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Results from enzyme-linked immunosorbent assays (ELISA) and immunofluorescence (IF) 
tests for the detection of Clavibacter michiganensis subsp. sepedonicus in potato tissue were 
analysed to determine the variation that occurs when different analysts perform the test. Data 
generated in accredited laboratories from sets of proficiency panel samples were used for the 
analysis. Sensitivity and specificity for both the ELISA and IF tests were very high as very few 
false positive and false negative results occurred. Analysis of z-scores for the positive samples 
in the proficiency panel sets showed, for both serological tests, that about 90% of the results 
were within the acceptable range around the assigned values for the samples. Rescaled sum 
of scores for individual analysts who had false positive or negative results in ELISA were 
generally outside the acceptable range, although most analysts with high or low rescaled sums 
of z-scores still identified each sample correctly as being positive or negative for the ring-rot 
pathogen. For IF there were no false positive results, and the false negative results were not 
associated with aberrant rescaled sums of z-score for the analysts, suggesting that perhaps an 
error in testing occurred rather than a problem with quantifying cell numbers. 

Introduction 

During the past 20 years, many methods for detecting the 
presence of pathogenic microorganisms in or on plant tissues 
have been published in the scientific literature. Some of the 
methods have been most useful for routine diagnosis or 
detection work and have greatly enhanced our ability to 
detect pathogens even in the absence of disease symptoms. 
Early detection of pathogens is important for eradicating 
disease, preventing movement of infected or contaminated 
plant propagules to new geographic areas, and for fostering 
trade by ensuring that exported plants and plant products are 
free from pests. Availability of good detection technology 
alone is not sufficient, however, for obtaining reliable results 
for certification and trade purposes. Regardless of the tech- 
nology that is used, the reliability of the results depends very 
much on the skill and competency of the analyst actually 
conducting the test. 

Quality systems such as GLP (Good Laboratory Practice) 
and I S 0  (International Standards Organization) guidelines 
provide frameworks for laboratories to produce accurate 
and reproducible results, but there is still a need to measure 
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the reproducibility of tests within and among laboratories. 
Although the transfer of protocols and methods from the 
research laboratory to a diagnostic setting has become an 
important component of technical development, the actual 
measurement of the quality of results has generally not been 
addressed in the testing for plant pathogens. In fact, very little 
attention has been paid to the amount of variability that may 
occur among different laboratories. This is of particular 
importance when serological or molecular methods are used 
to determine the presence or absence of a pathogen without 
isolation and identification of the pathogen. Because recog- 
nition of results from private laboratories, or laboratories 
in different countries, is becoming important in the inter- 
national trade of agricultural commodities, procedures need 
to be developed to measure or demonstrate competence in a 
particular technique or method. 

Sensitivity and specificity are measurements that apply to 
tests with a padfai l  response, and are measured as positive 
or negative readings (De Boer et al., 1989). These parameters 
are calculated on the basis of the incidence of true and false 
positive, and true and false negative, results. While in thern- 
selves they are useful criteria for assessing a diagnostic test, 
particularly for one that is directed towards determining 
the presence or absence of a pathogen, they do not provide 
information as to how well the test was carried out. In an 
earlier paper (De Boer & Hall, 2000), we used quantitative 
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data from enzyme-linked immunosorbent assays (ELISA) 
and immunofluorescence (IF) tests to evaluate the variation 
among and within analysts testing potato samples for the 
presence or absence of the bacterial ring-rot pathogen, 
Clavibacter michiganensis subsp. sepedonicus. Subsequently 
these variances were used to determine z-scores for indi- 
vidual test results. The z-score indicates how much the test 
result deviates from the assigned target value for the sample. 
Rescaled sums of z-scores were used to combine data 
obtained by the same analyst from several samples to 
determine the analyst’s systematic error. 

In this study we examine and compare sensitivity/ 
specificity criteria and z-score values as tools to evaluate 
ELISA and IF tests for detection of latent bacterial ring-rot 
infections in seed-potato lots. 

Materials and methods 

Test data 

Lyophilized healthy and ring rot-infected potato tissue 
samples were submitted by the reference laboratory to 
12- I8 analysts in eight diagnostic laboratories as proficiency 
panel samples separately for the ELISA and IF tests. An 
assigned target value was determined for each sample by the 
reference laboratory as previously described (De Boer & 
Hall, 2000). Sets of samples were sent out during 1996-09, 
1997-04, 1997-12, 1998-05, 1998-10 and 1999-10. All parti- 
cipating laboratories used the same protocol and antibodies 
for the test. Results were received and collated by the 
reference laboratory. 

Statistical analyses 

Sensitivity and specificity parameters were calculated for 
each set of samples by standard procedures based on the 
number of true and false positive and negative results 
(De Boer er al., 1989). The assigned positive or negative 
status of each sample was determined by the reference 
laboratory. 

Z-scores were determined for positive samples only and 
not for the negative samples because meaningful scores 
could not be calculated for values that were at or near zero. 
For the positive samples, z-scores were calculated by 
z = (x -.?)/a, where x is the value for the test result, Z is 
the target or assigned value for the sample, and u is the 
standard deviation for the test. For u, we used the reproduci- 
bility standard deviation which had been determined in the 
earlier study. For ELISA this was: 

= J0.01937 + 10(1.13I2*-3.l884)/k 

and for IF it was: 

= 0,9600 + 10(0.0S688~+0.3880)/k 

where x and y are the assigned absorbance value and count of 
immunofluorescing units (ifu), respectively, for the sample 
and k is the number of determinations of the sample made by 
the analyst (De Boer & Hall, 2000). 

Results and discussion 

Almost all analysts correctly determined whether a sample was 
positive or negative for the presence of C. m. sepedonicus by 
both the ELISA and 1F procedures. Out of 2902 ELISA tests, 
there were three instances of false positive results for ELISA 
and seven instances of false negative results. For IF, there were 
no false positive results and, out of 962 tests, four false negative 
IF results. The low incidence of incorrect results was reflected 
in the high values for sensitivity and specificity, near 100% 
when calculated separately for each set of proficiency samples 
(Table I). Analysts who obtained false negative or positive 
results redid the sample set correctly in every case, but results 
from repeat tests were not included in our analysis. 

The sensitivity and specificity values in this study are better 
than those published previously for a collaborative study 
among research laboratories (De Boer et al., 1994). Imple- 
mentation of quality standards, use of a standard detailed 
protocol and training of analysts probably all contributed to 
the high degree of accuracy of the test. The sensitivity and 
specificity scores, however, do not provide information about 

Table 1 Sensitivity and specificity of ELISA and IF tests to detect the presence of Clavihocter michiganensis subsp. sepedonicus, and determined 
separately for six different sets of proficiency panel samples identified by date 

Panel 

1996-09 I997 -04 1997-12 1998-05 1998- 10 1999-10 Overall 

ELISA 
No. of test results 336 456 480 450 720 460 2902 
Sensitivity loo I ou 99.22 98.75 99.48 100 99.58 
Specificity 100 I00 99.1 I 100 100 99.46 99.75 

IF 
No. of test results 130 204 I92 240 I44 52 962 
Sensitivity 100 100 100 99.38 96.88 I00 99.40 
Specificity 100 100 100 100 100 - 100 

0 2000 OEPP/EPPO, Bulletin O€PP/€PPO Bulletin 30, 397-401 



Reproducibility of ELISA and IF 399 

Table 2 Percentage of ELISA results varying from assigned values by indicated z-scores 

Panel 

z-score* 1996-09 1997-04 1997- 12 1998-05 1998-10 1999- 10 

8 
7 
6 
5 
4 
3 
2 
1 
0 

-1  
-2 
-3 
-4 
-5 

0.0 
0.0 
0.0 
0.0 
0.4 
8.5 

25.0 
22.3 
15.2 
15.2 
8.9 
4.5 
0.0 
0.0 

0.3 
0.7 
0.7 
1.6 
1.6 
3.6 

12.5 
22.4 
31.9 
18.1 
6.6 
0.0 
0.0 
0.0 

0.0 
0.8 
0.0 
0.8 
0.8 

10.2 
14.8 
36.1 
25.8 
10.2 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

12.5 
23.3 
34.2 
24.2 
5.0 
0.8 
0.0 
0.0 

0.0 
0.0 
0.7 
0.7 
0.7 
4.1 
5.4 

21.1 
33.3 
26.5 
5.4 
2.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.4 
2.9 

12.0 
33.0 
31.2 
11.6 
6.5 
2.2 
0.4 
0.0 

Total 

0. I 
0.3 
0.3 
0.6 
0.8 
4.8 

14.1 
26.3 
28.4 
16.8 
6.0 
1.7 
0.1 
0.0 

~ 

*Upper range of z-score class. Results are from individual samples tested by analysts in different laboratories testing proficiency panel samples of potato 
tissue for Clavibacter michiganensis subsp. sepedonicus. 

the variation that may have occurred among analysts who 
correctly identified samples as positive or negative. Even 
though the level of positive reaction in ELISA is not an 
issue with the bacterial ring rot disease, where all positive 
reactions result in the same regulatory consequences, com- 
parison of actual ELISA readings for the same preparation 
identified analysts who consistently obtain higher or lower 
readings than the reference laboratory. Because the absor- 
bance value in ELISA is a function of antigen concentration, 
ELISA values can be compared in the same way as results 
from any chemical analyses. Z-scores provide a measure of 
the number of standard deviations a result differs from the 
true or assigned value. In our case, the assigned value for 

each sample was determined by repeated tests in a reference 
laboratory. 

A total of 1199 z-score values were obtained from ELISA test 
results for the positive samples tested by the analysts in the six 
proficiency panels evaluated in this study. Z-scores ranged from 
+8 to -4 but 91.6% of the z-scores were within the acceptable 
range of +2 to -2 (Table 2). Of those falling outside this range, 
6.9% were greater than +2 and 1.8% were less than -2. This 
suggests that when deviations occur the readings are usually 
higher than expected. Deviations, other than those due to technical 
error, could result from factors such as variations in microwell 
plate readers, or in the concentration of antibody being used. 

The 723 IF z-score values ranged from + 16 to -2. Of these 

Table 3 Percentage of IF results varying from assigned values by indicated z-scores 

Panel 

z-score* 1996-09 1997-04 1997-12 1998-05 1998-10 1999- 10 Total 

>8 
7 
6 
5 
4 
3 
2 
I 
0 

-1  
-2 
-3 
-4 
-5 

0.0 
0.0 
0.0 
1.1 
1.1 
4.3 

13.8 
17.0 
39.4 
20.2 
3.2 
0.0 
0.0 
0.0 

0.7 
0.0 
0.7 
0.0 
2.0 
3.3 

11.1 
20.3 
44.4 
15.7 
2.0 
0.0 
0.0 
0.0 

0.8 
0.0 
0.0 
0.0 
0.0 
4.7 

12.5 
28.9 
39.1 
11.7 
2.3 
0.0 
0.0 
0.0 

0.0 
0.6 
0.0 
1.9 
3.8 
8. I 

18.1 
18.1 
28.1 
20.0 

1.3 
0.0 
0.0 
0.0 

0.0 
1 .o 
0.0 
2.1 
2.1 
1.3 

17.7 
11.7 
29.2 
16.7 
6.3 
0.0 
0.0 
0.0 

3.3 
2.2 
1.1 
2.2 
4.3 

16.3 
32.6 
32.6 
4.3 
1.1 
0.0 
0.0 
0.0 
0.0 

0.1 
0.6 
0.3 
1 . 1  
2.2 
6.9 

16.9 
22. I 
32.1 
14.8 
2.4 
0.0 
0.0 
0.0 

*Upper range of z-score class. Results are from individual samples tested by analysts in different laboratories testing proficiency panel samples of potato 
tissue for Clavibacter michiganensis subsp. sepedonicus. 
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88.2% fell within the acceptable range of +2 to -2 with none 
being below -2 (Table 3). The high z-score values indicate areal 
tendency to overestimate the number of fluorescing cells 
observed in microscope preparations. This was particularly 
noticeable in the 1999-10 proficiency panel sample set and 
probably indicates the tendency for analysts not to count the 
number of cells accurately but rather to provide an estimate. This 
reflects the fact that cell counting is tedious and time-consum- 
ing, and that in the Canadian system, all samples giving a 
positive laboratory result for bacterial ring rot are forwarded 
to the reference laboratory for confirmation before results are 
released to the certification programme staff. 

Results from individual analysts can be appraised by calculat- 
ing the rescaled sum of z-scores (rescaled sum of z-scores = Cz/ 
Jn, where n is the number of z-scores that are combined) to 
combine all the results from any sample set. Analysts who have 
high z-score values would be expected to have a greater tendency 
to produce false positive results and those with low z-score values 
to have false negative results. This is indeed what was observed 
in our ELISA test data. All the false positive ELISA readings 
were generated by two analysts in two different samples sets and 
they scored high (+3.5 and +4.2) in those sets in which they got 
the false positives. Similarly the false negative readings were 
generated by three analysts in three different sample sets and they 
scored low (-1.6, -3.1 and -4.9) for those sets in which 
they obtained erroneous results. However, most analysts 
with rescaled sum of z-scores outside the acceptable range of - 
2 to +2 did not have false positive or negative results. For IF, 
there were no false positive results and the false negative results 
obtained by three analysts did not correlate with low rescaled 
sum of z-scores for those analysts. Perhaps false negative IF 
readings are due to poor staining of cells on a particular slide or 
problems with microscopic observation, rather than in quantify- 
ing the number of fluorescing cells. 

In general, analysis of the z-score values provided a far 
better insight into the performance of the tests by the various 
analysts than simply assessing the sensitivity and specifi- 
city, even though the latter was sufficient for determining 
the successful application of the test for detecting C. m. 
sepedonicus. Our study revealed the high degree of repro- 
ducibility that can be obtained among laboratories for detect- 
ing a single bacterial species in complex samples in which 
great numbers of saprophytic bacteria are normally present. 
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Reproductibilite de I’ELISA et de 
I’immunofluorescence dans la detection de 
Clavibacter michiganensis subsp. 
sepedonicus dans plusieurs laboratoires 

Les rksultats de tests par ELISA et par imrnunofluorescence pour 
dCtecter Clavibacter michiganensis subsp. sepedonicus dans les 

tissus de pomme de terre ont kte analysks pour dbterminer la 
variation qui existe lorsque diffkrents analystes effectuent le test. 
Des rksultats obtenus dans des laboratoires accr6ditks B partir 
d’une m h e  sine d’kchantillons ont CtC utilisks pour I’analyse. 
La sensibilitk et la sp6cificitC de I’ELISA et de I’immunofluor- 
escence Ctaient trks fortes car le nombre de rksultats faux positifs 
et faux nCgatifs s’est avCrC trks faible. L‘analyse des valeurs de z 
pour les Cchantillons positifs a montk:, pour les deux tests 
skologiques, qu’environ 90 % des rksultats se situaient dans la 
gamme acceptable, autour des valeurs attribuCes aux khantil- 
Ions. Les sommes des valeurs z obtenues pour les dfiCrents 
analystes qui obtenaient des rCsultats faux positifs ou faux 
nkgatifs par la mCthode ELISA se situaient gCnCralement hors 
de la gamme acceptable, mEme si la plupart des analystes 
obtenant des sommes des valeurs z fortes ou faibles identifiaient 
malgrC tout chaque Cchantillon correctement comme Ctant positif 
ou nCgatif pour le pathogkne de la poumture annulaire. Aucun 
rCsultat faux positif n’a Ctk obtenu par immunofluorescence, et 
les rCsultats faux nCgatifs n’Ctaient pas associCs avec des sommes 
des valeurs z aberrantes pour les analystes, suggCrant plut6t une 
erreur dam les tests qu’un problkme de comptage des cellules. 

BOCnPOH3BOAHMOCTb MeTOfla ELlSA H 
HMMyHO@JlyOpeC~eH~HH W H  BblRBJleHHH 

niCUS B HeCKOJlbKHX n a 6 0 p a ~ o p ~ ~ x  
Clavibacter michiganensis subsp. sepedo- 

&X OnpeneneHHJ7 BapHa6eJIbHOCTH AaHHblX pa3JlH’IHbIX 
na60paHTOB 6bmw npOaHEUIH3UpOBaHbI pe3yJIbTaTbI aHUH3a 
ELISA H HMMyHO@JIyOpeCUeHUHH mX BbIllBJleHHX 
Clavibacter michiganensis subsp. sepedonicus B TKaHH 
KapToaenx. ,&x a~ann3a ncnonb30~anncb naHHue, 
nonyrembie B c e p ~ n ~ w ~ w p o ~ a ~ ~ b ~ x  na6opa~opnrx Ha 
CTaH.QapTHblX ~a6opax npo6. qYBCTBHTenbHOCTb U 
CneUH@H’IHOCTb KBK AJIX ELI%, TaK H N I X  UMMYHO- 

@nyOpeCUeHUHH 6b1nn BeCbMa BbICOKHMH, n0CKOnbKy 6b1no 
OTMe’IeHO nHUlb ~e6onbmoe KOJlU’IeCTBO HenpaBWlbHO 
n03HTHBHblX MSIH HWaTUBHbIX pe3yJlbTaTOB. A~anw3 
3Ha’ieHHfi Q n X  IIOJlOXHTenbHbIX npo6 B CTaHnapTHbIX 
~a6opax nOKa3UI AJIX 060nx CepOnOrH’leCKHX HCnbITaHHfi, 
’IT0 npAMepH0 90% pe3ynbTaTOB HaxOflHnHCb B npeJlenLW 
npueMneMoro miana3oHa BoKpyr s ~ a s e ~ u t i ,  s a n a ~ ~ b i x  wa 
3THX KOHKPeTHbIX npo6. CYMMbI 3Ha’IeHUfi Z no na6o- 
PaHTaM, IIOJIyWiBUIHM HenpaBlmbHble n03UTHBHbIe HJIU 

HWaTUBHbIe pe3yJlbTaTbl B xone a~ann3a ELISA, 6b1ne 

60JlbUlHHCTBO n a 6 0 p a ~ ~ o e ,  nonyYsBmHx BbICOKHe HnM 
HH3KUe CYMMbI Z, HneHTH@UUHpOBaJlH K-lo npo6y 

KOnbUeBOfi rHWnH. no HMMyHO@nyOpeCqeHUHH O ~ H ~ O ’ I H ~ I X  
IT03HTUBHblX pe3ynbTaTOB He 6bmo OTMe’IeHO, a oms6or~b1e 
HWaTHBHble pe3ynbTaTbI He 6 b i n ~  CBI13aHbI C a6eppaHTHbIMH 

0 6 ~ 1 ~ ~ 0  BHe npneMneMoro mana3oHa, HecMoTpx Ha TO, ‘IT0 

npaeunbHo KaK ~ O ~ H T H B H ~ K I  nnn HeraTuBnym AJIX naToreHa 

cyMMaMn z mx na60paHTOB,  TO n o 3 ~ 0 n x e ~  npennonoxwb, 
w o  cKopee mena  Memo oms6aa B a ~ a n w e ,  Hexenw 
npo6ne~a  c onpeAenemieM KonnqecTBa meToK. 
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