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Summary 

An indirect sandwich enzyme-linked immunosorbent assay (ELISA) was used to monitor 
potato stems of three cultivars for the presence of the ring rot pathogen, Clavibacter michi- 
ganensis subsp, sepedonicus, during the growing season and in progeny tubers after harvest. 
The highest ELISA values were obtained with the highest concentration of bacteria used to 
inoculate seed pieces in all cultivars tested. Low ELISA values were obtained for stems and 
progeny tubers selected from plants grown from seed inoculated at lower bacterial concentra- 
tions. Estimates of bacterial densities in stems and progeny tubers by immunofluorescence 
indicated that low ELISA values were most probably caused by low bacterial numbers. It is 
suggested that the sensitivity of ELISA for detecting the ring rot pathogen in potato stems and 
progeny tubers is a function of the concentration of bacteria in individual seed pieces. 

Introduction 

The bacterium Clavibacter michiganensis subsp, sepedonicus (Spieck. & Kotth.) 
Davis et al. (syn. Corynebacterium sepedonicum (Spieck. & Kotth.) Skapt. & 
Burkh.), which causes the ring rot disease of potato (Solanum tuberosum L.), cannot 
be detected by visual inspection of the potato crop in the field or in storage, unless 
there are overt disease symptoms. However, symptoms do not appear until late in the 
growing season and may be masked by senescence or other pathogens; sometimes 
symptoms do not develop at .all. Indexing crops for the pathogen, therefore, has 
become important for domestic and international trade of seed potatoes. Laboratory 
testing complements visual field and post-harvest inspections and provides a high 
degree of assurance that seed lots declared free of ring rot are indeed free of the 
pathogen (De Boer et al., 1989). 

Several protocols and procedures have been developed to index composite samples 
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of seed potato tubers for ring rot. The most widely recommended approach is to use 
immunofluorescence for a preliminary screen of composite tuber extracts and subse- 
quently test positive or suspect samples in an eggplant bioassay (Anon., 1987). 
Enzyme-linked immunosorbent assay (ELISA) tests, which are more efficient than 
immunofluorescence for indexing large numbers of samples, have also been de- 
scribed for ring rot (Corbi~re et al., 1987; De Boer et al., 1988). Success of laboratory 
tests depends on many factors, such as how well the sample represents the seed lot, 
the numbers of pathogenic and saprophytic bacteria present, specificity of the anti- 
body preparation used for the serological test, and growing conditions and age of the 
eggplants used for the bioassay. When performed under optimum conditions this 
type of screening can be very sensitive but may require more than 50 days for 
confirmation of symptomless infections. The key factor in bacterial detection, how- 
ever, is the number of cells of the target bacterium in the sample. The greater the 
concentration, the more readily it can be detected. 

Bacterial ring rot infections usually originate from infected seed pieces from which 
bacteria enter stems of growing plants, invade the stolons, and infect progeny tubers. 
Some evidence suggests that the bacterial population density which develops in the 
plant and progeny tubers is dependent on the population density in the seed tuber at 
planting (De Boer & McNaughton, 1986). Because bacterial population density is 
fundamental in indexing, it is necessary to understand the influence of seed contam- 
ination levels. Previous studies on the effect of inoculum dosage on ring rot develop- 
ment evaluated symptom expression rather than bacterial populations (Nelson, 1982; 
Bishop & Slack, 1987). For laboratory tests bacterial population density rather than 
symptom expression is critical. Moreover, some cultivars express symptoms more 
readily than others at the same inoculum level (Sletten, 1985; Manzer & McKenzie, 
1988; De Boer & McCann, 1990). 

In this study the effect of different levels of seed piece contamination on the ability 
to detect the pathogen in stems during the growing season and in tubers after harvest 
was investigated in five different laboratories. This paper deals with the effect of 
inoculum levels and a companion paper (De Boer et al., 1992) discusses the compar- 
ison among tests conducted in the different laboratories. 

Materials and methods 

Bacterial culture. C.m. sepedonicus strain R8 was grown on yeast extract, glucose, 
mineral salts medium (YGM) (De Boer & Copeman, 1980) for 5 - 7  days before 
harvesting in one quarter strength Ringer's solution. Cell density was adjusted turbi- 
metrically at 660 nm and number of colony forming units determined by standard 
plate count procedures using YGM medium. 

Seed piece inoculation. Certified seed tubers (115-225 g) of the cultivars Red 
Pontiac, Russet Burbank, and D6sir6e were used. Tubers were cut in half longitudi- 
nally and the pieces were immersed in a bacterial suspension under 95-100 kPa 
vacuum for 15 rain. Vacuum was released quickly to force inoculum into the cut 
tuber surfaces. Seed pieces of each cultivar were inoculated with bacterial concentra- 
tions of 9.8 • 101, 9.8 • 10 3, 9.8 • 10 5 cfu/ml (referred to in the text as the Log 2, Log 
4, and Log 6 inoculum levels, respectively), and with sterile Ringer's solution as the 
"check" treatment. 
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Field plot design and sampling strategy. Seed pieces were planted 5 days after 
inoculation, in three blocks of twelve randomized plots in a field located near 
Abbotsford, British Columbia, Canada, during the first week of May. Each plot 
consisted of a single row of 30 seed pieces planted 30 cm apart. Rows were 1 m apart. 

Standard agronomic practices were used during the growing season. Mean 
monthly day temperature was about 22 ~ and night temperature ranged from 7 to 
12~ Total precipitation during the four-month growing period was 292 mm and 
overhead irrigation was applied once during July. 

Potato stems were sampled at 27, 41, 55, 69, 83, 99, and 111 days after planting. 
On each date four stems were randomly selected from each plot, adhering soil was 
washed off  with running tap water, and a 6 cm segment spanning the soil level was 
cut into 5 - 7 smaller pieces with clean pruning shears. All the pieces of a stem were 
crushed together in a plastic bag with 3 ml of distilled water. The liquid was then 
removed and the volume adjusted to 6 ml with distilled water. Aliquots were distrib- 
uted to each laboratory for testing as described by De Boer et al. (1992). 

After the last sampling date, foliage was destroyed with dinoseb and the plots were 
harvested two weeks later. Four tubers from each plot were tested 26 and 56 days 
after harvest. Tubers were sampled by removing a core of tissue (ca 1 g) from the 
stolon end with the tip of a vegetable peeler and prepared for testing as described for 
stems. 

Serological tests. ELISA tests using monoclonal antibody 1H3 were carried out by 
a standard protocol (De Boer et al., 1992) in duplicate in four laboratories and 
without duplication in a fifth laboratory. Positive controls for the ELISA test 
consisted of a pure culture of C.m. sepedonicus strain R8 adjusted to  OD660 = 0.5. 
Negative controls consisted of healthy, greenhouse grown potato stems treated in the 
same way as the samples. Four positive and four negative control wells were included 
on every ELISA plate. ELISA data from each laboratory were normalized separately 
by the following transformation: X t = ( X  m - Yn) / (Y  - Yo), where X t and X m repre- 
sented the transformed and actual mean of the duplicate ELISA readings, respec- 
tively, and Yn and Yp represented the mean of the negative and positive control 
readings respectively. 

For each stem the mean of the transformed values averaged for each laboratory 
was used in the statistical analysis. Since ELISA values did not differ significantly 
between blocks, blocks were ignored in the analysis of variance. Treatments were 
compared using Tukey's honestly significant difference test. Statgraphics software 
(Statistical Graphics Corporation, Rockville, MD 20852) was used for the analysis 
of variance and multiple range tests. 

In one laboratory, cell population densities of C.m. sepedonicus were determined 
by the quantitative immunofluorescence procedure (De Boer & Hall, 1988). The 
same samples that were used for the ELISA test were used for immunofluorescence 
with monoclonal antibody 9A1. Data were recorded as immunofluorescing units 
(IFU) per ml of sample suspension and standard errors were calculated. 

Results 

ELISA on stems. The mean transformed ELISA values for stems from each treat- 
ment increased as the growing season progressed. On average the highest ELISA 
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Table 1. Mean a ELISA values for stem samples taken at two-week intervals from three culti- 
vats inoculated with one of three concentrations of C.m. sepedonicus or diluent. 

Days after Inoculum concentration Standard 
planting error 

Check Log 2 Log 4 Log 6 

Red Pontiac 
27 0.008a u 0.020a 0.083a 0.271b 0.028 
41 0.068a 0.063a 0.154a 0.345b 0.037 
55 0.063a 0.124a 0.617b 1.167c 0.059 
69 0.095a 0.246a 0.852b l . l l 0 c  0.057 
83 0.084a 0.188a 1.142b 1.428c 0.072 
99 0.123a 0.195a 1.618b 1.692b 0.060 

111 0.258a 0.552b 1.332c 1.363c 0.055 

Russet Burbank 
27 0.018a 0.013 0.045a 0.022a 0.014 
41 0.032a _c 0.094b 0.058ab 0.017 
55 0.117ab 0.074a 0.197b 0.030 
69 0.041a 0.226b 0.366b 0.054 
83 0.106a 0.313ab 0.516b 0.064 
99 0.053a 0.125a 0.224ab 0.331b 0.050 

111 0.282a 0.290ab 0.543bc 0.651c 0.059 

D~sir~e 
27 0.022a 0.005a 0.024a 0.017a 0.010 
41 0.029a - 0.063ab 0.0112ab 0.021 
55 0.060a - 0.080a 0.189b 0.031 
69 0.088a - 0.040a 0.501b 0.046 
83 0.089a - 0.085a 0.652b 0.056 
99 0.064a 0.179a 0.155a 0.966b 0.054 

111 0.266a 0.271a 0.480b 0.981c 0.044 

"Mean of duplicate transformed ELISA readings from five laboratories (not duplicated in one 
laboratory) on the same twelve stems for each treatment/sampling date. 
UValues within rows followed by the same letter are not significantly different at P = 0.05. 
cSample not available. 

values  were ob t a ined  for p lan ts  growing f rom seed pieces tha t  had  received the 
highest  inocu lum dosage  (Table  1). O n  the first  s ampl ing  da te ,  27 days  a f t e r  p lan t ing ,  
when plants  were only 5 - 15 cm tall ,  the mean  E L I S A  value  for 'Red  Pon t i ac '  s tems 
with the Log 6 inocu lum level was a l r eady  s ign i f ican t ly  h igher  than  the value  for 
p lan ts  f rom the check t r ea tmen t .  Stems f rom p lan ts  with the Log 4 inocu lum dose 
d id  not  d i f fer  f rom the check unti l  55 days  a f te r  p lan t ing ,  and  those  with the Log 2 
inocu lum dose did  not  differ  f rom the check unti l  the last s ampl ing  da te ,  111 days  
af te r  p lan t ing .  

The  n u m b e r  o f  s tems with t r a n s f o r m e d  E L I S A  values  > 0.200 also increased  with 
t ime (Fig. 1). By 55 days  af te r  p lan t ing  a lmos t  all 'Red  Pon t i ac '  p lan ts  had  E L I S A  
values  >__0.200. No samples  f rom check plots  had  high ( > 0 . 2 0 0 )  E L I S A  values ,  
except  for one p lan t  on the four th  s ampl ing  da te  and  eight  p lan t s  on the last s ampl ing  
date ,  when stems in all t r ea tmen t s  had  high values,  p r o b a b l y  because  there  were large 

210 Potato Research 35(1992) 



DETECTION OF C.M SEPEDONICUS IN POTATO STEMS AND TUBERS 

Number of stems 

r Red Pontiac ] 

m 

[ ]  Check 
D Log 2 
�9 Log 4 
�9 Log 6 

12 

10 

8 

6 

4 

2 

12 

10 

8 

6 

4 

2 

Russet Burbank 

D~sirde 

I"-I 
27 41 55 69 83 99 111 

Number of days after planting 

Fig. 1. Number of potato stems (out of twelve) giving absorbance values >0.200 in ELISA 
at each of seven sampling dates at two-week intervals during the growing season. 

populations of  saprophytic bacteria in the senescing stems. 
In contrast to 'Red Pontiac ' ,  ELISA values for stems of 'Russet Burbank'  inocu- 

lated at Log 6 did not differ from stems of the check plants until 55 days after 
planting, after which they were consistently and significantly higher than the values 
for check plants. At the Log 4 inoculum level, ELISA values were higher than those 
for the check plants after day 69, but the difference was not significant until day 111. 
Due to seed piece decay, there where not enough stems from the 'Russet Burbank'  
Log 2 treatment,  and when the few stems that were available were tested, values did 
not differ significantly from checks. 

The increase in ELISA values for 'D6sir6e' stems over time closely paralleled the 
increases for 'Russet Burbank '  (Table 1, Fig. 1). For stems from the Log 6 inoculum 
level at most sampling dates, and the Log 4 level in the final sample, mean values 
were significantly different from check plants. 
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Fig. 2. Estimates of population densities of C.m. sepedonicus in potato stems (mean of twelve 
stems) on seven sampling dates at two-week intervals during the growing season. 

I m m u n e  fluorescence on stems. Population densities of C.m. sepedonicus in stems, 
determined by immunofluorescence, increased rapidly with time in both Log 6 and 
Log 4 treatments of 'Red Pontiac' .  Density in the Log 4 treatment,  however, reached 
a maximum of 108 IFU/ml ,  well below that detected in the Log 6 treatments at 10 ~~ 
IFU/ml  (Fig. 2). The mean population density in the Log 2 treatment did not exceed 
103 IFU/ml  and was not significantly different from that of check plants. The density 
increased less dramatically in 'Russet Burbank'  and 'D6sir6e' than in 'Red Pontiac. '  
Nevertheless, populations of 105 - 107 IFU/ml  were attained at the highest inoculum 
level (Fig. 2). At the Log 2 and 4 inoculum levels, mean cell density did not signifi- 
cantly exceed that of  plants in check plots. Population density estimates <_ 103 
IFU/ml  are considered inaccurate since they are based on < 1 fluorescing cell per 
microscope field. 
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Table 2. Mean a ELISA values for tuber samples taken at two different times after harvest 
from three cultivars inoculated with one of three concentrations of C. m. sepedonicus or diluent. 

Days after Inoculum concentration Standard 
harvest error 

Check Log 2 Log 4 Log 6 

Red Pontiac 
26 0.175a b 0.376ab 1.086b 2.148c 0.202 
56 0.194a 0.935b 1.584c 1.761c 0.154 

Russet Burbank 
26 0.057a 0.050a 0.61lab 1.256b 0.223 
56 0.201a 0.125ab 0.125a 0.627b 0.082 

D~sir6e 
26 0.163a 0.173a 0.264a 0.796b 0.093 
56 0.083a 0.176a 0.170a 0.720b 0.067 

aMean of duplicate transformated ELISA readings from five laboratories (not duplicated in 
one laboratory) on the same twelve tubers for each treatment/sampling date. 
bValues within rows followed by the same letter are not significantly different at P = 0.05. 

Table 3. Estimates of bacterial density as the logarithm of immunofluorescence units per ml 
in 'Red Pontiac'  progeny tubers grown from potato seed inoculated with one of three concen- 
trations of  C.m. sepedonicus or diluent. 

Days after Inoculum concentration 
harvest 

Check Log 2 Log 4 Log 6 

26 1.10 _+ 0.78 1.34 + 0.99 8.37 _+ 0.71 9.32 _+ 0.43 
56 1.32 _+ 0.56 3.67 + 0.98 7.59_+ 0.86 8.08 _+ 0.96 

ELISA and immunofluorescence on tubers. Mean  E L I S A  values of  tubers  f rom the 
Log 6 t r ea tmen t  were s ign i f ican t ly  d i f ferent  f rom those  o f  tubers  harves ted  f rom 
check plots  for all three  cul t ivars  on bo th  sampl ing  dates  (Table 2). Tubers  from Log 
4 t r ea tmen t  d i f fe red  f rom checks only  for 'Red  Pon t i ac ' .  

Es t imates  o f  bac te r ia l  popu la t i on  densi t ies  in 'Red  Pon t i ac '  tubers  were cor re la ted  
closely with the mean  E L I S A  readings  (Tables 2 and 3). Bacter ia l  popu la t ions  were 
not  d e t e r m i n e d  for 'Russet  B u r b a n k '  and  'D~sir6e '  tubers .  

Discussion 

The popu la t i on  kinetics o f  C.m. sepedonicus, based  on quant i ta t ive  
immunof luo re scence ,  in s tems grown f rom seed that  received the high inoculum level 
were very s imi lar  to that  r ecorded  prev ious ly  (Fig. 2, De Boer & M c C a n n ,  1989). The  
popu la t ions  we m e a s u r e d  as I F U / m l  were abou t  ten t imes  grea te r  t han  those re- 
po r t ed  by G u d m e s t a d  et al.  (1991) as co lony  fo rming  un i t s /m l .  The  lower es t ima t ion  
by co lony  count ing  using an an t ib io t ic  res is tant  s t ra in  was p r o b a b l y  because  non- 
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viable cells are not counted, clumped cells are counted as a single entity, and rever- 
tant cells do not grow on antibiotic-containing medium. 

At low inoculum levels, population densities of bacteria in stems generally in- 
creased during plant growth but remained lower than those detected at the high 
inoculum level; they did not differ from values obtained for check plants (Fig. 2). 
This effect of inoculum dose contrasts with observations on some other plant patho- 
genic bacteria. For example, population densities of Xanthomonas campestris pv. 
oryzae in rice increased to 107- 108 cfu/leaf with inoculum levels that differed as 
much as 100000-fold (103- 10 7 cfu/leaf) (Barton-Willis et al., 1989). This would be 
expected in a homologous hos t -pa thogen combination where bacteria multiply to 
a constant upper limit regardless of initial inoculum concentration. The upper limit 
might be caused by such factors as host nutrient supply or triggering of resistant 
mechanisms in the host. 

Failure of the ring rot bacterium at low inoculum levels to reach the concentrations 
attained at a high inoculum dosage may be due to a complex of host and pathogen 
factors. For ring rot infections to develop, inoculum must initially multiply and 
spread in the seed piece and compete with other saprophytic and soft-rotting micro- 
organisms. Preliminary data showed that presence of other bacteria in infected seed 
pieces can inhibit the development of ring rot in plants (De Boer, unpublished data). 
At low inoculum doses, C.m. sepedonicus may compete poorly and fail to migrate 
from the seed piece. 

C.m. sepedonicus is non-motile and it is assumed that bacterial cells move by 
passive transport through the vascular tissue. Movement may be delayed or 
prevented by competition with other bacteria and by barriers between the seed piece 
and the plant. Thus, when seed pieces of the susceptible cultivar Red Pontiac were 
given low inoculum doses, C.m. sepedonicus was not detected until late in the season. 
Sometimes, C.m. sepedonicus-contaminated tubers even produce plants free of the 
pathogen (De Boer & McNaughton, 1986; De Boer & McCann, 1989). In contrast, 
inoculum dose did not have a significant effect on the time of symptom appearance 
when inoculum was injected directly beneath the base of the sprout (Bishop & Slack, 
1987) or directly into the sprout (Van Vaerenbergh, unpublished data). Here the 
inoculum may have had direct and immediate access to stem vascular tissue and 
consequently high bacterial densities were attained regardless of inoculum dose. In 
our experiments vacuum infiltration mimicked natural infections by forcing inocu- 
lum directly into the vascular tissue of seed tubers. The possibility that bacterial 
multiplication is reduced in mature potato plant tissue, as apparently occurs in 
eggplants (Van Vaerenbergh & Stead, unpublished data), is also a consideration but 
requires further study. 

Our observations have significant implications for post-harvest laboratory tests 
for ring rot. If the bacterial density in individual seed pieces is low, the bacteria will 
be difficult to detect in the plants grown from these tubers, and low ELISA readings 
obtained from plants at the low inoculum levels suggest that they would not be 
detected in a laboratory test. However, low number of bacteria in individual seed 
tubers is distinct from a low incidence of infection, and the ability to detect this, even 
at high bacterial densities is related to sample size and sampling strategy. 

The ability to detect C.m. sepedonicus in both stems and progeny tubers was a 
function of the bacterial concentration used to inoculate the seed. Nevertheless, 
mean ELISA values for all inoculum levels of 'Red Pontiac' were significantly 
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different from the check treatment in both progeny tubers and the final stem sample. 
For 'Russet Burbank '  and 'D6sir6e' mean ELISA values of  stems and tubers from 
only the Log 6 treatment differed from the checks. At the Log 4 treatment only the 
stems at the final sampling date differed from the check treatment,  and at the Log 
2 inoculum level neither stem or tuber ELISA values differed significantly. 

Mean values for indexing tests may be misleading because individual samples can 
show a strong positive reading which is lost when averaged with several negative 
values. Therefore,  the number  of  samples with readings above a threshold value 
could be more meaningful in assessing the sensitivity of  detection (Fig. 1). However, 
the threshold value may vary according to the samples (Sutula et al., 1986). In our 
experiment the background ELISA readings were much higher for the 111-day stem 
samples than all other samples. It is possible that senescing stems harboured a high 
bacterial population which cross-reacted with the monoclonal antibody, or had 
alkaline phosphatase activity that interfered with the ELISA test. 

ELISA results from the individual laboratories participating in this study were 
very similar and when analyzed separately for each laboratory,  significant differ- 
ences between values of  stem and tuber samples at the different inoculum concentra- 
tions were almost identical to the combined data (Tables 1 and 2). Differences in 
results for individual samples among laboratories were sometimes significant and 
these are evaluated in a companion paper  (De Boer et al., 1992). 
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