected to a depth of 15 mm with 10 p1 of inoc- 
ulum using a Hamilton microliter syringe (De 
Boer & Kelman 1978). Inoculated tubers were 
wrapped in moist paper towels and a double 
layer of polyvinylidene film to create anaerobic 
conditions (De Boer & Kelman 1974). They 
were incubated until small decay lesions devel- 
oped at the inoculation site which required 1 
day at 26 f I T ,  3 days at 15 3"C, and 5-7 
days at 5 & 1 "C. All experiments were replicated 
at  least four times. 

Before and after incubation, bacterial counts 
were made on cores of tissue surrounding the 
injection loci. Cores, 15-20 mm in diameter and 
ca 30 mm long were cut with a cork borer so 
that the entire soft rot lesions, including the 

injection loci, were sampled. Individual tissue 
cores were triturated in 100 ml distilled water by 
slicing a core into a blender running at low 
speed and then running the blender for an addi- 
tional 20 s at high speed. The tissue debris was 
allowed to  settle for about 15 min and 1 ml 
samples of appropriate dilutions from the liquid 
phase were filtered through 0.4 pm, 13 mm 
polycarbonate filters (Nucleopore Corp., Plea- 
santon, CA 94566 USA) to deposit the bacterial 
cells on the filter surface (Hobbie et al. 1977). 
Filters were presoaked in phosphate buffered 
saline (PBS) pH 7.2, containing 0.5 ml/l Tween 
20 to minimize hydrophobic areas, but pres- 
taining was not necessary. 

To  stain the bacteria, the polycarbonate filters 
were mounted on top of two filter paper disks 
(Schleicher & Schuell, Inc., Keene, N H  03431, 
USA) to  maintain flat filter surfaces and even 
suction in modified Millipore Swinnex filter 
holders. The filter holders were modified by 
removing the female Luer-lock inlet and replac- 
ing it with a 25 mm long section from a 3 ml 
syringe barrel. The holders were placed with the 
male Luer slip outlet into an air-tight Plexiglass 
chamber to which vacuum and air lines were 
attached (Fig. 1). A vacuum was applied to filter 

Fig. 1. Apparatus used for filtration and immuno- 
fluorescence staining of samples. 

and wash the samples and slight positive air 
pressure applied during the staining procedures 
in a manner similar to that used by Reed & 
Dugan (1978). To prevent cross contamination 
between samples, filter holders were cleaned by 
soaking them in chromic acid for 30 min and 
then rinsing them thoroughly with tap water. 

Bacteria deposited on filters were stained by 
covering the filters with antisera previously pro- 
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duced in rabbits against glutaraldehyde-fixed 
cells (De Boer PI al. 1979) and diluted 1 : 400 in 
PBS. After 1 h the filters were washed by 
passing 5-10 ml PBS through the filters with 
suction. Anti-rabbit IgG conjugated either with 
fluorescein isothiocyanate (Litton Bionetics, 
Kensington, M D  20795 USA) or 
dichlorotriazinylamino-fluorescein (Kirkegaard 
& Perry Laboratories, Gaithersbury, M D  
20879, USA) diluted 1 : 40 in PBS was then 
applied and after 1 h washed as before. Stained 
filters were mounted on microscope slides with 
glycerol-PBS (10: 1) and No. 1 coverslips. A 
x 100 oil immersion objective on a Zeiss photo- 
microscope equipped with a 111 RS epi- 
illuminator, a 48 77 1 1  filter set, and an HBO 50 
light source was used to observe fluorescing 
bacterial cells. Cells were counted in 20 ran- 
domly chosen fields along two axes at right 
angles across the filters. All populations were 
calculated as number of cells per injection locus. 

Results and Discussion 

Estimates of bacterial cell numbers determined 
by the membrane filter-immunofluorescence 
technique were similar to population estimates 
as colony-forming units determined by standard 
plate count procedures (Fig. 2). When cell popu- 
lations were below lO'/injection locus, filter 

I I 

0 24 48 72 

Time (hours) 

Fig. 2. Population changes determined by: 0,  
membrane-filter-immunofluorescence and , stan- 
dard plate count techniques of Erwinia carotouora 
subsp. carotouora strain 514 (serogroup XVIII) 
injected into potato tubers and incubated under 
anaerobic conditions at 15°C. 

counts were slightly lower than plate counts 
probably because some of the cells, were masked 
by tissue debris on the filters. At population 
levels about 107/injection locus, filter counts 
were slightly higher than plate counts perhaps 
because both viable and non-viable cells were 
stained in the immunofluorescence procedure 
and cell pairs or clumps were counted as single 
colony-forming units in plate counts. 

By selecting strains that did not cross-react 
serologically, populations of two strains could 
be determined in the same tissue preparations 
on separate filters, each stained with the appro- 
priate antiserum. Cell population measurements 
of a typical experiment show that the final 
population levels for strains Eca 510 (I) and Ecc 
512 (111) were similar at all incubation tem- 
peratures when the two strains were inoculated 
separately at equal concentrations (Fig. 3). 
When the two strains were inoculated simulta- 
neously at  the same loci, however, the final 

Before 5tl°C 15i3OC 26+I0C 
incubation Incubation temperature 

Fig. 3. Initial and final population levels of Erwinia 
carotouora subsp. atroseptica strain 510 (serogroup I) 
and Erw. carotouora subsp. carotouora strain 512 
(Serogroup 111) inoculated (top) separately and 
(bottom) into potato tubers and incubated for 5 days 
at S T ,  3 days at 15"C, or 1 day at 26°C. Solid bars, 
Era 510 (I); hatched bars, Ecc 512 (111); mean SEM. 
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Table 1. The ratio between final population levels of two Erwinia carotooora 
strains inoculated separately and together into potato tubers at a 1 : 1 ratio 

and incubated at three different temperatures 
Ratio of final populations 

~ 

Incubation 
temperature Inoculated Inoculated 

Strains ("C) separately together 

Ecc 512 (111): Eca 510 (I) 

Ecc 513 (V): Eca 510 (I) 

Ecc 511 (111): Ecc 514 (XVIII) 

5 
15 
26 

5 
15 
26 

5 
15 
26 

1 : 1.7 
1 : 2.0 
1 : 0.7 
I : 4.6 
1 : 0.7 
1 : 0.6 

1 : 2.0 
1 : 4.1 

1 : 51.8 
1 : 8.7 
1 : 1.0 
1 : 28.7 
1 : 0.8 
1 : 0.6 
1 : 9.1 
1 : 74.2 
1 : 36.7 

- 

population level of Ecc 512 (111) was signifi- 
cantly lower than the level of Eca 510 (I) a t  the 
5" and 15°C incubation temperatures (Fig. 3). 
The  ratio of the two populations was approx- 
imately 1 : 52 a t  5°C and 1 : 9 a t  15°C (Table 1). 
A t  26"C, the final populations of the two strains 
in simultaneous inoculations did not differ sig- 
nificantly (Fig. 3). 

The result of using strain Ecc 513 (V) in com- 
bination with Eca 510 was similar t o  that when 
using strain Ecc 512 (111). The ratio of the two 
populations after the incubation period was 

1 : 29 a t  5°C whereas it was about 1 : 1 a t  26°C 
(Table 1). 

In  a n  experiment with two Ecc strains inocu- 
lated together, strain Ecc 514 (XVIII) greatly 
increased in population over strain Ecc 511 (111) 
a t  all three temperatures although the ratios of 
the final population levels were variable (Table 
1). Inoculated separately, these strains only dif- 
fered moderately in rate of population increases. 

In order to determine whether the increase of 
one strain over another was due to  stimulation 
or  inhibition reactions between strains, the 

Table 2. The number of population doublings of selected Erwinia carotooora strains 
inoculated separately and two strains together into potato tubers at a 1 : 1 ratio and 

incubated at three different temperatures 

Temperature Incubation 
("0 time (days) Number of population doublings 

Experiment 1 Strain Era 510 ( I )  Strain Ecc 512 (111) 
Alone Together Alone Together 

5 
15 
26 

Experiment 2 

5 
15 
26 

Experiment 3 

~ 

5 7.6 7.4 
3 12.0 10.5 
1 8.1 6.0* 

Strain Eca 510 (I) 
Alone Together 

6 9.6 9.7 
3 10.4 8.1 
1 5.9 3.8 

Strain Ecc 51 I (111) 
Alone Together 

6.9 2.0* 
11.2 6,5* 
8.9 6.1* 

Strain Ecc 513 (V) 
Alone Together 

7.7 5,1* 
11.2 9.3" 
7.1 6.7 

Strain Ecc 514 (XVIII) 
Alone Together 

5 
15 
26 

7 ND 5.4 ND 8.4 
3 8.1 5.6* 9.4 11.5* 
1 6.0 5.8 8.2 11.9* 

* Indicates that the number of population doublings when a strain was inoculated 
alone differed significantly at the 5"h  level of probability from the number of doublings 
when it  was inoculated together with another strain. 

ND, Not done. 
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number of cell divisions required to reach the 
final population levels were calculated as the 
number of population doublings (Table 2). 
Strain Eca 510 (I) generally doubled in popu- 
lation at the same rate whether it was inocu- 
lated alone or together with an Ecc strain. In 
contrast, the two Ecc strains were inhibited in 
the presence of Eca 510 (I). When two Ecc 
strains were inoculated together stimulation of 
one strain was observed as well as inhibition of 
the other strain, especially at 15°C. 

Although only a limited number of strains 
were investigated, the resuIts confirm that Eca 
predominates over Ecc under cool conditions. It 
also indicates, however, that the predominance 
of Ecu over Ecc occurs as a result of com- 
petition between the strains rather than inherent 
differences in growth rates at the cool tem- 
peratures. Furthermore, the results show that 
Ecc strains also interact but their relative com- 
petitive abilities under the experimental condi- 
tions could not account for their presence on 
tubers and foliage respectively. Strain Ecc 514 
(XVIII), a representative of strains isolated from 
foliage, predominated in combination with Ecc 
(111) a representative of strains consistently 
found on tubers. 

The results suggest that the behaviour of 
several strains in soft rot lesions can not be pre- 
dicted from the in  uiun growth characteristics of 
individual strains since the predominance of 
certain strains in a specific environment may 
depend not only on the environmental condi- 
tions but also on the presence of other strains. 
Ecological studies in which strain frequencies 
are determined, therefore, may be skewed by 
population shifts according to selective enrich- 
ment and isolation procedures and conditions. 
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