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ISHI VALIDATION REPORTS 

This ISHI validation study has been conducted to determine the fitness of the described method 
for its intended purpose according to the ISHI Guidelines for the Validation of Seed Health 
Methods1 and followed by an independent review of its outcome.  

 

DISCLAIMER 

The ISF cannot guarantee that laboratories following these methods described herewith will 
obtain similar results. Many factors, such as staff skills, laboratory equipment and conditions, 
reagents and sampling methods can influence the results. Consequently, in case of any litigation 
ISF will not accept any liability on the use of these methods. 
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Detection of Clavibacter michiganensis subsp. michiganensis in tomato seed 
by a Seed Extract qPCR (SE-qPCR) pre-screening assay 

SUMMARY 
Clavibacter michiganensis subsp. michiganensis (Cmm) is the causal agent of wilting in tomato 
(Solanum lycopersicum). Seeds are an important route for the dispersal of this bacterium. The ISHI 
initiated a project to develop a fast seed extract (SE-) quantitative polymerase chain reaction 
(qPCR) assay for the detection of Cmm, which can be performed as an optional pre-screening step 
for dilution plating. The Cmm SE-qPCR assay involves collecting bacteria from tomato seed 
extract by centrifugation, followed by mechanical cell lysis and extraction of bacterial DNA. 
Samples are analysed for the presence of Cmm DNA in a multiplex qPCR reaction. 

In this validation study, the performance criteria analytical specificity, analytical sensitivity, 
selectivity, repeatability, reproducibility, and diagnostic performance were validated to determine 
if the Cmm SE-qPCR assay is fit for the intended purpose of serving as a pre-screening assay prior 
to dilution plating. In validating the analytical specificity of the Cmm detecting qPCR assays using 
the PTSSK and MVS21+ primers, the alignment of 56 independent Cmm genome sequences show 
a 100% match, showing good inclusivity of the assays. Alignment of 59 non-Cmm Clavibacter spp. 
with PTSSK and MVS21+ primer and probe sequences showed the exclusivity requirement is met 
for both PCRs as well. Measured by the detection of liquid cultured Cmm cells, the analytical 
sensitivity of SE-qPCR is comparable to that of dilution plating. The LOD at a 100% confidence 
level is the same for both PCR assays (at 5.4 CFU Cmm per mL non-concentrated seed extract). 
Cmm is detected in four matrices by SE-qPCR with comparable quantitative results, showing good 
selectivity of the assay. SE-qPCR results are repeatable, as shown by comparable detection of 
Cmm between replicate samples with 100% accordance of test results. A comparative test (CT) 
among seven ISHI labs showed good reproducibility of the SE-qPCR assay. All samples were 
correctly scored by six labs. One lab wrongfully scored two samples with a low Cmm infection as 
Cmm negative. Accordance and concordance of CT data for low Cmm infected material was over 
90%. Test material with a medium or high Cmm infection level, as well as healthy test material, 
free from Cmm, was identified by CT participants with 100% accordance and concordance. SE-
qPCR diagnostic performance in reference to dilution plating is good. All samples spiked with a 
single Cmm contaminated seed were both dilution plating and SE-qPCR positive, while samples 
not spiked were all negative for both assays. This shows that both diagnostic sensitivity and 
specificity of the SE-qPCR assay are 100%. 

In this report, it is confirmed that the Cmm SE-qPCR assay is a suitable pre-screening assay for 
the ISHI Cmm dilution plating assay, being able to detect a single Cmm contaminated seed in a 
background of 10,000 healthy seeds. Overall, it is concluded that the ISHI Cmm SE-qPCR assay is 
fit for its intended purpose. 
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1. INTRODUCTION 
The bacterium Clavibacter michiganensis subsp. michiganensis (Cmm) is the causal agent of wilting 
in tomato (Solanum lycopersicum) (de León et al., 2011; Nandi et al., 2018). Cmm is of economic 
importance because infection can lead to a significant loss in crop yield (Chang et al., 1992). Seeds 
are an important route for the dispersal of Cmm (Fatmi et al., 1991).  

The current ISHI method for Cmm detection in seed samples of tomato includes dilution plating 
of seed extract (ISHI method Cmm 4.3.1, 2017). This method is, however, time and resource 
consuming. ISHI initiated a project to develop a seed extract (SE-) qPCR assay for the detection 
of Cmm. The SE-qPCR assay allows for the fast screening of tomato seed lots against Cmm 
contamination. In the process flow for Cmm detection, SE-qPCR can be performed as an optional 
pre-screening step (Figure 1), whereby a negative SE-qPCR result can be taken as a final test 
result. Because pathogen detection by Cmm SE-qPCR is an indirect seed health test, incapable of 
proving the presence of viable bacteria, a positive SE-qPCR result is considered to be suspect and 
should be followed by a direct testing method for confirmation (ISF-ISHI guidelines, 2018). If a 
sample is determined qPCR Cmm suspect, the Cmm dilution plating method 4.3.1 must be 
performed on a new seed sample to reach a conclusion about the sample and the seed lot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Workflow of the ISHI method for the detection of Cmm in tomato. 
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The ISHI Cmm SE-qPCR assay (Annex A) is based on the assay developed and validated by 
Naktuinbouw (Naktuinbouw, 2016a, b). Preparation of the seed extract in the SE-qPCR assay is 
the same as for the ISHI method Cmm 4.3.1. In the SE-qPCR assay, the seed extract is spiked with 
a Gram-positive bacterium that mimics the Cmm target, acting as a positive extraction control 
(PEC). Bacteria are collected from extract by centrifugation and mechanically lysed by bead 
beating, from which DNA is extracted by commonly available silica gel column purification. A 
multiplex qPCR reaction is performed on extracted DNA, combining the two Cmm qPCR assays 
MVS21+ (an adapted version of MVS21; Sudarshana et al., 2012) and PTSSK (Berendsen et al., 
2011) with a qPCR assay to detect the PEC. The PEC also serves as an internal amplification 
control (IAC) for the PCR (ISF-ISHI Best Practices, 2019).  

The ISHI Cmm SE-qPCR assay has been developed using pectinase extracted seeds and pectinase 
extracted seeds also treated with hydrochloric acid (HCl). HCl treatment meets the standard of 
an appropriate acid extraction, which is a legally required phytosanitary measure in the EU (EC, 
2004). It has been shown previously that SE-qPCR is not compatible with seeds treated with 
sodium hypochlorite (NaOCl). This is not because of problems with NaOCl residues but because 
this chemical effectively breaks down DNA, the PCR target. For reference, see Syngenta report 
2020a. 

2. OBJECTIVES 
The work described in this validation report was performed according to the ISHI method 
validation guidelines (ISF-ISHI guidelines, 2020). The validation work focussed on elements of 
the ISHI Cmm SE-qPCR assay that are specific for SE-qPCR and that are not already part of the 
current ISHI Cmm method version 4.3.1. In scope is the validation of the performance of SE-qPCR. 
Preparation of a seed extract is the same as described in ISHI method Cmm 4.3.1. and is therefore 
not in scope of the present report. 

The SE-qPCR assay must be able to detect Cmm with sufficient sensitivity, independent of the 
seed background, and in a repeatable and reproducible manner. The performance criteria 
analytical specificity, analytical sensitivity, selectivity, repeatability, reproducibility, and diagnostic 
performance were validated to show that the Cmm SE-qPCR assay is fit for the intended purpose. 
In this validation report, besides the results from the experiments, the requirements for each 
performance criterion are specified and the experimental approach by which each criterion has 
been validated is described. 

Analytical specificity of the two qPCR assays PTSSK and MVS21+ (a slightly modified version of 
the original MVS21 assay, consisting in an increased melting temperature of one of the primers 
and the probe by adding a single G-nucleotide, resulting in a more robust qPCR assay) was 
validated by aligning primer and probe target sequences for Cmm genome sequences (Genbank 
and previous ISHI sequencing projects) and non-Cmm Clavibacter spp. genome sequences (see 
§3.1). Analytical sensitivity, selectivity and repeatability of the Cmm SE-qPCR assay were 
validated by spiking liquid cultured Cmm to extracts of multiple healthy seed lots (see §3.2, §3.3 
and §3.4, respectively). To validate SE-qPCR reproducibility (§3.5), a comparative test (CT) with 
seven participating laboratories was organized by Syngenta (for the CT report, see Annex B). SE-
qPCR diagnostic performance was validated relative to the ISHI Cmm dilution plating method 
v4.3.1 by performing both methods on extracts prepared from healthy as well as Cmm infected 
seed samples (§3.6). Unless indicated otherwise, the SE-qPCR assays and dilution plating were 
performed without the use of technical replicates. Tables 1, 2 and 3 summarize the experimental 
approach for SE-qPCR validation. 
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Table 1. Information summary for validating the analytical sensitivity, selectivity, and repeatability of 
the SE-qPCR assay (§3.2, 3.3 and 3.4).  
These three performance characteristics are validated using the same data set generated by Syngenta. 
A 5-fold dilution series of a fresh Cmm liquid culture was prepared and spiked into the extract of four 
different healthy seed lots. The dilution series included six concentrations (aiming for 0, 0.4, 2, 10, 50 
and 250 CFU/mL non-concentrated seed extract), and each concentration was replicated four times 
per seed background. Hereby, 16 samples per dilution were tested giving rise to a total number of test 
samples of 96. All samples were processed by the SE-qPCR assay. In addition, samples were processed 
according to §2-4 of the ISHI method Cmm v4.3.1, describing the dilution plating (DP) assay. 
 

Seed 
background 

Cmm 
infection level 

#Cmm 
concentration

s 
#Replicates 

#Samples/ 
background 

Test assays 

1. Healthy 6 4 24 
SE-qPCR and 

DP 

2. Healthy 6 4 24 
SE-qPCR and 

DP 

3. Healthy 6 4 24 
SE-qPCR and 

DP 

4. Healthy 6 4 24 
SE-qPCR and 

DP 

   
Total 

#samples 
96  

 

Table 2. Information summary for validating the reproducibility of the SE-qPCR assay (§3.5).  
Data is generated by seven ISHI labs in a comparative test (CT, see Annex B). The table summarizes 
test material for a single lab. The CT organizer provided each lab with material from six different seed 
backgrounds, each obtained by mixing seed from a healthy seed lot with seed from naturally infected 
seed lots. For seed mixtures, see Table B1 in comparative test report annex B. Seed backgrounds 
ranged in the level of Cmm infection. One seed background was healthy, free from Cmm infection 
(N/A at 40 PCR cycles), two seed backgrounds were low infected (Cq 31-33), two backgrounds were 
medium infected (Cq 30-31), and one background was highly infected (Cq < 28). Three replicates of 
10,000 seeds per seed background were tested. The total number of test samples per lab was 18. 
 

Seed background* Cmm infection level Subsamples 

A. No qPCR-signal 3 

B. Low 3 

C. Low 3 

D. Medium 3 

E. Medium 3 

F. High 3 

 Total #samples 18 
*Numbering of seed backgrounds in this table is arbitrary and does not represent the designation of 
backgrounds in the actual CT. 
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Table 3. Information summary for validation of the diagnostic performance of the SE-qPCR assay (§3.6).  
Data was generated by Syngenta. Individual Cmm infected seeds obtained by peduncle inoculation of 
tomato plants were spiked to 50 subsamples of a healthy seed lot. Ten subsamples were not spiked 
(NPCs). The total number of test samples was 60. All samples were processed by SE-qPCR and §2-4 of 
the ISHI method Cmm 4.3.1 describing the dilution plating (DP) assay. 
 

Peduncle spiked 
subsamples 

Non-spiked subsamples 
(NPCs) Total #samples Test assays 

50 10 60 SE-qPCR and DP 
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3. METHOD VALIDATION 

3.1. Analytical specificity  

Definition ISHI guidelines: The ability of an assay to detect the target(s) pathogens (inclusivity) while 
excluding non-targets (exclusivity). 

The analytical specificity requirements will be met when: 

1. Inclusivity. The requirement for inclusivity is set at 100% for both qPCR assays used to 
detect Cmm in the SE-qPCR assay (PTSSK and MVS21+, see Annex A). No heterogeneity 
may be observed in the genomic target sequences of PTSSK and MVS21+ primers and 
probes of all Cmm strains of which whole genome sequences are available (n ≥ 50). 
Included strains represent the known overall Cmm sequence diversity. 

2. Exclusivity. At least 95% of non-Cmm Clavibacter spp. Strains selected (n ≥ 30) give a 
negative PCR result for both PTSSK and MVS21+ qPCRs and/or can be expected to do so 
on the basis of their genome sequence when available. 

The specificity of a PCR depends on the annealing temperature applied during amplification, as 
well as the composition of the PCR mix. In the method being validated here, MVS21+ and PTSSK 
qPCR assays are to be combined and are thus used at identical cycling conditions (see protocol 
in Annex A). The maximum annealing temperature at which the PTSSK assay still performs well 
is at least 7 C higher than for the MVS21+ assay. To ensure specificity and overall performance 
of the PTSSK assay in tomato seed matrices, the PCRs have to be performed at a relatively high 
annealing temperature, close to the temperature above which the MVS21+ reaction efficiency 
becomes lower (Syngenta data, not shown).  

The MVS21+ qPCR assay is a slightly modified version of the original MVS21 assay, increasing the 
melting temperature of one of the primers and the probe by adding a single G-nucleotide (Annex 
A, Table A.3). These modifications result in a more robust qPCR assay at the relatively high 
annealing temperature (Syngenta data, not shown). Specificity testing data of PTSSK and the 
original MVS21 assay produced earlier by Naktuinbouw are summarized and discussed in this 
validation report, providing additional validation information (for reference, see Naktuinbouw, 
2016b). Pertinent raw data on PCR conditions as well as strain identification information may be 
hard to retrieve and/or be confidential. However, the geographic origin of Cmm has been found 
not to be linked to genetic diversity, while the latter is considered most relevant and addressed 
above in the specificity requirement for inclusivity. 

Experimental approach 

For assessing the inclusivity, PTSSK and MVS21+ qPCR primer and probe target sequences were 
aligned against Cmm genome sequences in Genbank (n=40) and previous sequencing projects 
(Genetwister, n=10; Bayer Vegetable Seed USA, n=536).  

For assessing the exclusivity, non-Cmm Clavibacter sp. genome sequences were blasted for 
MVS21+ and PTSSK(-like) sequences.   

Analytical specificity data from in vitro experiments for PTSSK and the original MVS21 assay 
available from previous work was considered sufficient (Naktuinbouw, 2016b) and was not 
expanded in current validation work. The MVS21+ reverse primer and probe each only differ from 
the original MVS21 sequences by a single G-nucleotide (Annex A, Table A.3). 
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Results 

Inclusivity 

Since the development and publication of the MVS21 and PTSSK qPCR assays (Sudarshana et al. 
2012, Berendsen et al., 2011), whole genome sequences of a range of Cmm and non-Cmm 
Clavibacter strains have been published (Zaluga et al., 2014, Thapa et al., 2017, Osdaghi et al., 
2020) and submitted to Genbank. To date (March 1, 2022), there are 47 Cmm whole genome 
(chromosome) sequences, of which two are a duplication of the same strain (LMG7333 = 
CFBP4999) (see Annex D for an overview of Genbank genome assembly and annotation reports). 
For the purpose of validation of both qPCR assays, large numbers of collection strains have been 
screened in in vitro experiments previously. Naktuinbouw, 2016b reports a collection screen of 
53 Cmm isolates, all of which were detected by both PTSSK and MVS21 qPCR assays (inclusivity 
100%). Depending on reagent mix composition and annealing temperature applied, mismatches 
that could compromise the sensitivity of the PCR could be missed in in vitro experiments. In silico 
verification of target sequences will unambiguously show the presence or absence of 
mismatches. This is important as annealing temperature has been raised from 60 C for colony 
identification to 67 C for the detection of Cmm in the SE-qPCR. 

Alignment of the 47 Genbank Cmm genomic sequences with the MVS21+ and PTSSK primer and 
probe sequences shows a 100 % match for all Cmm genomic sequences in Genbank as well as 
with another 11 Cmm strains of which genomic sequences had been determined in a genome 
sequencing project in the Netherlands (Genetwister project) (see also Annex D). Of these 11 Cmm 
strains sequenced, one (NCPPB382) is also present in Genbank. Taken together, with these 46 
unique Genbank genomic sequences and the 10 independent Cmm genome sequences, the 
inclusivity requirement is met. 

Note: Bayer Vegetables Seeds had an additional 536 Cmm genome sequences available for analysis 
of primer and probe sequences. These sequences originate from Cmm strains isolated over 25 years 
and at least 21 countries. For PTSSK, the alignment showed a perfect match for all sequences. For 
MVS21+, two sequences of strains from this Bayer Vegetables Seeds collection showed a single 
nucleotide polymorphism in one of the primers, a “C” to “A” transversion at position 14 in MVS21+F 
(Cmm_632) and a “C” to “T” transition at position 7 in MVS21+R (Cmm_190). Only in the latter case, 
this led to a higher Cq in amplification of the DNA of these strains in PCR (J. Demers, personal 
communication). This raises some doubts about the genuineness of the observed mutation in 
Cmm_632. Nevertheless, the PTSSK assay would still allow adequate detection of these two strains. 

Exclusivity 

In vitro experimental data is available for PTSSK and the original MVS21 qPCR assay. 
Naktuinbouw, 2016b reports a collection screen of 24 non-Cmm Clavibacter isolates, none of 
which were detected by either assay (exclusivity 100%). With the availability of a growing number 
of genomic sequences of plant-associated and other bacteria, BLAST searches in databases now 
provide a powerful tool to screen bacterial DNA detection markers for their exclusivity.  

BlastN was used with Cmm MVS21+ and PTSSK amplicon sequences as queries in the nr/nt 
database and the WGS Actinobacteria database (Clavibacter belongs to the phylum Actinobacteria). 
Next to the 47 Cmm genome sequences, Genbank currently contains 62 non-Cmm Clavibacter 
genome sequences. Due to duplications and even a triplicate sequence (as indicated in Annex D) 
the number of independent sequences is 53. 



11 

 

For both amplicons, a 100% match was obtained with sequences of Clavibacter strains Z001 and 
Z002. The meaning of this finding will be discussed below after first having covered the other 
findings. 

For MVS21+, a low e-value was only obtained for all three available C. michiganensis subsp. 
Sepedonicus (Cms) sequences as well as a Clavibacter strain from an animal fecal sample. All four 
sequences are identical to each other with the MVS21+ probe sequence being fully conserved. 
However, of the 21 nucleotides of each of both primers, ten do not match (see figure 2), which 
will exclude amplification in PCR. 

CP033724.1  1874111  CTAGTTGCTGAATCCACCCAGCGGAACGGTCTGCCACCCGATGTTGTTGTTCCGGCGATTTCCGAAACGAGAGTCAAGCGGTAC  1874194 

AM849034.1  418165   TC..CC.T.GA.G..G….C….................................G..G..AT.CGCG..T..G….A.G.  418082 

Figure 2. Alignment of the 84 nt MVS21+ amplicon (CP033724.1; Cmm UF1) with sequence 
AM849034.1 of C. michiganensis subs. Sepedonicus (Cms) type strain ATCC 33113.  

Primer and probe sequences are underlined. Dots indicate identities. The Cms sequence shown and 
identical sequences of Cms strains CFIA-CsR14 and CFIA-Cs3N, and a strain named Mgla_MAG_34-
bin_22 obtained from an animal fecal sample, are the only significantly similar sequences among non-
Cmm sequences in Genbank. (Note: the full genome sequence of Mgla_MAG_34-bin_22 also is (nearly) 
identical to Cms sequence AM849034.1). 

The PTSSK amplicon search in the nr/nt database and the WGS database yielded significant hits 
covering the full amplicon only for strains classified as Clavibacter. The presence of the 
corresponding sequence in non-Cmm Clavibacter strains was known at the time the PTSSK qPCR 
assay was designed (Berendsen et al., 2011). This concerned other known subspecies of C. 
michiganensis such as Cms as well as non-Cmm Clavibacter strains isolated from tomato seed. 
Heterogeneity in the sequence was deployed to design PTSSK primers and probe with maximum 
divergence. DNA from strains representing the known non-Cmm subspecies of Clavibacter and 
non-Cmm Clavibacter strains from tomato seed were also tested in PCR (Berendsen et al., 2011, 
Jacques et al., 2012, Zaluga et al., 2013). These lab results confirmed the lack of amplification of 
DNA from non-Cmm Clavibacter strains. 

Alignment of PTSSK primer and probe sequences with currently available non-Cmm Clavibacter 
sequences (Annex E) reveals at least two mismatches in either both primers or in one primer and 
its associated probe in most sequences. If this is not the case, as for the three sequences shown 
in Figure 3, there are three mismatches in one of the primers. Note that lack of amplification has 
been demonstrated for the minimally deviating Cms PTSSK sequence in the prescribed PCR 
conditions in the ISHI method for colony identification at an annealing temperature of 60 C (ISHI 
Method Cmm 4.3.1 (2017)), whereas in this SE-qPCR protocol 67 C is applied. For other strains 
represented in Figure 3, levels of destabilization of primer and/or probe hybridization similar to 
that for Cms are expected to exclude amplification as well. 
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CGTCGCCCGCCCGCTG  TGGTCGTCCTCGGCG  CACCAGCACCTTCGGCCCC   All Cmm  

…......T..C..C  …............  …................   C. m. PvP036 Panicum virgatum (switchgrass) 

…..........T..  …............  G….....G….....G   C. m. subsp. Californiensis CFBP 8216 

…......G…..C  .C…..G…....  …................   C. m. PvP098 Panicum virgatum (switchgrass) 

…............C  …............  G….....G….....G   C. m. AY1B2 Lolium sp. (ryegrass) 

…......G…..C  …............  G….....G…......   C. m. subsp. sepedonicus ATCC 33113 (CFBP 2049) 

Figure 3. Alignment of PTSSK primers and probe sequences with most similar PTSSK sequences from 
non-Cmm Clavibacter strains.  
See Annex E for a complete list. Dots indicate identities. Bold print indicates a strain isolated from 
tomato. 

In 2013, Zaluga et al. reported weak signals for several non-pathogenic Naktuinbouw Bacterie 
Collectie (NBC) strains in a gel-based PCR using the PTSSK primers. The faintness of the bands 
indicates primer sequence divergence. The higher annealing temperature as well as the inclusion 
of the MGB probe in the present protocol can be expected to eliminate the unspecific signal in 
the qPCR assay. 

Nine Cmm lookalikes from tomato seed were included in the Genetwister genome sequencing 
project, of which six can be considered as Clavibacter sp. Three have sequences that display a full 
amplicon sequence for PTSSK (shown in Annex E). All three have primer and probe sequences 
similar to at least one Genbank entry and have been shown to be negative in in vitro PTSSK PCRs. 

Clavibacter comparative genomics has revealed a monophyletic origin of Cmm, with at least 99% 
Average Nucleotide Identity (ANI) (Li et al., 2018, Méndez et al., 2020) between Cmm strains and 
at most 96% ANI when comparing Cmm strain sequences with those of non-Cmm Clavibacter 
strains. However, two (almost) identical Clavibacter sequences in Genbank (of probably clonal 
strains Z001 and Z002) show an ANI of just below 99% when compared to Cmm sequences 
(Méndez et al., 2020). The origin of these strains is not traceable in online databases, nor is there 
any information on pathogenicity for tomato. The absence of certain Cmm specific genes (Thapa 
et al., 2019, Méndez et al., 2020) in Z001/Z002 genomes could argue in favour of not considering 
them to be Cmm. However, virulence genes on plasmids and in the genomic pathogenicity island 
appear to be unstable in some strains of Cmm (Woudt, B., unpublished), which may explain the 
isolation of pathogenic and non-pathogenic Cmm with identical rep-PCR fingerprint patterns 
from infected plants (Louws et al., 1998). Note that this explains the choice of ISHI to select the 
current ‘core’ genomic markers. The conservation of MVS21+ and PTSSK marker regions in the 
slightly diverged strain(s) Z001/Z002 supports the inclusivity parameter. 

As to the requirement for the exclusivity parameter: with 53 (Genbank) and 6 (Genetwister project) 
adding up to 59 non-Cmm Clavibacter spp. analysed, the exclusivity requirement (n > 30) is met 
for both PCRs. The additional screening by BLASTing of hundreds of genomes of bacteria in nr/nt 
and WGS databases did not reveal the presence of homologous sequences in non-Clavibacter 
bacteria either. 

Conclusion 

Insight into the phylogenetics of strains belonging to the Clavibacter species is in line with the 
conservation of the MVS21+ and PTSSK amplicon sequences in all Cmm strain genome sequences 
available and the observation of more or less diverged sequences in some related Clavibacter 
(sub)species. Inclusivity is the most important requirement for SE-qPCR, as it is a pre-screen. Only 
for one or at the most two Cmm isolates out of almost 600 strains analysed, the MVS21+ qPCR 
assay will be inadequate, which is compensated for by the full conservation of the PTSSK target 
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region. As to exclusivity, non-pathogenic strains, which would be considered to be Cmm based 
on their overall genome identity are known to cross-react. As the presence of such strains on 
tomato seed could well be accompanied by the presence of pathogenic Cmm, their detection in 
SE-qPCR is desirable. In summary, combining information obtained from the in silico analyses and 
from previously performed in vitro experiments, it is concluded that the overall inclusivity and 
exclusivity of both PTSSK and MVS21+ combined is 100%. The requirements for both inclusivity 
and exclusivity are met. 

3.2. Analytical sensitivity 

Definition ISHI guidelines: Smallest amount of the target pathogen that can be detected i.e. the limit 
of detection (LOD). 

Since Cmm SE-qPCR is a pre-screen for the dilution plating (DP) assay, SE-qPCR analytical 
sensitivity is validated in reference to DP. The analytical sensitivity requirements will be met 
when the LOD of the Cmm SE-qPCR assay is shown to be lower than 10 times the LOD of the DP 
assay (described in §2-4 of ISHI method Cmm 4.3.1). The required sensitivity is derived from 
experimental work previously conducted using a draft version of the ISHI Cmm SE-qPCR protocol 
(Syngenta reports 2020b and 2020c, conducted using the original MVS21 qPCR assay). Provisional 
data showed that the SE-qPCR LOD in detecting live Cmm cells added as a spike is in proximity 
of- but does not exactly match the theoretical LOD of dilution plating of 10-20 CFU/mL 
concentrated seed extract (Syngenta report 2020b; Beugelsdijk et al., 2018). Draft results 
triggered investigating the composition of viable and non-viable cells on Cmm contaminated 
seeds, for it should be kept in mind that SE-qPCR and dilution plating are very different assays 
and a thorough understanding of the assays is needed to compare test results. The SE-qPCR gives 
information about the amount of template copy numbers, representing DNA of both viable and 
non-viable bacteria. Dilution plating only gives information about living bacterial cells. 
Experimental work showed there is an excess of copy numbers originating from non-viable Cmm 
cells present on seed (>10-fold; Syngenta report, 2020c). Detection of the total Cmm 
contamination contributes to the analytical sensitivity of SE-qPCR. It is concluded that analytical 
sensitivity of SE-qPCR is proven equal to DP when the SE-qPCR LOD in detecting liquid cultured 
(live) Cmm cells does not exceed the LOD of DP by 10-fold, and that hereby SE-qPCR is shown to 
be fit for purpose in serving as a pre-screen for DP. 

Experimental approach 

Analytical sensitivity of the ISHI SE-qPCR protocol was determined by spiking seed extract 
samples with a dilution series of liquid cultured Cmm. The data was generated by Syngenta (ISHI 
member lab). To make data useful for validating repeatability of the assay as well, the experiment 
was performed with minimal variations. Table 1 presents an overview of the experiment. 

Analytical sensitivity of the SE-qPCR assay was validated using a single dilution series. 
Independently prepared dilution series were made in previous experiments and contained 
comparable Cmm concentrations (data not shown). From a logarithmically growing culture of 
Cmm, a five-fold dilution series comprised of five different concentrations was prepared. It was 
targeted to add 0.4, 2, 10, 50 and 250 cells per mL of non-concentrated seed extract. Previous 
data showed that the target concentration range was established with good confidence (Syngenta 
report 2020b). Cmm CFU concentration of the series was determined by plating 100 µL of each 
dilution of the series in triplicate on non-selective agar medium. Additionally, to generate 
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“scoreable” plates for multiple dilutions of the series (20-200 CFUs/plate), each Cmm dilution 
was diluted further in phosphate buffer (PB) in the same ratio as test samples are spiked, and 
then plated (Annex A). Plates were incubated at 27 °C and counted after ten days. Plates 
containing 20-200 CFUs were used to determine the concentration of the dilution series. Results 
of replicate plates were averaged. 

Seed extract was prepared from four different tomato seed batches. Selected seed lots are 
hydrochloric acid treated and vary in variety and country of origin. One of the batches was an 
interspecific rootstock of tomato (Table 4)  

Table 4. Information on seed lots used in this experiment 

Seed background Health status Material (variety) Origin (crop year) 
1 Healthy Rootstock (LYCO AGADIR) Netherlands (2012 
2 Healthy Seed (DAFNIS) India (2017) 
3 Healthy Seed (COLBY) Kenya (2015) 
4 Healthy Seed (DAYLOS-R) Kenya (2017) 

Each concentration of the dilution series was spiked to four replicate samples of extract from 
each seed lot (after stomaching, before centrifugation, see Annex A). Four extract samples of each 
seed lot were not spiked with Cmm (negative processing controls; NPCs). 

In total, each dilution of the series was tested 16 times, with four replicates in four different seed 
backgrounds. Each sample was processed by SE-qPCR (according to Annex A) as well as by 
dilution plating as described in §2-4 of the ISHI method Cmm 4.3.1, enabling direct comparison 
of the SE-qPCR and dilution plating analytical sensitivities. PCR assays were performed using the 
2× PerfeCTa qPCR Toughmix (Quantabio) and CFX Opus 96 PCR machines (Bio-Rad). Data was 
analysed with CFX Maestro software (Bio-Rad; v2.3)). For all assays, fluorescent thresholds were 
set at a fixed 200 relative fluorescence units (RFU), and a Cq cut-off value of <40 was applied. 

Standard statistical methods were used to determine variation in SE-qPCR and dilution plating 
data. The LOD of both methods at a detection rate of 100% was determined. 

Results 

Cmm concentration of the dilution series 

The Cmm concentration of the dilution series is shown in Table 5. Calculations are based on the 
results of plating the series on non-selective media plates (Supplementary Table C1). Results 
confirm a five-fold concentration difference between dilutions. Plating results for ‘dilution’ 6 (0 
CFU; negative control) were negative. 
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Table 5. Cmm concentration of the dilution series.  
Concentrations correspond to the amount of Cmm spiked per mL of non-concentrated seed extract. 
See Supplementary Table C1 for raw plating results and calculations. 

Cmm dilution 
Cmm concentration (CFU/mL 

non-conc. seed extract) 
1 680 
2 136 
3 27.2 
4 5.4 
5 1.1 
6 0 

Dilution plating results test samples 

According to the dilution plating section of ISHI method Cmm 4.3.1, seed extract spiked with the 
Cmm dilution series was plated both non-concentrated and 10-fold concentrated. Raw plating 
results of the experiment are shown in Supplementary Table C2. Saprophyte count was very low 
for all samples. All samples spiked with Cmm dilution 6 (0 CFU; negative control) were plating 
negative. Relative results of samples spiked with the different Cmm dilutions show the expected 
five-fold difference in Cmm-colony numbers (Figure 4). Also, a 10-fold difference is observed 
between results of non-concentrated and the 10-fold concentrated samples, as expected. Plating 
results are comparable between samples spiked with the same Cmm concentration of the dilution 
series, both between replicate samples of the same seed batch as well as between samples of 
different batches. 
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Figure 4. Dilution plating results of test samples.  
Extract prepared from four different seed batches was spiked with a five-fold dilution series of liquid 
cultured Cmm (dilutions 1-5). Extract was plated non-concentrated and 10-fold concentrated on 
Cmm1T and FSCM media plates. Presented per medium type and per Cmm dilution is the average 
Log5 (number of colonies per plate) ±Standard deviation of four subsamples tested for each seed 
batch. 

All 16 samples (four batches; four subsamples) spiked with Cmm dilution 4 (5.4 CFU mL-1 non-
concentrated seed extract) generated dilution plating positive results (Table 6). Cmm dilution 5 
(1.1 CFU mL-1 non-concentrated seed extract) was detected by plating in 13 out of 16 samples 
(81.2%). The three subsamples in which Cmm dilution 5 was not detected belonged to different 
seed batches. The LOD of the Cmm dilution plating assay at a 100% confidence level is 5.4 CFU 
Cmm per mL non-concentrated seed extract. 
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Table 6. Dilution plating results of test samples spiked with dilutions 4 and 5 of the Cmm dilution 
series (respectively 5.4 and 1.1 CFU ml-1 non-concentrated seed extract).  
Extract prepared from four subsamples of four different seed batches were spiked with each Cmm 
dilution. The extract was plated non-concentrated, and 10-fold concentrated on Cmm1T and FSCM 
media plates. 

Sample 
(Seed batch_Cmm 

dilution,Rep.) 

Cmm1T FSCM 

Non-conc. 10x conc. Non-conc. 10x conc. 
1_4.1 2 5 0 4 
1_4.2 0 8 0 9 
1_4.3 0 11 1 9 
1_4.4 0 3 0 10 
2_4.1 0 8 1 6 
2_4.2 1 8 0 3 
2_4.3 0 13 0 6 
2_4.4 0 10 0 3 
3_4.1 0 7 0 6 
3_4.2 1 9 1 10 
3_4.3 0 5 0 5 
3_4.4 1 8 0 7 
4_4.1 0 6 1 5 
4_4.2 0 5 0 10 
4_4.3 0 8 0 8 
4_4.4 0 6 0 14 
1_5.1 0 2 0 0 
1_5.2 0 1 0 5 
1_5.3 1 1 0 1 
1_5.4 0 0 0 0 
2_5.1 0 2 0 0 
2_5.2 0 3 0 0 
2_5.3 0 2 0 0 
2_5.4 2 3 1 1 
3_5.1 0 0 0 0 
3_5.2 0 0 0 2 
3_5.3 0 1 0 3 
3_5.4 0 0 0 2 
4_5.1 0 0 0 2 
4_5.2 0 0 0 0 
4_5.3 0 4 0 1 
4_5.4 0 1 0 0 
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SE-qPCR results test samples 

Raw PCR results of the experiment are shown in Supplementary Table C3. Results for PCR control 
samples were as expected (PACs were positive; NTCs N/A). All samples spiked with Cmm dilution 
6 (0 CFU; negative control) were PCR negative. The Cmt internal control was detected in all 
samples with comparable results (average Cq 29.1 ±0.4). Figure 5 shows that relative results of 
samples spiked with the different Cmm dilutions agree with a five-fold difference in the amount 
of Cmm detected by PCR (five-fold concentration difference corresponds to a theoretical ΔCq 2.3). 
SE-qPCR results are comparable between samples spiked with the same Cmm dilution of the 
series, both between replicate samples of the same seed batch as well as between samples of 
different batches. 
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Figure 5. SE-qPCR results of test samples.  
Extract prepared from four different seed batches was spiked with a five-fold dilution series of liquid 
cultured Cmm (dilutions 1-5). Dilution 6 did not contain any Cmm (negative control). Each Cmm 
dilution was spiked to four subsamples of each seed batch. The extract was processed according to 
the ISHI Cmm SE-qPCR protocol (Annex A). Shown are average Cq results (four subsamples per seed 
batch) for the two qPCR assays detecting Cmm (PTSSK and MVS21+). 

All 16 samples (four batches; four subsamples) spiked with Cmm dilution 4 (5.4 CFU mL-1 non-
concentrated seed extract) generated positive SE-qPCR results (Supplementary Table C3). Cmm 
dilution 5 (1.1 CFU mL-1 non-concentrated seed extract) was detected by SE-qPCR by both qPCR 
assays in 8 out of 16 samples (50%). For 14 out of 16 samples (87.5%), at least one of the two 
qPCR assays generated a Cq <40 (Cq 34-37; Supplementary Table C3). In the ISHI assay, a positive 
result is required for at least one of the two qPCR assays detecting Cmm for a SE-qPCR positive 
result. The LOD of the Cmm SE-qPCR assay at a 100% confidence level is 5.4 CFU mL-1 non-
concentrated seed extract, which is comparable to that of the dilution plating assay. The SE-qPCR 
assay also detects 1.1 CFU mL-1 equally well as the plating assay, in fact detecting this Cmm-
concentration in one sample more than dilution plating (respectively 14 and 13 out of 16 
samples). 

Conclusion 

Analytical sensitivity of SE-qPCR is comparable to that of dilution plating. The LOD at a 100% 
confidence level is the same for both assays (5.4 CFU Cmm per mL non-concentrated seed 
extract). With the requirement for SE-qPCR analytical sensitivity at < 10 times the LOD of the 
dilution plating assay, the ISHI Cmm SE-qPCR assay is sensitive enough for its intended purpose 
to serve as a pre-screen for the dilution plating assay. 

Results from this experiment are used to set a minimal analytical sensitivity which testing 
laboratories that wish to implement the ISHI Cmm SE-qPCR assay in their facilities must achieve 
(see Annex A, §6.1). The minimal analytical sensitivity is set at 10 CFU Cmm mL-1 non-
concentrated seed extract that must be detected in 100% of tested samples, which meets the 
requirement set for analytical sensitivity of being < 10 times the LOD of the dilution plating assay. 
This requirement will be included in the final ISHI Cmm SE-qPCR protocol. 

3.3. Selectivity 

Definition ISHI guidelines: The effect of different seed matrices on the ability of the method to detect 
target pathogen(s). 

The selectivity requirements will be met when a concentration of Cmm liquid cultured cells that 
is maximally 10 times higher than the Cmm SE-qPCR LOD is detected in samples of different seed 
matrices. This amount of spiked Cmm agrees with the ISHI guidelines for method validation, 
according to recommendations for spiking described in ISHI best practices for PCR assays (ISF-
ISHI Guidelines, 2020; ISF-ISHI Best Practices, 2019). The LOD should not be significantly 
different between matrices. Qualitative test results should not be significantly different between 
seed matrices as well. Minor variability is tolerated when comparable variability is observed for 
detection of the PEC. Syngenta spikes Cmt strain ATCC® 33566 as a PEC, as is recommended in 
the ISHI Cmm SE-qPCR protocol (Annex A). SE-qPCR developmental work yielded a large 
collection of data for Cmt. Data indicate that Cmt detection is comparable in most seed matrices, 
but that detection can be lower in some matrices (data not shown). 
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Experimental approach 

Data of the experiment described in analytical sensitivity §3.2 is used to validate SE-qPCR 
selectivity. Table 1 shows an overview of the experiment and §3.2 the detailed experimental 
approach. In short, a dilution series of Cmm liquid cultured cells was spiked to extract of four 
replicate samples from four different seed lots. The variation in selected batches covers 
requirements for validating selectivity, with differences in variety (including rootstock), country 
of origin and production year (see Table 4). Quantitative qPCR results of samples containing 10 
– 100 times the concentration of the Cmm SE-qPCR LOD were considered to validate the 
selectivity criterion. Relative qPCR results for Cmm and the PEC must be comparable between 
samples of different seed matrices. 

Results 

The raw PCR results of the experiment are shown in Supplementary Table C3. Results for PCR 
control samples were as expected (PACs positive; NTCs non-applicable). The Cmt internal control 
was detected in all samples with comparable results (average Cq 29.1 ±0.4). Table 7 shows that 
quantitative SE-qPCR results are comparable between samples spiked with the same Cmm 
dilution of the series between samples of different batches (see also Figure 5 in analytical 
sensitivity §3.2). The Cmm SE-qPCR LOD is the same for the four seed matrices tested (100% 
detection of Cmm dilution 4; 5.4 CFU mL-1 of non-concentrated seed extract). Samples spiked 
with Cmm dilution 2, which contain 10–100 times the Cmm LOD concentration, show comparable 
relative quantitative qPCR results between Cmm and the Cmt internal control. The comparable 
recovery and detection of both Cmm and the Cmt internal control between seed batches confirm 
the absence of seed matrix effects in this experiment in detecting Cmm and Cmt by SE-qPCR. 
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Table 7. SE-qPCR results of test samples.  
Extract prepared from four different seed batches was spiked with a five-fold dilution series of liquid 
cultured Cmm (dilutions 1-5 represent 680, 136, 27.2, 5.4 and 1.1 CFU ml-1 of seed extract, 
respectively). Each Cmm dilution was spiked to four replicate samples of each seed batch. The extract 
was processed according to the ISHI Cmm SE-qPCR protocol (Annex A). Shown are average Cq results 
and standard deviation (four subsamples per seed batch) for the two qPCR assays detecting Cmm 
(PTSSK and MVS21+). Legend: Avg: average, st dev: standard deviation, TexRed: Texas Red. 

Sample 
(Seed batch_Cmm 

dilution) 

Avg. PTSSK 
(FAM) 

St dev 
Avg. MVS21+ 

(VIC) 
St dev 

Avg. Cmt 
(TexRed) 

St dev 

1_1 26.19 0.17 27.45 0.15 28.93 0.21 

1_2 28.70 0.19 30.08 0.26 29.11 0.21 

1_3 30.64 0.35 31.84 0.38 28.44 0.28 

1_4 33.05 0.41 34.53 0.58 28.52 0.17 

1_5 36.26 2.51 36.30 0.90 28.41 0.15 

2_1 26.28 0.22 27.63 0.28 29.21 0.20 

2_2 28.78 0.21 30.25 0.19 29.61 0.32 

2_3 30.95 0.20 32.06 0.33 29.27 0.34 

2_4 33.94 0.82 34.85 0.29 29.20 0.27 

2_5 36.09 2.72 37.30 1.88 29.18 0.21 

3_1 26.73 0.30 28.53 0.28 29.22 0.24 

3_2 28.96 0.29 30.77 0.24 29.46 0.24 

3_3 31.20 0.46 32.96 0.44 29.07 0.24 

3_4 34.43 0.73 35.34 1.10 29.56 0.24 

3_5 36.74 2.23 39.30 1.40 29.16 0.14 

4_1 26.30 0.24 28.15 0.23 29.19 0.26 

4_2 28.61 0.23 30.52 0.18 29.38 0.23 

4_3 30.69 0.30 32.50 0.14 29.17 0.08 

4_4 33.02 0.39 34.48 0.30 28.93 0.06 

4_5 36.04 2.67 37.83 2.06 28.99 0.10 

Conclusion 

Cmm is detected in all four matrices by SE-qPCR with comparable quantitative results. Samples 
spiked with Cmm dilution 2, which contain 10 – 100 times the Cmm LOD concentration, generate 
average Cq for PTSSK and MVS21+ of 28.76 (stdev 0.2) and 30.41 (stdev 0.3), respectively (Table 
7). In addition, the Cmt internal control is detected in the matrices with negligible differences (all 
sample average Cq 29.1 stdev 0.4). No significant differences in the Cmm and Cmt detection were 
observed between the rootstock batch (seed batch 1) and the other three seed batches. The LOD 
for Cmm detection is the same for the four seed matrices tested. The ISHI Cmm SE-qPCR assay 
can detect both Cmm and Cmt with good selectivity. 
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3.4. Repeatability 

Definition ISHI guidelines: Degree of similarity in results of replicates of the same seed lots when the 
method is performed with minimal variations in a single lab. 

The repeatability requirements will be met when results produced for replicate samples are 
comparable. Accordance of test results generated must be ≥90%. 

Experimental approach 

Data of the experiment described for the validation of analytical sensitivity in §3.2 was used to 
validate repeatability of the assay. See Table 1 for an overview of the experiment. The experiment 
involved spiking replicates of seed extract from four different healthy lots with liquid cultured 
Cmm. The objective is to validate assay elements that are specific for the SE-qPCR assay (see §2). 
The spiking approach is acceptable for the validation of SE-qPCR repeatability, since the 
procedure for extracting Cmm from seed is the same in the Cmm SE-qPCR and Cmm 4.3.1 
methods. By spiking liquid cultured Cmm, the experiment is in line with ISHI guidelines of having 
uniformly infected replicate samples representing a range of infection levels, including one in 
the proximity of the assay’s LOD (ISF-ISHI Guidelines, 2020). Data was generated by Syngenta, 
with minimal variations. Data of samples spiked with Cmm above the LOD were considered. The 
method described by Langton et al. (2002) was used to calculate the accordance of the method 
from qualitative data. Quantitative data for replicate samples should be within the same range. 

Results 

The raw PCR results of the experiment are shown in Supplementary Table C3. Results for PCR 
control samples were as expected (PACs positive; NTCs N/A). The Cmt internal control was 
detected in all samples with comparable results (average Cq 29.1 ±0.4). Table 7 shows that 
quantitative SE-qPCR results are comparable between samples spiked with the same Cmm 
dilution of the series between replicate seed samples (see also Figure 5 in analytical sensitivity 
§3.2). Standard deviations in results between replicate samples spiked with Cmm-concentrations 
above the LOD (dilutions 1-4) are small for both the PTSSK and MVS21+ qPCR assays, for all four 
seed matrices tested (Standard deviation ≤1.1). The variability in the detection of the Cmt internal 
control between replicate samples is even smaller (Standard deviation ≤0.34). The accordance in 
test results of samples spiked with Cmm dilutions 1-4 is 100%. 

Conclusion 

The SE-qPCR results for both Cmm and the Cmt internal control are comparable between 
replicate samples. The accordance of test results is 100%, showing good repeatability of the ISHI 
Cmm SE-qPCR assay.  

3.5. Reproducibility 

Definition ISHI guidelines: Degree of similarity in results when the method is performed across labs 
with replicates of the same subsamples. 

The reproducibility requirements will be met when testing the SE-qPCR with replicate samples 
in several independent labs shows consistency between results. Concordance of test results 
generated must be ≥90%, as described in ISTA guidelines (2019). In addition, the concordance 
odds ratio (COR) should be close to 1. 
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Experimental approach 

A comparative test (CT) was organized between seven ISHI labs to determine the reproducibility 
of the SE-qPCR assay, using seed material with different Cmm infection levels (healthy, low, 
medium and high). See Table 2 for an overview of the experiment and the CT report in Annex B. 
The method described by Langton et al. (2002) was used to calculate the accordance, 
concordance, and the COR of the method from qualitative data. Testing laboratories were 
responsible for determining the fluorescent thresholds for their own datasets and setting a Cq 
cut-off value for qPCR positive results. The test organizer confirmed with participants that 
fluorescent thresholds were fixed just above the fluorescence background, at the start of the 
exponential amplification phase of PCR amplification curves. As the test organizer, Syngenta 
performed a homogeneity and stability test of the seed material used in the CT (Annex B). 

Results 

Results show homogenous and stable Cmm contamination of test material. The Cmt internal 
control was consistently detected by all labs in each sample. All samples were correctly scored, 
except for two false negative results for two out of three subsamples for a seed background with 
a low Cmm infection by one lab. Nevertheless, accordance and concordance of CT data generated 
for material with a low Cmm infection level was >90%. For the other Cmm infection levels 
(healthy, medium and high), accordance and concordance were 100%. See the CT report in Annex 
B for detailed results. 

Conclusion 

Results show sufficient reproducibility of the ISHI Cmm SE-qPCR assay. 

3.6. Diagnostic performance 

Definition ISHI guidelines: An evaluation of the ability of the method to discriminate between 
positive and negative seed lots 

The diagnostic performance requirements will be met when, in reference to dilution plating, the 
diagnostic sensitivity of the SE-qPCR assay is 100%, demonstrating the reliability of the SE-qPCR 
as a pre-screen method for the dilution plating test. Compared to dilution plating, SE-qPCR 
diagnostic specificity must be ≥95%. 

Experimental approach 

In this validation trial, samples were created that either do, or do not contain a Cmm-infected 
seed. Samples were tested by both SE-qPCR and dilution plating (see Table 3 for an overview of 
the experiment). Individual Cmm infected peduncle seeds freshly produced in 2021 were spiked 
to 50 subsamples of 10,000 seeds from a healthy seed lot containing a low level of saprophytes. 
Ten subsamples were not spiked and processed as NPCs. The SE-qPCR and dilution plating assays 
were performed on the same extract. The seed extract was produced according to the SE-qPCR 
protocol, after which 25 mL extract was sampled and processed further according to protocol 
(Annex A). All PCR assays were performed using the 2× PerfeCTa qPCR Toughmix (Quantabio) and 
CFX Opus 96 PCR machines (Bio-Rad). Data were analysed with CFX Maestro software (Bio-Rad; 
v2.3). For all assays, fluorescent thresholds were set at a fixed 200 RFU, and a Cq cut-off value of 
35 was applied as explained in the result section. For dilution plating, according to §2-4 of ISHI 
Cmm method 4.3.1, non-concentrated, concentrated, and diluted seed extract was plated on two 



24 

 

different semi-selective media. The obtained SE-qPCR and dilution plating data were compared 
at the qualitative level. 

Diagnostic sensitivity and diagnostic specificity of SE-qPCR were calculated in reference to 
dilution plating, according to the following formulas: 

  Validated method result / independent assessment 

  Positive Negative 

Test outcome 
Positive True positive (TP) False positive (FP) 

Negative False negative (FN) True negative (TN) 

  
DIAGNOSTIC SENSITIVITY = 

(TP / (TP + FN)) x 100% 
DIAGNOSTIC SPECIFICITY = 

(TN / (FP + TN)) x 100% 

 

Results 

Raw plating results of the experiment are shown in Supplementary Table C4. All 10 NPC samples 
were dilution plating negative. All 50 samples spiked with a Cmm-contaminated seed were 
dilution plating positive. Average results of both media types show that the content of live Cmm 
in spiked samples ranges from 12.5-25,300 CFU mL-1 non-concentrated seed extract. 

Raw PCR results of the experiment are shown in Supplementary Table C5. Results for PCR control 
samples were as expected (PACs positive; NTCs N/A). The Cmt internal control was detected in 
all samples with comparable results (average Cq 28.7 ±0.4). Values of Cq <40 were generated in 
three out of 10 NPC samples (Samples 58, 59 and 60; Cq 36.5-38.5). For two of these samples, a 
Cq was generated for only one of the two qPCR assays. The PCR assays were repeated for all NPC 
samples (data not shown). Here, Cq were again generated <40, but in three different samples. 
Samples 59 and 60 did not generate any Cq in the repeated PCR. Probably some NPC samples 
were slightly cross contaminated by the highly contaminated spiked samples during sample 
processing. Cross contamination in NPC is low level, and results are not reproducible between 
PCR assays. A Cq cut-off of 35 was applied; therefore, NPCs are validated PCR negative. 

The Cmm SE-qPCR method consistently detected a single Cmm infected seed in all 50 samples 
of 10,000 healthy seeds, showing that diagnostic sensitivity of SE-qPCR relative to dilution 
plating is 100% (no false negatives). This corresponds to the requirement for a SE-qPCR assay to 
be a good pre-screening assay for dilution plating. The average PTSSK Cq is 22.8 ±2.0 (Cq range 
19.3-26.0), the average MVS21+ Cq is 23.7 ±2.0 (Cq range 20.5-26.7). In addition, all 10 NPC 
samples were negative in both assays, showing diagnostic specificity of the SE-qPCR assay to be 
100%. 

Conclusion 

All 50 samples spiked with a Cmm contaminated seed were both dilution plating- and SE-qPCR 
positive, while all 10 NPC samples were negative for both assays. The SE-qPCR analytical 
sensitivity is such that it detects a single Cmm contaminated seed spiked to a sample of 10,000 
healthy seeds. In reference to dilution plating, SE-qPCR diagnostic sensitivity and specificity are 
100%. The diagnostic performance of SE-qPCR is good, confirming it to be a suitable pre-
screening assay for dilution plating.   
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4. CONCLUSION 
The data presented in this validation report show that the SE-qPCR detection assay for Cmm in 
samples of tomato seed meets all requirements set for the validation criteria analytical specificity, 
analytical sensitivity, selectivity, repeatability, reproducibility, and diagnostic performance. It is 
concluded that the ISHI Cmm SE-qPCR assay is fit for its intended purpose to serve as an optional 
pre-screening assay for the ISHI Cmm dilution plating assay. 
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Task 5.5 Direct TaqMan PCR for Clavibacter michiganensis subsp. michiganensis (Cmm) on seeds of 
tomato (Solanum lycopersicum). 
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Abstract 
 
 
Clavibacter michiganensis subsp. michiganensis is a Gram-positive bacterium and the causal agent of 
bacterial wilt and canker of tomato. Clavibacter michiganensis subsp. michiganensis can be detected 
using a molecular detection method based on two complementary Taqmans. An additional Taqman 
PCR is used as a process control to monitor inhibition. This validation report contains the results for 
the validation study of this direct seed wash real-time PCR for Clavibacter michiganensis subsp. 
michiganensis. The performance characteristics that were determined are: analytical sensitivity, 
analytical specificity, repeatability, reproducibility, and selectivity. 
 
Analytical sensitivity was good with a detection limit of 72 cells/mL in the concentrated seed extract. 
Analytical specificity was good, since both Taqman sets detected all tested target isolates, and did 
not cross-react with any of the lookalike isolates. Repeatability and reproducibility were 100% and 
selectivity was good since Cmm could be detected in seed lots from different origins and treatments. 
 
Using the real-time PCR assay as described in in this report, Clavibacter michiganensis subsp. 


michiganensis can be reliably detected in seeds of tomato. Based on this validation study the assay is 


suitable for its intended use.  







Introduction 
 
 
Clavibacter michiganensis subsp. michiganensis (Cmm) is a Gram-positive bacterium and the causal 
agent of bacterial wilt and canker of tomato. Cmm was originally described by Smith in 1910 as the 
cause of bacterial canker. Its main host of economic importance is tomato, however, it can occur on 
other Solanaceous plants, such as pepper (Lai, 1976). Cmm occurs worldwide and has quarantine 
status in many countries including the EU, some countries have successfully eradicated the disease 
(Bradbury 1986; CABI/EPPO, 2009; EPPO, 2014). 
 
Cmm is seed transmitted, and can easily spread between plants through handling of plants and 
seedling harvest practices (Chang et al, 1991). Therefore, it is important to have a reliable detection 
method for Cmm on seeds to be able to start production with clean material (De León et al, 2011). 
Currently, dilution plating and IF are the most used method for detection of Cmm on seeds (EPPO 
PM7/42; ISF). However, drawbacks of these methods are the long time involved in dilution plating, 
interference of detection by saprophytes, and the suboptimal specificity of IF. Therefore, other 
serological and PCR-based methods are developed (De León et al, 2011). So far, PCR-based methods 
were lacking sensitivity (1000 CFU/mL), this new method has improved specificity and sensitivity due 
to new Taqman primer sets compared to published methods and inclusion of a bead-beating step for 
improved DNA extraction. This method is proposed as pre-screening method to fast and reliably 
screen for healthy seed lots. The presence of Cmm in PCR-positive seed lots is recommended to be 
confirmed by dilution plating since the direct seed wash PCR cannot distinguish between viable and 
non-viable cells. 
 
The method that is validated is a seed wash PCR based on two complementary Taqmans (developed 
by Rijk Zwaan and Monsanto Vegetable Seeds). The samples are spiked with Clavibacter 
michiganensis subsp. tessellarius as an internal extraction control (IEC) to monitor inhibition. The 
spike is measured using an additional Taqman (developed by Naktuinbouw). The applied scope is 
detection of Cmm in seeds of tomato using real-time PCR. The following performance characteristics 
will be determined: analytical sensitivity, analytical specificity, repeatability, reproducibility and 
selectivity. The experimental set-up is based on the EPPO guideline PM 7/98 (2) (EPPO, 2014). 
 
 
 
Analytical sensitivity 
 
 
Introduction 
Detection limit can be defined as ‘the lowest value, in a laboratory sample, of the target pathogen or 
pest, which can still be determined with a certain degree of reliability’ (Anonymous, 2010). For the 
detection of Cmm in seeds several types of assays are available, such as dilution plating and IF, either 
direct or combined with other techniques. Several of these assays can detect concentrations as low 
as 10 CFU/ml (De León et al 2011). For this assay under validation the requirement is that the 
sensitivity should be comparable to the sensitivity of the available techniques. Therefore, the 
requirement is set at <100 CFU/ml. 
 
 
Materials and methods 
To determine the lowest cell density giving a positive test result with a 95% chance of detection, 
three dilution series of spiked sample extracts were tested in triplicate. Non-linear models were 
fitted to the data, and the best fitting plot was chosen based on visual assessment and residual 
standard error. 







 
A Cmm-negative seed lot ZZB3 was used to produce negative seed wash. The seed wash was spiked 
with Cmm (see ‘spike’) after the concentration step because of limited availability of seeds. Three Cmm 
dilution series were made for each matrix. 100 µL of each dilution was added to 50 mL of negative seed 
wash. The 104 to 109 dilution were extracted and measured with the triplex Taqman PCR in triplicate 
according to protocol described in appendix 12, but with an additional 5 cycles added in the PCR (45 
cycles instead of 40). For each dilution the number of positive reactions were scored per primer set 
and analyzed with regression analysis (dose-response curve). Based on best curve fit a model was 
proposed and the theoretical dilution in which 95% of the PCR reactions should result in a positive 
result was calculated. 
 
To determine the number of colony forming units (CFU) per ml 100 µl of the 104 to 109 dilution in 
seed extract were also plated onto GF (non-selective medium) and Cmm1Tris and SCMF (semi-
selective media). The dilution series was also made in buffer and this was also plated on these three 
media. Colonies were counted after 8 days. 
 
Spike 
The Cmm bacteria were collected from a pure liquid culture (IPO542), grown overnight in a 
thermoshaker at 28°C, washed and diluted in PBS and set at OD620 of 1. From three subsamples of 
500 µL, DNA was isolated using the DNeasy Blood and Tissue kit with the protocol for Gram-positive 
bacteria. The DNA was measured using the Nanodrop in triplicate. Subsequently the number of 
cells/mL was calculated using the formula: number of copies = (amount * 6.022x1023) / (3,395,237 * 
1x109 * 660) in units: number = (ng * number/mole) / (bp * ng/g * g/mole of bp) (Staroscik, 2004). 
The sample with the least variation was chosen for spiking the samples.  
 
Results 
In total nine replicates per dilution were tested. The results can be found in tables 1 and 2. The 
number of positive reactions per dilution was calculated. Subsequently non-linear models were fitted 
to the data (figure 1). For Ptssk and MVS21 the best fitting model was a Weibull model with a 
residual standard error of respectively 0.001 and 0.002. The concentration of Cmm for which the 
probability of detection is 0.95 was 123 cells/mL for Ptssk and 72 cells/mL for MVS21 in the 17 times 
concentrated extract. 


Figure 1. Fitted models for the analytical sensitivity of two Clavibacter michiganensis subsp. michiganensis 


Taqman PCRs, Weibull model for A) Ptssk Taqman and B) MVS21 Taqman.  







Table 1. Three dilution series in triplicate for Ptssk Taqman. 


Ptssk Taqman cells/ml           


  22100 2210 221 22.1 2.21 0.221 


1A 27.10 30.78 33.54 >45 >45 >45 


1B 27.47 30.57 33.79 >45 >45 >45 


1C 27.47 30.56 33.05 35.71 >45 >45 


2A 27.18 30.55 34.37 >45 >45 >45 


2B 27.24 30.19 33.42 41.97 >45 >45 


2C 26.89 30.04 33.50 44.63 >45 >45 


3A 27.12 30.40 33.23 >45 >45 >45 


3B 28.17 30.68 35.13 >45 >45 >45 


3C 27.26 30.90 34.22 >45 >45 >45 


Pos. reactions 9 9 9 1 0 0 


 
Table 2. Three dilution series in triplicate for MVS21 Taqman. 


MVS21 Taqman cells/ml           


  22100 2210 221 22.1 2.21 0.221 


1A 27.44 31.34 34.57 >45 >45 >45 


1B 28.10 30.78 34.48 35.19 >45 >45 


1C 28.03 31.14 34.16 39.17 >45 >45 


2A 27.81 30.83 35.06 >45 >45 >45 


2B 27.65 31.33 35.49 35.89 >45 >45 


2C 27.58 31.07 34.71 36.44 >45 >45 


3A 27.66 31.08 35.83 >45 >45 >45 


3B 28.34 31.24 35.79 37.02 >45 >45 


3C 28.02 31.66 34.11 >45 >45 >45 


Pos. reactions 9 9 9 4 0 0 


 
 
The results for the dilution plating of the same seed extracts and of the spiked buffer are summarized 
in table 3. 
 
Table 3. Dilution plating results of A) seed extract and B) buffer on semi-selective media Cmm1Tris and SCMF 
(total replicates/number of positives). 


 A cells/ml seed extract     


Medium 22100 2210 221 22.1 2.21 


Cmm1Tris 3/3 3/3 3/3 0/3 0/3 


SCMF 3/3 0/3 0/3 0/3 0/3 


Total 6/6 3/6 3/6 0/6 0/6 


  


 B cells/ml buffer       


Medium 22100 2210 221 22.1 2.21 


Cmm1Tris 3/3 3/3 3/3 3/3 0/3 


SCMF 3/3 3/3 3/3 1/3 0/3 


GF 3/3 3/3 3/3 1/3 1/3 


Total 9/9 9/9 9/9 5/9 1/9 







 
Discussion 
The limit of detection at 0.95 probability was 123 cells/mL for Ptssk and 72 cells/mL for MVS21 in the 
concentrated extract. Theoretically, this corresponds to 8 cells/mL for Ptssk and 5 cells/mL for 
MVS21. However, the exact efficiency of the concentration steps in the protocol needs to be 
determined. Nevertheless, even without concentration steps the requirement for the analytical 
sensitivity of being able to detect concentrations below 100 CFU/ml is met. 
 
Also compared to the current standard test method, dilution plating, the direct PCR protocol 
performs well and detects at least the same dilutions. In naturally contaminated seed samples the 
difference is expected to be larger. Since tomato seeds are often HCl-treated, dead cells will be 
present as well. These dead cells will be detected by PCR, but not by dilution plating. 
 
 
 
Analytical specificity 
 
 
Introduction 
Analytical specificity can be defined as ‘the ability of a method to distinguish the target organism 
(pathogen) from other organisms, whether related or not, and the extent to which the analysis can 
distinguish (known) variants of the organism’ (Anonymous, 2010). The requirement for this assay is 
that the primer sets do not fail to detect any of the tested Cmm isolates, but a few false-positives are 
acceptable. Therefore the diagnostic sensitivity, the probability of a positive test result given that the 
sample is positive, should be 1. The diagnostic specificity, the probability of a negative test result 
given that the sample is not contaminated, for the two primer sets combined is required to be > 0.95. 
 
 
Materials and methods 
For this assay the specificity of the two primer sets, Ptssk and MVS21 (table 4), was tested on Qiagen 
DNeasy Blood and Tissue kit purified DNA of 77 isolates that had been previously used in a study on 
several primer sets (data not shown). These isolates included 53 Cmm isolates and 24 (related) non-
target bacteria. The amount of DNA in each sample was estimated using Nanodrop and expressed as 
ng/µL. All DNA samples were analysed with the triplex Taqman as described in protocol in appendix 
3. The analysis were performed in two experiments, in one with spike Cmtes and in the other without 
Cmtes (see appendix 10). 
 
The diagnostic sensitivity was calculated as: true positives/(true positives + false negatives) and the 
diagnostic specificity as: true negatives/(true negatives + false positives). 
 
 
  







Table 4. Primer and probe sets triplex Taqman PCR. Cmm: Clavibacter michiganensis supsp. michiganensis, 
Cmt: C. m. subsp. tessellarius. 


Target Developed by  Sequence  


Cmm – F Rijk Zwaan  CGT CGC CCG CCC GCT G  


Cmm – R Ptssk GGG GCC GAA GGT GCT GGT G  


Cmm – P  6FAM-TGG TCG TCC TCG GCG-NFQ-MGB 


Cmm – F Monsanto CTA GTT GCT GAA TCC ACC CAG 


Cmm – R MVS21 TAC CGC TTG ACT CTC GTT TC 


Cmm – P  6VIC-CTG CCA CCC GAT GTT GTT GTT CC-BHQ1  


Cmt – F Naktuinbouw, AAC CCC AGG TCG TCT TGT CGA A 


Cmt – R NAKT21 GCG CGT CTA CAC GGG CAT CA 


Cmt – P  6TR-TGT CGT CGA TCC AGG CCT CGC CC-BHQ2 


 
 
 
Results 
Both Cmm Taqman primer sets did not miss any of the Cmm isolates, which makes it a robust set of 
primers (tables 5 and 6). The Ptssk and MVS21 had no false-positives. The diagnostic sensitivity for 
both Taqman primer sets was 1. The diagnostic specificity was also 1 for both Ptssk and MVS21 1. All 
results of the specificity experiment can be found in appendix 10. 
 
The C. m. tessellarius primer set (IEC) was positive only for one the C. m. tessellarius isolate and did 
not cross-react with any of the Cmm isolates or other lookalikes.  
 
 
Table 5. Specificity of primer set Ptssk. 


 Real Cmm Lookalike 


Ptssk 
Taqman 
positive 


True 
Positive 
53 


False 
positive 
0 


Ptssk 
Taqman 
negative 


False 
negative 
0 


True 
negative 
24 


 
Table 6. Specificity primer set MVS21. 


 Real Cmm Lookalike 


MVS21 
Taqman 
positive 


True 
Positive 
53 


False 
positive 
0 


MVS21 
Taqman 
negative 


False 
negative 
0 


True 
negative 
24 


 
 
  







Discussion 
Both Cmm Taqman PCRs did not give false-negative results, all Cmm isolates tested were detected. 
None of the lookalike isolates reacted with the target primer sets with a Ct below 35. Together the 
primer sets meet the requirement of diagnostic sensitivity 1 and diagnostic specificity >0.95. 
 
The Cmt Taqman PCR was positive only for the Cmt isolate and did not react with any other isolate. 
Therefore, the chance of cross-reaction of the IEC in the assay is very small. 
 
 
 
Repeatability and reproducibility 
 
 
Introduction 
Repeatability and reproducibility can be defined as ‘the degree of correspondence between the 
results of successive measurements of the same sample performed under equal or varying 
conditions’, respectively (Anonymous, 2010). The measuring conditions cover time, equipment 
(measuring instrument) and operator. Therefore, for reproducibility the samples have been analysed 
by one person in one laboratory on the same day, while for reproducibility these same samples have 
been analysed at different time points by different operators and in another laboratory. 
Repeatability and reproducibility are required to be >95%. 
 
 
Materials and methods 
For the determination of repeatability and reproducibility three samples were composed using three 
naturally contaminated tomato seed lots (ZZB134, ZZB390 and ZZB471) and one negative seed lot 
(ZZB3) (table 7). Of each sample enough extract was prepared for 20 subsamples. The subsamples 
were stored at -20°C until use. For repeatability, eight subsamples of each sample were processed at 
the R&D laboratory of Naktuinbouw by one operator according to protocol described in appendix 12. 
For reproducibility, also eight subsamples of each sample were processed but now on different days 
by different operators in the routine laboratory of Naktuinbouw according to the same protocol. 
Each subsample was measured in duplicate as described in the protocol. Both repeatability and 
reproducibility were calculated as the percentage of subsamples with consistent results. 
 
 
Table 7. Experimental set-up for determination of repeatability and reproducibility. 


Sample Composition 


1 10000 seeds of positive seed lot ZZB134 
2 10000 seeds of positive seed lot ZZB471 
3 1000 seeds of positive seed lot ZZB390 and 


9000 seeds of negative seed lot ZZB3 


 
 
Results 
Repeatability was determined using eight replicates of three independent samples. The target Cmm  
was detected in all samples (figure 2). The Ct-values of the subsamples were very similar, with small 
standard deviations for all three samples and all three Taqmans (figure 2 and appendix 11). The 
repeatability was 100%. 
 







For reproducibility eight replicates of the same samples were tested by other operators several 
months later (see figure 2 and appendix 11). The Ct-values for Ptssk and MVS21 differed up to 2 Ct 
lower, but the overall results was the same. The reproducibility was 100%. 
 


 
Figure 2. Repeatability and reproducibility data. Average Ct-value per sample plus standard deviation. Each 
sample was tested in eight subsamples. All subsamples were tested in duplicate by PCR. FAM: Ptssk Taqman, 
VIC: MVS21 Taqman, TR: spike Cmt Taqman. 


 
 
Discussion 
The Cmm direct Taqman PCR is a qualitative test. The repeatability and reproducibility are therefore 
based on the end result of the assay, Cmm detected or not detected. The repeatability and 
reproducibility were both 100% and therefore the requirement for the assay was met. 
 
The results of repeatability and reproducibility did differ quantitatively, the results of the 
reproducibility, that were tested several months after the repeatability samples, had slightly lower 
Ct-values. Possibly the long storage time affected the performance of the assay. Since it positively 
affected the performance and the other validation experiments were performed on samples that 
were not stored for a long time, this is not considered a problem for the assay. The spike differed 
more than 2 Ct between the repeatability and reproducibility samples. While the subsamples for the 
repeatability and reproducibility samples were all from the same seed extract. The spike was added 
just before the extraction. Therefore the spike values were expected the differ more than the target 
values. 
 
 
 
Selectivity 
 
 
Introduction 
‘The ability of a method to distinguish the target organism (Xcc) from other components in the 
sample’. 
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Materials and methods 
Tomato seeds are the matrix from which the target has to be extracted. During the development and 
validation experiments a variety of different seed lots has been used from different production 
locations and different production times. 
 
Results 
No inhibition has been observed in any of the used seed lots (see tables 1and 2 and figure 2). 
 
Discussion 
The assay is fit for detection of Cmm on different tomato seed lots. During development also some 
pilot experiments with coated and primed seeds were performed and Cmm could also be detected in 
these seed lots (results not shown). Conclusions are difficult since no suitable reference method is 
available for such seed lots. More lots need to be tested but the results are promising. 
 
 
 
General conclusion 
 
 
This validation report contains the results for the validation study of this direct seed wash real-time 
PCR for Clavibacter michiganensis subsp. michiganensis. The performance characteristics that were 
determined are: analytical sensitivity, analytical specificity, repeatability, reproducibility, and 
selectivity. 
 
Analytical sensitivity was good with a detection limit of 72 cells/mL in the concentrated seed extract. 
In comparison with dilution plating not only viable, but also dead cells of Cmm are detected. 
Preliminary results revealed that in practice Cmm was easily detected in naturally Cmm 
contaminated seed lots that became dilution plating negative due to ageing, priming or disinfection 
of the seeds (Koenraadt et al., pers. comm.). Analytical specificity was good, since both primer sets 
detected all tested target isolates, and did not cross-react with any of the lookalike isolates. 
Repeatability and reproducibility were 100% and selectivity was good since Cmm could be detected 
in seed lots from different origins and treatments. 
 
Using the real-time PCR assay as described in in this report, Clavibacter michiganensis subsp. 
michiganensis can be reliably detected in seeds of tomato. Based on this validation study the assay is 
suitable for its intended use. 
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Appendix 10 Analytical specificity 
 
Table 1. Specificity of primer sets for the target Clavibacter michiganensis subsp michiganensis (Cmm) on 77 
isolates. Triplex Taqman: FAM = Cmm primer set Ptssk, VIC = Cmm primer set MVS21, Texas Red = C. m. subsp. 
tessellarius (Cmt) (IEC) primer set NAKT21. A) Samples without Cmt spike, B) Samples spiked with Cmt 


 
A 


Number 
Taxonomic 


Classification 
Cmm Cmm Cmt 


[DNA] ng/µl  
Taqman 67 ˚C. 


  
Cmm/lookalike 


(LAL) 
PTSSK MVS21 NAKT21 


  


1 LAL >45 >45 >45 2.87 


2 Cmm 18.09 19.05 >45 2.40 


3 Cmm 18.44 18.91 >45 2.54 


4 Cmm 16.95 17.76 >45 9.26 


5 Cmm 18.32 19.26 >45 3.62 


6 Cmm 19.09 19.70 >45 1.72 


8 Cmm 18.17 18.95 >45 3.00 


9 Cmm 17.50 18.20 >45 6.18 


10 Cmm 15.21 15.97 >45 25.65 


13 LAL 36.22 >45 >45 1.33 


14 LAL 36.88 35.01 >45 2.04 


15 Cmm 17.50 18.53 >45 4.60 


16 Cmm 18.98 19.53 >45 2.88 


18 LAL >45 >45 >45 1.28 


19 LAL >45 >45 >45 1.82 


20 LAL 37.58 35.17 >45 0.91 


21 LAL >45 >45 >45 1.07 


23 LAL >45 >45 >45 0.69 


24 LAL >45 >45 >45 0.70 


26 LAL >45 >45 >45 2.13 


27 LAL >45 >45 >45 1.87 


28 LAL >45 36.15 >45 3.11 


29 LAL >45 >45 >45 2.47 


30 LAL (Cmt) >45 >45 21.68 1.12 


32 Cmm 16.52 17.34 >45 5.73 


34 Cmm 16.54 17.41 >45 12.51 


35 Cmm 17.40 18.74 >45 9.43 


36 Cmm 16.27 17.25 >45 25.18 


37 Cmm 19.28 20.17 >45 2.35 


38 Cmm 18.94 19.51 >45 3.96 


39 Cmm 19.33 20.30 >45 1.94 


40 Cmm 18.20 19.05 >45 3.83 


41 Cmm 18.25 19.03 >45 4.50 


42 Cmm 18.37 19.66 >45 2.61 


43 Cmm 18.78 19.54 >45 2.18 







45 Cmm 19.18 20.05 >45 3.46 


46 LAL 36.44 >45 35.97 2.87 


48 Cmm 16.11 16.90 >45 5.00 


49 Cmm 15.28 16.38 >45 6.16 


50 Cmm 15.40 16.52 >45 13.04 


51 Cmm 17.17 17.98 >45 4.48 


52 Cmm 16.25 17.42 >45 1.51 


53 Cmm 18.31 19.48 >45 1.75 


54 Cmm 16.41 17.39 >45 5.49 


55 Cmm 17.03 17.73 >45 7.22 


56 Cmm 17.13 18.13 >45 4.68 


57 Cmm 18.00 18.40 >45 4.81 


58 Cmm 16.10 16.97 >45 8.54 


59 Cmm 19.36 20.77 >45 0.99 


60 Cmm 18.00 18.15 >45 3.92 


61 Cmm 17.32 18.18 >45 4.36 


62 Cmm 17.16 18.28 >45 2.37 


63 Cmm 17.38 18.44 >45 2.49 


64 Cmm 15.09 15.92 >45 11.37 


65 Cmm 16.97 17.79 >45 3.42 


66 Cmm 17.06 17.83 >45 5.23 


67 Cmm 15.12 16.13 >45 7.78 


69 Cmm 17.05 17.84 >45 1.87 


71 Cmm 16.24 17.27 >45 4.31 


72 Cmm 16.07 16.23 >45 2.16 


73 Cmm 15.03 15.78 >45 12.69 


74 Cmm 16.37 17.19 >45 4.50 


75 Cmm 18.17 18.46 >45 2.17 


77 Cmm 15.19 15.72 >45 10.11 


78 Cmm 18.01 19.02 >45 2.44 


79 Cmm 17.16 18.24 >45 1.41 


81 Cmm 16.31 17.03 >45 2.17 


92 NC Mix >45 >45 >45   
 


B 


7 LAL >40 >40 30.65 


11 LAL >40 >40 30.42 


12 LAL >40 >40 31.28 


17 Cmm 19.19 19.11 31.14 


22 LAL >40 >40 30.88 


25 LAL >40 >40 31.26 


31 LAL >40 >40 31.07 


33 LAL >40 >40 30.88 


44 LAL >40 >40 30.88 


47 LAL >40 >40 31.93 







Appendix 11 Repeatability and reproducibility 


 


Table 2. Repeatability data. Ct-values for the different Taqmans. All subsamples were tested in eight 
subsamples and each subsample was tested by PCR induplicate (A and B). 


  Sample1 Sample 2 Sample 3 


  A B A B A B 


Ptssk 29.32 29.07 23.34 23.55 25.92 26.06 


  28.82 28.63 23.54 23.45 26.27 26.16 


  28.66 28.93 23.34 23.59 26.14 26.36 


  28.43 28.78 23.49 23.91 25.88 26.04 


  29.02 29.19 23.38 23.55 26.08 26.22 


  28.44 28.63 23.42 23.60 26.29 26.61 


  28.37 28.66 23.59 23.97 26.00 26.07 


  28.74 29.04 23.62 23.76 26.22 26.32 


MVS21 30.12 29.17 23.80 23.02 26.25 26.04 


  29.21 28.71 23.60 23.40 27.03 26.36 


  29.01 29.06 23.52 23.43 26.41 26.50 


  28.55 29.00 23.47 23.53 26.19 26.15 


  29.26 29.15 23.36 23.33 26.31 26.29 


  28.96 29.10 23.37 23.51 26.77 26.70 


  28.96 28.66 23.61 23.52 26.13 26.07 


  28.47 28.81 23.45 23.41 26.46 26.43 


NAKT21 32.14 32.09 32.10 31.85 30.81 30.40 


  31.71 31.99 31.57 31.59 31.75 31.89 


  31.64 32.01 31.55 31.87 32.00 31.79 


  31.29 31.45 33.50 33.19 30.86 30.35 


  31.58 32.03 33.06 31.67 31.89 31.40 


  31.69 32.15 32.55 32.23 31.76 32.16 


  31.52 31.60 33.35 33.04 31.55 31.16 


  31.84 31.75 33.07 30.99 32.16 31.52 


 


  







Table 3. Reproducibility data. Ct-values for the different Taqmans. All subsamples were tested in eight 
subsamples and each subsample was tested by PCR induplicate (A and B). 


  Sample1 Sample 2 Sample 3 


  A B A B A B 


Ptssk 27.19 28.04 21.03 21.81 24.65 24.64 


  26.93 27.71 21.00 22.00 24.15 24.44 


  26.68 27.71 21.13 22.03 23.91 24.46 


  27.18 28.03 21.16 22.17 23.90 24.95 


  27.09 28.03 21.24 22.20 24.09 25.18 


  27.92 29.07 21.34 22.01 24.14 25.23 


  27.11 28.06 21.42 22.08 23.66 25.04 


  27.24 27.72 22.01 21.77 24.31 24.92 


MVS21 28.25 28.07 21.46 21.80 25.84 24.80 


  27.65 28.20 21.31 21.97 24.67 24.58 


  27.41 27.93 21.54 22.01 24.25 24.59 


  27.95 27.88 21.35 21.97 24.29 25.10 


  28.13 27.96 21.70 22.11 24.60 25.31 


  28.54 29.06 21.66 21.85 24.53 25.26 


  27.57 28.08 22.03 22.09 24.29 25.18 


  28.50 28.08 22.28 21.97 25.07 25.20 


NAKT21 28.82 28.50 27.58 26.82 28.59 27.83 


  28.29 27.57 27.18 27.34 27.89 27.41 


  27.70 28.02 27.49 27.45 27.48 27.54 


  28.63 28.20 27.35 27.82 27.60 27.79 


  28.01 28.07 27.19 27.10 28.08 28.31 


  29.06 29.33 27.30 27.24 28.06 28.60 


  28.06 28.11 27.92 28.02 27.67 28.17 


  28.68 28.08 27.76 26.96 28.48 28.21 


  







Appendix 12 Protocol Naktuinbouw. Direct Taqman PCR for detection of Clavibacter 
michiganensis subsp. michiganensis (Cmm) in seeds of tomato (Solanum lycopersicum L.) 
 


This report is confidential. No part of this report may be reproduced and / or published by means of print, 
photocopy, microfilm or any other means without prior written consent of Naktuinbouw. 


 
 
 
1. Abbreviations 


 
Cmm    Clavibacter michiganensis subsp. michiganensis  
Cmtes   Clavibacter michiganensis subsp. tessellarius 
Ct   Cyclic threshold 
TSW   Thousand seed weight 
IEC   Internal extraction control 
KF   KingFisher™ 
NC   Negative control 
NTC   No template control in TaqMan PCR 
PC   Positive control 
sPB (0.07 M)  Sterile 0.07 M phosphate buffer 
sPBt (0.07 M)  Sterile 0.07 M phosphate buffer with 0.02% Tween 20 
TaqMan PCR  TaqMan Polymerase Chain Reaction 


 
 
2. Method 
 
2.1 Concentration of seed extract  


1. Determine the TSW of the seeds and weigh 3 subsamples of 10,000 seeds into a 
stomacher bag.  


2. Add 150 ml PBSt per subsample.  
3. Soak for 16 to 28 hours at 4˚C.  
4. Crush the subsamples 4 minutes using a Interscience BagMixer 400 at level 4.  
5. Leave the samples for 4 minutes to let foam settle. 
6. Pour 50 ml extract in a 50 ml tube.  
7. Spike 50 ml extract with 300 μl Cmt spike solution (see 2.2 spiking) 
8. Spin the extract for 1 minute at 1.000 g at 4˚C. 
9. Pour supernatant in a new tube and spin 20 minutes at 9,000 g at 4ºC. 
10.  Gently remove the supernatant. 
11.  Resuspend the pellet in 3,5 ml sPB buffer. 
12.  Take 1 ml seed extract in a 2 ml-tube  
13.  Spin the samples 10 minutes at 10.000 g.  
14.  Gently remove the supernatant. 
15.  Dissolve the pellet in 230 µl sPB. 


 
 
2.2 Spiking  


1. Dissolve 100 µl of NBC2189 -80 °C stock suspension in 10 ml sPB buffer. 
2. Add 500 µl of this diluted stock to a new tube with 10 ml sPB buffer. 
3. Add 1 ml of this solution in a new tube with 5 ml sPB buffer, this spike dilution is used in 


step 2.1.7. 
 
2.3 Beadbeating  







1. Add 360 µl Zirconia/Silica beads to the dissolved samples. 
2. Take along a negative control (230 ul sPB + beads)  
3. Beat the samples for 3 minutes in the Qiagen Tissuelyser at 30 Hz.  
4. Spin the samples for 1 minute at 5.000 g. 


 
2.4 DNA isolation 
 


1. Prepare fresh lysis mix (see table 1). 
2. Add 230 μl lysis mix per beated sample. 
3. Take along a NC lysis buffer.  
4. Incubate the samples 1 hour at 55ºC in a thermoshaker (850 r.p.m) and put on ice. 
5. Spin the samples for 1 minute at 5.000 RCF.  
6. Fill the King Fisher plates according to table 2. 
7. Place the plates in the King Fisher apparatus and start KF program as described in annex. 
8. Continue with TaqMan or store DNA at -20 °C. 


 
Table 1. Composition lysis mix. 


Reagents Per sample 


Lysis buffer PVP 200 µl 
Protease K (20 mg/ml) 22 µl 


5M DTT 8 µl 


 
Table 2. KingFisher plates. 


Plate Type Reagents Volume (µl) per sample 


Sample Deep well 


Binding buffer PN 500 


Magnetic Beads 20 


Lysaat 230 


Wash 1 Deep well Wash buffer PN 1 600 


Wash 2 Deep well Wash buffer PN 1 600 


Wash 3 Deep well Wash buffer PN 2 600 


Wash 4 Deep well Elga water 600 


Elution Elution Elution buffer  100 
 


 
2.4 Taqman PCR 
 


1. Create a 10x dilution (10 μl DNA +90 μl PCR water). 
2. Prepare TaqMan PCR mix according to Table 1.  
3. Transfer 20 μl of the mixture into a 96-well PCR plate.  
4. Pipette 5 μl DNA from undiluted and 10x diluted sub-samples in the corresponding wells. 
5. Take PC DNA and NTC along.  
6. Cover the plate after addition of the DNA.  
7. Execute the TaqMan PCR in accordance with Table 2.  


 
 
Table 1: TaqMan qPCR mix  


PCR mix for multiplex qPCR 1x in µl 


PCR water 6,5 







5x PerfeCTa Multiplex qPCR ToughMix 5 


Cmm PTSSK_F (286 a) 1 


Cmm PTSSK_R (286 b) 1 


Cmm Mvs21_F  (379 a) 1 


Cmm Mvs21_R (379 b) 1 


Cmtes NAKT21_F (378 a) 1 


Cmtes NAKT21_R (378 b) 1 


Cmm PTSSK_P FAM (286 c) 1 


Cmm Mvs21_P VIC (379 c) 1 


Cmtes NAKT21_P TR (378 c) 0,5 


Sub total 20 


Sample 5 


Total 25 


 
Table 2. PCR conditions 


 temperature time ramping speed 


hold 95°C 2' 00"  


40 cycli 95°C 0' 15" 5˚C/sec. 


 67°C 0' 48" 5˚C/sec. 


 


 
3. Assessment and interpretation  


 


             3.1. Validation of the test result 


 


Assay result is reliable only if:  


 The Cmt spike gives a clear positive response in the undiluted sample (approx. 25-30 Ct 


undiluted) and  


 the positive control (PC seed DNA and PC) give a clear signal and  


 no positive signal in the NC seed and NTC is observed (no contamination occurred).  
 
 
3.2 Decision matrix (subsample level) 
 
 
Table 3. Decision matrix 


PTSSK_FAM Mvs21_VIC CMT_TR Result Cmm 


<35 <35 n.a. Cmm detected 


>35 <35 n.a. Cmm detected 







<35 >35 n.a. Cmm detected 


>35 >35 <35 Cmm not detected 


>35 >35 >35 No valid test result based on 0x, check 10x dilution* 


*Taqman inhibition high, no valid test result.  


 
 
4. Annexes 
 
 


Composition sPB 
Fill up to 1 liter with distilled 


water 


Na2HPO4 x 12H2O   19.57 g  


KH2PO4 1.65 g 


Na2S2O3   0.5 g  


Check pH 7.4  


autoclave 15 minutes 121 °C  


  


For sPBt: 


Add sterile tween 20 (10% solution) 
2 ml 


 
KingFisher program. 


Name plate Steps within 1 plate 


Tipholder 
1. Pick-up plate (96 DW tip comb) 
2. Leave tip comb in plate 2 “Wash 1” 


Plate 1 “Cell lysate” 
1. Mix fast, 10 min. 
2. Collect beads, 3 x 10 sec. 


Plate 2 “Wash 1” 
1. Release beads, Bottom mix, 20 sec. 
2. Mix fast, 10 min. 
3. Collect beads, 3 x 10 sec. 


Plate 3 “Wash 2” 
1. Release beads, Bottom mix, 20 sec. 
2. Mix fast, 10 min. 
3. Collect beads, 3 x 10 sec. 


Plate 4 “Wash 3” 
1. Release beads, Bottom mix, 20 sec. 
2. Mix fast, 10 min. 
3. Collect beads, 3 x 10 sec. 


Plate 5 “Wash 4” 
1. Release beads, Bottom mix, 20 sec. 
2. Mix fast, 10 min. 
3. Collect beads, 3 x 10 sec. 


Plate 6 “Elution” 
1. Release beads, Bottom mix, 1 min. 
2. Preheat and mix fast at 65ºC, 10 min.  
3. Collect beads, 5 x 10 sec. 


 
Primer and probe sequences for Cmm (Ptssk and MVS21) and Cmt (NAKT21) 







Primer No. 
Naktuinbouw 
primer collection 


Sequence 


RZ-ptssk-F 286a CGT CGC CCG CCC GCT G  


RZ-ptssk-R  286b GGG GCC GAA GGT GCT GGT G  


RZ-ptssk-P  286c 6FAM-TGG TCG TCC TCG GCG-NFQ-MGB 


Mvs21-F 379a CTA GTT GCT GAA TCC ACC CAG 


Mvs21-R 379b TAC CGC TTG ACT CTC GTT TC 


Mvs21-P 379c 6VIC-CTG CCA CCC GAT GTT GTT GTT CC-BHQ1  


NAKT21-F 378a AAC CCC AGG TCG TCT TGT CGA A 


NAKT21-R 378b GCG CGT CTA CAC GGG CAT CA 


NAKT21-P 388c 6TR-TGT CGT CGA TCC AGG CCT CGC CC-BHQ2 
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Effect of sodium hypochlorite (NaOCl) treatment of Cmm positive Tomato seeds on Cmm SE-PCR results 
 
Syngenta experiment: 1606-23 


Objective(s) Result(s) 
1. Compare Cmm detection on 6 Cmm positive 


seed batches between treatment stages 
(HCl treated vs. HCl+ NaOCl treated). 


2. Determine Cmt spike recovery in all samples 
 
 


 


1. Average PTSSK Ct’s of RAW level and NaOCl 
treated batches are resp. 29.4 and 39.4 for 
batch 10374103, 24.3 and 32.2 for batch 
2931137, 35.4 and 40 (N/A) for batch 
1833753, 23.8 and 37.0 for batch 10428760, 
31.4 and 40 (N/A) for batch 10428654, and 
22.5 and 31.1 for batch 2952093. MVS21 RAW 
vs. NaOCl Ct’s are comparable to PTSSK Ct’s. 
PTSSK and MVS21 variability amongst 
subsamples is low for all batches and 
treatments tested, except NaOCl treated 
batches 2931137, 10428760 and 2952093. 


2. For all batches, average Cmt Ct’s range 27-30. 


 







Conclusion(s) 
1. For RAW level Cmm contaminated seeds resulting in SE-PCR (PTSSK and MVS21) taqman Ct’s 


≥29, NaOCl treatment seems to remove most or all detectable Cmm. NaOCl treated seeds result 
in Cmm taqman Ct’s ~8-10 higher compared to RAW level seeds.  


2. Together with data showing low diagnostic performance of SE-PCR for samples with a Cmm 
contamination level that approximates the LOD of the DP test, this data shows that the NaOCl 
treatment level, in contrast to HCl treatment, is not compatible with SE-PCR. The small variability 
in results between subsamples and replicate samples indicate good repeatability of SE-PCR 
results at HCl treatment level.  


 


Experimental Variables  
1. 6 Cmm positive Tomato seed; HCl level versus NaOCl treated 
2. 4 seed subsamples per batch 


 


Control samples 
1. Cmt ZUM 4289 PAC (batch 1)  
2. Cmm Zum 2041 PAC (batch 5) 
3. NTCs 


 
 
Materials 


Seeds Cmm negative Tomato batch 10375599 (), batches 10374103, 2931137, 
1833753, 10428760, 10428654, 2952093, 12171413, 12555674 and 
878558 


Spike reference Cmt ZUM 4289 
DNA isolation Tissue kit, multiwell format 
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  
Probes (10 µM) ZUP 2575, 3200, 3199  
PACs CMM ZUM 2041 (Batch 5) / Cmt ZUM 4289 (batch 1) 


 







Method 
500 g of 6 hydrochloric acid treated batches is polished and NaOCl treated by the cleaning and seed enhancement department. Of each batch and 
treatment level, 4 subsamples of 5KS were processed according to ISHI Veg Cmm SE-PCR protocol (see annex 1 of validation plan v1.0 december 
2019), except that seed samples were 5 KS instead of 10KS. Concentrated seed extract from each sample was split in 2 replicate samples from 
which DNA was isolated and analyzed by PCR. 


Results  
Tables 1 shows taqman results for all 6 HCl and HCl+NaOCl treated seed batches. Average PTSSK Ct’s of HCl level and NaOCl treated batches are 
resp. 29.4 and 39.4 for batch 10374103, 24.3 and 32.2 for batch 2931137, 35.4 and 40 (N/A) for batch 1833753, 23.8 and 37.0 for batch 10428760, 
31.4 and 40 (N/A) for batch 10428654, and 22.5 and 31.1 for batch 2952093. MVS21 HCl vs. NaOCl Ct’s are comparable to PTSSK Ct’s. For all 
batches, average Cmt Ct’s range 27.1-29.7. PTSSK and MVS21 variability between subsamples is low for HCl treated seed of all batches. NaOCl 
treated vary a bit more compared to HCl treated batches.  


Seed background Level treatment PTSSK  MVS21  CMT  
10374103 HCl 29,62 29,09 28,91 
10374103 HCl 29,59 28,96 28,98 
10374103 HCl 29,72 29,11 28,49 
10374103 HCl 29,55 28,9 28,5 
10374103 HCl 28,47 28,01 28,1 
10374103 HCl 29,7 29,1 28,72 
10374103 HCl 28,84 28,19 27,75 
10374103 HCl 29,68 28,92 28,07 
10374103 NaOCl 38,6 40 29,27 
10374103 NaOCl 40 40 28,71 
10374103 NaOCl 39,91 40 29,12 
10374103 NaOCl 40 39,25 28,9 
10374103 NaOCl 40 40 29,08 
10374103 NaOCl 40 40 29,17 
10374103 NaOCl 38,58 39,9 30,12 
10374103 NaOCl 38,05 38,64 29,28 
2931137 HCl 24,81 24,4 28,08 
2931137 HCl 24,52 24,08 27,77 







2931137 HCl 24,41 24,05 27,94 
2931137 HCl 24,35 23,96 28,38 
2931137 HCl 23,76 23,57 28,1 
2931137 HCl 23,79 23,5 28,1 
2931137 HCl 24,38 24,07 28,49 
2931137 HCl 24,19 23,77 27,92 
2931137 NaOCl 33,19 32,04 29,31 
2931137 NaOCl 32,73 31,52 29,17 
2931137 NaOCl 30,04 29,66 27,97 
2931137 NaOCl 30,5 30,09 29,02 
2931137 NaOCl 33,44 33,18 29,8 
2931137 NaOCl 32,94 32,61 28,84 
2931137 NaOCl 32,17 32,25 29,05 
2931137 NaOCl 32,77 32,91 29,67 
1833753 HCl 35,49 34,66 29,48 
1833753 HCl 35,17 35,17 29,73 
1833753 HCl 36,01 35,15 29,75 
1833753 HCl 35,73 35,49 29,78 
1833753 HCl 35,31 36,18 29,61 
1833753 HCl 35,35 34,98 29,39 
1833753 HCl 35,82 35,81 29,98 
1833753 HCl 34,22 34,63 29,52 
1833753 NaOCl 40 40 30,31 
1833753 NaOCl 40 40 29,82 
1833753 NaOCl 40 40 29,19 
1833753 NaOCl 40 40 29,26 
1833753 NaOCl 40 40 29,03 
1833753 NaOCl 40 40 29,82 
1833753 NaOCl 40 40 29,06 
1833753 NaOCl 40 40 29,64 


10428760 HCl 23,72 22,89 27,08 







10428760 HCl 23,71 22,88 27,14 
10428760 HCl 23,53 22,81 26,92 
10428760 HCl 24,05 23,25 27,37 
10428760 HCl 23,45 22,7 27,04 
10428760 HCl 23,42 22,59 27,08 
10428760 HCl 23,83 23,05 27,05 
10428760 HCl 24,35 23,55 27,51 
10428760 NaOCl 34,14 33,7 29,2 
10428760 NaOCl 33,53 33,5 28,08 
10428760 NaOCl 37,41 38,24 27,94 
10428760 NaOCl 40 37,08 28,02 
10428760 NaOCl 37,14 36,7 28,61 
10428760 NaOCl 39,07 36,34 27,95 
10428760 NaOCl 37,84 36,14 27,46 
10428760 NaOCl 36,94 37,52 28,07 
10428654 HCl 31,42 30,85 27,42 
10428654 HCl 31,62 31,35 27,27 
10428654 HCl 31,74 31,5 27,37 
10428654 HCl 31,38 30,99 27,34 
10428654 HCl 31,18 31,08 27,43 
10428654 HCl 30,91 30,32 27,18 
10428654 HCl 31,57 30,9 27,36 
10428654 HCl 31,02 30,6 26,87 
10428654 NaOCl 40 40 28,04 
10428654 NaOCl 40 40 27,29 
10428654 NaOCl 40 40 28,95 
10428654 NaOCl 40 40 27,92 
10428654 NaOCl 40 40 27,95 
10428654 NaOCl 40 40 27,66 
10428654 NaOCl 40 40 27,59 
10428654 NaOCl 40 40 27,87 







2952093 HCl 22,13 22,11 28,49 
2952093 HCl 21,91 21,8 27,47 
2952093 HCl 22,16 22,13 28,31 
2952093 HCl 22,19 22,09 27,53 
2952093 HCl 22,87 22,74 28,16 
2952093 HCl 23,06 22,89 27,58 
2952093 HCl 22,6 22,42 28,26 
2952093 HCl 22,77 22,44 27,55 
2952093 NaOCl 31,83 31,96 29,55 
2952093 NaOCl 31,39 31,64 29,66 
2952093 NaOCl 32,97 32,5 29,18 
2952093 NaOCl 33,34 33,14 29,89 
2952093 NaOCl 29,67 29,75 28,82 
2952093 NaOCl 30,11 30,2 29,43 
2952093 NaOCl 29,91 29,87 28,68 
2952093 NaOCl 29,75 29,8 29,08 


 
Table 1. Taqman results of HCl and HCl+NaOCl treated seeds of 6 batches. 


Discussion 
Small variation in results between subsamples and replicate samples at HCl level show good repeatability of SE-PCR data. For HCl level Cmm 
contaminated seeds resulting in SE-PCR (PTSSK and MVS21) taqman Ct’s ≥29, NaOCl treatment removes most or all Cmm that can be detected by 
PCR. NaOCl treated seeds result in Cmm taqman Ct’s ~8-10 higher compared to RAW level seeds. In other experiments (data not shown here) it 
was show that SE-PCR and DP results of NaOCl treated Cmm infected batches are not in accordance when the contamination level is low and 
approximates the LOD of the DP assay. Together, data shows that the SE-PCR assay is not compatible with NaOCl treated seed. SE-PCR is compatible 
with HCl treatment however, as was shown in experiments using peduncle inoculated seeds (see report on the characterization of seeds of 
peduncle Cmm inoculated plants, January 2020). 


Appendices 
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Pre-test for Cmm SE-PCR analytical sensitivity by spiking liquid cultured 
Cmm to extract of 1 seed batch, processing isolated DNA in PCR with 
replicates and comparing results between using 5µl and 10µl PCR 
template 
 
Syngenta experiment: 1606-88 


Objective(s) Result(s) 
1. Perform a pretest of the experiment 


described in the Cmm SE-PCR validation 
plan to validate analytical sensitivity 
using 1 seed background and sufficient 
replicates and validate Cmt internal 
control results. 


2. Confirm the method for making a 
dilution series to be repeatable. Based 
on results, review and if needed adapt 
the series for the full test (e.g. smaller 
dilution steps).  


3. Test isolated DNA with more replicates 
in PCR to increase chance of detection 
with low template level samples, 
compare testing 5µl and 10µl template 


4. Perform regression analysis on the data 
and determine PTSSK and MVS21 Cts 
corresponding to a single copy of Cmm 
spiked per ml/non-concentrated 
extract. Apply this value as cut off for 
positive PCR results and estimate 
analytical sensitivity of the SE-PCR 


5. Compare results (Qiagen B&T single 
column kit) with experiment 1606-84 
and -87, which were performed with 
the MN 96 well Tissue kit. 


1. Cmt detection is comparable between 
different extract samples. Using 5µl PCR 
template, avg Cmt Ct is 30.8 (Stdev 0.37). Using 
10µl template, average Cmt Ct is 29.7 (Stdev 
0.38).  


2. Relative results of the dilution series (table 5 
for 5µl template results, table 8 for 10µl 
template results) follow a 5-fold dilution trend. 


3. ΔCts between PCR replicate results is mostly 
<1. When Cts are >35 (only the case for FAM 
and VIC), ΔCts are typically >1. All PCR reps. of 
samples spiked with solution 3 (20.88 cfu/ml 
non-conc. extract) were PCR positive (5µl 
template; PTSSK Cts 33-34; MVS21 Cts 34-36, 
10µl template MVS21 Cts 33-37). All 10µl 
template PCR reps. of samples spiked with 
solution 4 (4.18 cfu/ml non-conc. extract) were 
PTSSK PCR positive (Cts 33.5-36). Except for 1 
sample, all samples spiked with solution 4 were 
PTSSK and MVS21 positive with at least 1 PCR 
replicate. Results of both 5 and 10µl template, 
2 out of 3 samples spiked with Cmm solution 5 
are detected with PTSSK PCR and only 1 with 
MVS21 PCR. 


4. Average PTSSK and MVS21 Cts plotted against 
the Log10 Cmm concentration show that 
results of samples spiked with the first 3 
solutions are in the linear range (10µl template 
PTSSK results of solutions 1-4 are in the linear 
range). Regression analyses show a single copy 
of Cmm template to generate resp. PTSSK and 
MVS21 Cts of 36.99 and 38.43 (5µl template) 
and resp. PTSSK and MVS21 Cts of 36.4 and 
39.39 (10µl template). 


 







Conclusion(s) 
1. Regression analysis of 5µl DNA template data indicates that a single copy of Cmm templates 


generates Cts of 36.99 and 38.43 for PTSSK (FAM) and MVS21 (VIC) taqmans, respectively. These 
Ct values could be used as cut off values for positive PCR results, as was suggested by Frits Quadt 
in his feedback on the Cmm SE-PCR validation plan. 16 out of 18 (88.9%) PCR replicate results for 
samples spiked with solution 4 are PTSSK (FAM) positive and 100% of samples spiked with solution 
4 are PTSSK PCR positive with at least 1 PCR replicate. For MVS21, 9 out of 18 (50%) PCR results 
for samples spiked with solution 4 are positive and 8 out of 9 (88.9%) samples spiked with solution 
4 are MVS21 PCR positive with at least 1 PCR replicate. From 10µl DNA template data, 100% of 
samples spiked with solution 4 are PTSSK PCR positive and 77.8% are MVS21 positive with at least 
1 PCR replicate. 


2. Data show that running PCR in duplicate increases the chance for detecting low levels of Cmm 
PCR template, hereby lowering analytical sensitivity of the Cmm SE-PCR assay. Dependent on the 
number of PCR replicates and Ct cutoff for positive PCR results, data show the analytical 
sensitivity of the ISHI-Veg Cmm SE-PCR assay to be <4 cfu/ml non-concentrated seed extract for 
PTSSK and between 4-20 cfu/ml non-concentrated seed extract for MVS21.  


3. Results of current experiment are roughly Ct 1-2 lower compared to results of experiments 1606-
84 and -87, in which DNA was isolated with the MN Tissue 96kit, suggesting better detection of 
low levels of Cmm DNA using the Qiagen single column kit compared to MN Tissue 96 kit protocol. 


4. The dilution series Cmm concentrations are very similar to the series prepared in experiment 
1606-84, showing the method for preparation is well repeatable. Data show reliable detection of 
low levels of Cmm DNA in the range of Ct35-40. In order to estimate analytical sensitivity with 
95% confidence level, ISHI statistician Frits Quadt suggested at least 4 concentrations of the 
dilution series that give mixed positive and negative PCR results. Based on current data, these 
concentrations should produce Cts between 35 and 40 (dependent if and where a Ct cutoff is 
used). It is technically challenging to make such a dilution series of liquid cultured cells. If at least 
4 solutions are needed, 2 fold dilution steps in the range of Cmm concentrations producing PTSSK 
and MVS21 Cts between 35 and 40 should be aimed for. If it turns out that the data produced in 
the full experiment for analytical sensitivity is not suitable for logistic regression (less than 4 
concentrations producing mixed (positive/negative) PCR results, analytical sensitivity at 95% 
confidence could be expressed to be between the lowest concentration of the dilution series for 
which all PCR results are positive and the next concentration in the series, which is then 2 fold 
lower. 


 


Experimental Variables  
1. Cmm liquid culture dilution series of 5 concentrations with 5-fold dilution steps (spiking 0 cfu not 


included this time, background shown to be clean) 
• Each concentration of the series is spiked to either 3 seed extract replicate samples 


(solution 1 and solution 5, highest and lowest) or spiked to 9 seed extract replicate 
samples (solution 2, 3 and 4).  


2. Dilution series cfu concentrations determined by plating directly from the series and after first 
spiking to 15ml extraction buffer and plating from there (allows to determine concentration of 
more of the concentrations of the series than by using only one method). 


3. Several replicates of 5µl and 10µl isolated DNA for PCR template. 
 







Control samples 
1. Negative isolation control (NIC) 
2. Cmt ZUM 4289 PAC (batch 5) 
3. Cmm Zum 2041 PAC (batch 5) 
4. NTCs 


 


Materials 
Seeds RDH level seed batch 


DAFNIS batch 12978430 COM510 RDH (NaOCl treated) 
Several kilos available TSW 2.3896 


ZUMs Cmt ZUM 4289, Cmm ZUM 2041 
Spike reference Cmt ZUM 4289 (-80°C stored stocks of experiment 1606-74, -80°C freezer 


box 7C, (2.9x106 cfu/ml) 
Media, buffers, 
chemicals etc. 


CEB and CEBt, 1x TE buffer (20 mM Tris HCl pH 8.0; 2 mM EDTA), prot. K 
glycerol stock (20 mg/ml), 4M DTT, NBY agar plates (31-7-2020) 


DNA isolation Qiagen DNeasy B&T kit, single columns 
Specific consumables 0.1 mm silica/zirconia beads 
PCR protocol (mix) RMS protocol SPR qPCR CMM-CMT multiplex  
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  
Probes (10 µM) ZUP 2575, 3200, 3199  
PACs CMM ZUM 2041 (Batch 5) / Cmt ZUM 4289 (batch 5) 


Method 
Cmm ZUM 2041 is liquid cultured at 27 °C to a logarithmic growing stage in nutrient broth and diluted to 
OD600 = 0.1 in sterile saline. Dilute this suspension another 300-fold in sterile saline to make the solution 
of the dilution series with the highest amount of cells (solution “1”: approximately 7.000 cfu/35µl (based 
on results experiment 1606-52). Make 4 more dilutions of this solution, in 5-fold steps, in sterile saline 
(solution “2-5”). Make the dilution series in Eppendorf tubes by mixing 400 µl cells with 1600 µl sterile 
saline. 


Of solutions 4 and 5, plate 3x100 µl on NBY. Also plate 3x100 µl of sterile saline on NBY plates for sterility 
check. Incubate plates at 26-30 °C for 3-4 days. Count colonies on the plates in the countable range (20-
200 colonies). When triplicate plates are comparable, average results (cfu/100µl plated) and calculate the 
concentration of cfu of suspensions 4 and 5. Extrapolate results to the rest of the dilution series. 
Determine the number of Cmm cells spiked per ml non-concentrated seed extract for all samples. 


Use the ISHI Cmm SE-PCR method described in Annex A of the Cmm SE-PCR validation plan. Prepare 25 
subsamples of 10.000 seed. After stomaching (step 1.2), extract is pooled. In step 2.1, from each pool, 33 
x 25 ml is sampled. According to step 2.2, spike each sample with 10.000 cfu of Cmt. Additionally spike 35 
µl of solutions 1 and 5 of the dilution series to 3 extract subsample and 35µl of solutions 2, 3 and 4 to 9 
extract subsamples. Hereby, subsamples are spiked with an estimated 280, 56, 11.2, 2.2, and 0.4 cfu per 
ml non-concentrated seed extract. 







In addition to the method of plating solutions 4 and 5 directly, the cfu concentration for solutions 1, 
2 and 3 are determined by spiking to extraction buffer (Annex A in validation plan). Solutions 1, 2 
and 3 are spiked with 21µl to 15ml buffer. 100µl is plated in triplicate on NBY and NA ager plates. 
Incubate plates at 26-30 °C for 3-4 days. Count colonies on the plates in the countable range (20-200 
colonies per plate). Average the results of triplicate plates. 


Process further according to ISHI Cmm SE-PCR method (validation plan, annex A, onwards from slow spin 
step 2.3. Perform PTSSK-MVS21-Cmt triplex taqman PCR with 5ul and 10ul isolated DNA template, both 
in duplicate. Estimate SE-PCR analytical sensitivity and compare. 


Results 
Dilution plating results for determining Cmm concentration of dilution series 


Culture grew for about 4 hours. OD600 was 0.35. Plates were placed at 26 °C and counted after 5 days.  


Remark Annemarie: on NBY, colonies were quite difficult to count because they were large and run out. 


dilution series NBY NA 
21 µl dilution 1 
+ 15 ml buffer 62 53 58 64 75 64 


21 µl dilution 2 
+ 15 ml buffer 11 17 18 7 18 13 


21 µl dilution 3 
+ 15 ml buffer 2 2 1 2 1 3 


Dilution 4 210 209 196 227 293 283 
Dilution 5 51 68 49 49 67 63 


Table 1. Dilution plating results of dilution series solutions 1-5. Solutions 1-3 were spiked to 15 ml Cmm extraction 
buffer. Solutions 4-5 were plated directly. 100µl was plated on NBY and NA medium plates in triplicate. Colony 
counting after 5 days at 26°C. Results highlighted in purple color are in the countable range of 20-200 colonies per 
plate.  


Table 1 lists dilution plating results of Cmm dilution series solutions spiked to extraction buffer or plated 
directly. Triplicate results are quite similar on both media. Colony counting on NBY (NA enriched with 
sucrose and yeast extract) was complicated because colonies were large and run out. Relative results 
between solutions of the series indicate a 5-fold difference in concentration. Plating solution 1 (diluted in 
extraction buffer) and solution 5 resulted in countable plates (20-200 colonies/plate). Triplicate plating 
results of 100µl of solution 5 on NA were averaged (60 cfu/100µl). Samples were spiked with 1.4µl/ml 
extract. For solution 5, this amounts to 0.84 cfu/ml non-concentrated extract. The cfu concentration per 
1.4µl spiked per ml seed extract for the series are shown in table 2. 


dilution series solution # cfu/1,4µl spiked per ml seed extract 
1 522,08 
2 104,42 
3 20,88 
4 4,18 







5 0,84 
Table 2. Cmm dilution series cfu concentration per 1.4µl (=spiked per ml non-concentrated seed extract). Results 
are based on the dilution plating results of solution 5 on NA medium shown in table 1. 


PCR results 5µl DNA template 


RFU thresholds PTSSK (FAM) = 300, MVS21 (VIC) = 180 and Cmt (TxRd) = 200. 


Controls 


Table 3 shows PCR results of control samples run with 5µl DNA template. NTCs and NICs all negative. Cmm 
and Cmt PAC Ct as expected.  


SAMPLES FAM (PTSSK) VIC (MVS21) TxRd (Cmt)  
PAC Cmm 29,29 30,46 40,00 


PAC Cmm 30,02 31,05 40,00 


PAC Cmt 40,00 40,00 26,04 


PAC Cmt 40,00 40,00 26,04 


NTC 40 40,00 40 


NTC 40 40,00 40 


NIC 40 40 40 


NIC 40 40 40 


Table 3. PCR results of control samples. PCR run with 5µl DNA template. 


Seed samples 


Table 4 shows taqman PCR results of seed samples. Cmt (400 cfu/ml non-concentrated extract) is detected 
with Cts 30-32 for target taqman TxRd. Results are according to expectation. Cmt detection is comparable 
between replicates (avg Ct 30.8; Stdev 0.37). ΔCts between PCR replicate results is mostly <1. When Cts 
are >35 (only the case for FAM and VIC), ΔCts are typically >1. 


dilution 
series 
sol# 


Cmm cfu/ml con-
conc. Extract 


FAM 
(PCR rep. 


1) 
FAM (PCR 


rep. 2) 
ΔCt 


FAM mean stdev 
VIC 


(PCR 
rep. 1) 


VIC (PCR 
rep. 2) 


ΔCt 
VIC mean stdev 


TxRd 
(PCR 


rep. 1) 


TxRd 
(PCR rep. 


2) 
ΔCt 


TxRd mean stdev 


1 522,08 29,93 29,43 0,50 29,68 0,35 31,25 31,04 0,21 31,15 0,15 31,26 31,34 -
0,08 31,30 0,06 


1 522,08 29,25 29,01 0,24 29,13 0,17 30,53 30,61 -0,08 30,57 0,06 30,82 30,89 -
0,07 30,86 0,05 


1 522,08 29,45 29,30 0,15 29,38 0,11 31,11 30,62 0,49 30,87 0,35 31,29 31,02 0,27 31,16 0,19 


2 104,42 31,71 31,81 -0,10 31,76 0,07 33,36 33,05 0,31 33,21 0,22 31,34 31,36 -
0,02 31,35 0,01 


2 104,42 31,56 31,59 -0,03 31,58 0,02 32,56 32,72 -0,16 32,64 0,11 31,03 31,14 -
0,11 31,09 0,08 


2 104,42 32,11 31,60 0,51 31,86 0,36 33,41 32,76 0,65 33,09 0,46 31,66 31,30 0,36 31,48 0,25 


2 104,42 31,63 31,42 0,21 31,53 0,15 33,37 32,72 0,65 33,05 0,46 30,81 31,19 -
0,38 31,00 0,27 


2 104,42 31,35 31,20 0,15 31,28 0,11 32,69 33,07 -0,38 32,88 0,27 30,67 31,01 -
0,34 30,84 0,24 


2 104,42 32,04 31,34 0,70 31,69 0,49 33,33 33,25 0,08 33,29 0,06 31,37 31,03 0,34 31,20 0,24 


2 104,42 31,20 31,36 -0,16 31,28 0,11 32,67 32,77 -0,10 32,72 0,07 31,12 31,10 0,02 31,11 0,01 







2 104,42 31,38 30,98 0,40 31,18 0,28 32,20 32,56 -0,36 32,38 0,25 31,00 30,51 0,49 30,76 0,35 


2 104,42 31,23 30,99 0,24 31,11 0,17 32,61 32,59 0,02 32,60 0,01 30,80 30,72 0,08 30,76 0,06 


3 20,88 33,75 33,21 0,54 33,48 0,38 34,07 34,39 -0,32 34,23 0,23 30,54 30,77 -
0,23 30,66 0,16 


3 20,88 33,10 33,14 -0,04 33,12 0,03 34,57 35,06 -0,49 34,82 0,35 31,38 31,01 0,37 31,20 0,26 


3 20,88 33,15 33,08 0,07 33,12 0,05 34,32 34,93 -0,61 34,63 0,43 30,46 30,57 -
0,11 30,52 0,08 


3 20,88 33,74 33,83 -0,09 33,79 0,06 35,24 34,18 1,06 34,71 0,75 30,03 30,06 -
0,03 30,05 0,02 


3 20,88 33,54 33,18 0,36 33,36 0,25 36,50 34,66 1,84 35,58 1,30 30,73 30,77 -
0,04 30,75 0,03 


3 20,88 33,15 33,73 -0,58 33,44 0,41 33,89 34,72 -0,83 34,31 0,59 30,52 30,84 -
0,32 30,68 0,23 


3 20,88 32,80 33,38 -0,58 33,09 0,41 34,59 34,91 -0,32 34,75 0,23 30,85 30,91 -
0,06 30,88 0,04 


3 20,88 33,06 32,85 0,21 32,96 0,15 34,38 35,03 -0,65 34,71 0,46 30,87 31,05 -
0,18 30,96 0,13 


3 20,88 32,85 33,44 -0,59 33,15 0,42 34,80 35,10 -0,30 34,95 0,21 30,87 30,56 0,31 30,72 0,22 


4 4,18 35,49 36,67 -1,18 36,08 0,83 38,26 39,59 -1,33 38,93 0,94 30,95 30,85 0,10 30,90 0,07 


4 4,18 34,53 40,00 -5,47 37,27 3,87 40,00 37,86 2,14 38,93 1,51 30,73 31,13 -
0,40 30,93 0,28 


4 4,18 35,82 36,09 -0,27 35,96 0,19 38,35 38,47 -0,12 38,41 0,08 30,96 31,05 -
0,09 31,01 0,06 


4 4,18 34,31 34,37 -0,06 34,34 0,04 39,02 36,23 2,79 37,63 1,97 30,15 30,32 -
0,17 30,24 0,12 


4 4,18 36,45 35,42 1,03 35,94 0,73 38,91 38,82 0,09 38,87 0,06 30,28 30,33 -
0,05 30,31 0,04 


4 4,18 35,78 35,33 0,45 35,56 0,32 40,00 37,84 2,16 38,92 1,53 30,70 30,79 -
0,09 30,75 0,06 


4 4,18 39,04 35,27 3,77 37,16 2,67 38,45 36,65 1,80 37,55 1,27 30,63 30,41 0,22 30,52 0,16 


4 4,18 34,04 35,03 -0,99 34,54 0,70 40,00 35,87 4,13 37,94 2,92 30,51 30,57 -
0,06 30,54 0,04 


4 4,18 34,64 35,17 -0,53 34,91 0,37 37,27 37,66 -0,39 37,47 0,28 30,15 30,36 -
0,21 30,26 0,15 


5 0,84 36,05 36,33 -0,28 36,19 0,20 40,00 40,00 0,00 40,00 0,00 30,22 30,27 -
0,05 30,25 0,04 


5 0,84 40,00 40,00 0,00 40,00 0,00 40,00 37,55 2,45 38,78 1,73 30,43 30,73 -
0,30 30,58 0,21 


5 0,84 37,25 36,28 0,97 36,77 0,69 40,00 40,00 0,00 40,00 0,00 30,58 30,48 0,10 30,53 0,07 


Table 4. Taqman PCR results of samples spiked with Cmm 5-fold dilution series; solutions 1-5. Shown is the Cmm 
concentration spiked per ml non-concentrated extract. 3 (sol1 and sol5) or 9 (sol2, 3 and 4) replicate seed extract 
samples were spiked with each solution of the dilution series. Each extract sample was spiked with 10.000 cfu Cmt 
from a glycerol stock (400 cfu/ml non-concentrated seed extract). Each isolated DNA sample was run with 5µl 
DNA template, RMS recipe SPR qPCR CMM-CMT multiplex, in duplicate. Shown are average Cts, standard 
deviations and ΔCts between PCR duplicate results. 


All samples spiked with the first 3 solutions of the Cmm series produce PTSSK and MVS21 taqman products 
in both PCR replicates (Solution 3 FAM Cts 33-34; VIC Cts 34-36) (Table 4; figure 1). All samples spiked 
with solution 4 (4.18 cfu/ml non-conc. extract) were FAM and VIC positive with at least 1 PCR replicate. 2 
out of 3 samples spiked with Cmm solutions 5 are detected with PTSSK PCR. Only 1 PCR replicate of a 
single sample spiked with solution 5 was MVS21 positive. 
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Figure 1. Taqman PCR results of samples spiked with Cmm 5-fold dilution series; solutions 1-5 plotted against the 
Log10 Cmm concentration spiked per ml non-concentrated extract. 3 (sol1 and sol5) or 9 (sol2, 3 and 4) replicate 
seed extract samples were spiked with each solution of the dilution series. Isolated DNA of each sample was run 
with 5µl DNA template, RMS recipe SPR qPCR CMM-CMT multiplex, in duplicate. 


Average FAM and VIC results are shown in table 5. Relative results of the dilution series follow a 5-fold 
dilution trend. In figure 2, average Cts of samples spiked with the first 3 solutions are plotted against the 
Log10 Cmm concentration. These results are in the linear range, indicated by the trendline R2 results. 
Regression analysis indicates that a single copy of Cmm templates generates Cts of 36.99 and 38.43 for 
PTSSK (FAM) and MVS21 (VIC) taqmans, respectively. 


dilution series 
number  


Log10(cfu/ml con-
conc. Extract) 


average 
FAM Ct stdev 


average 
VIC Ct stdev 


1 2,717739829 29,40 0,28 30,86 0,29 
2 2,018769825 31,47 0,27 32,87 0,31 
3 1,319799821 33,28 0,26 34,74 0,39 
4 0,620829816 35,75 1,04 38,29 0,65 
5 -0,078140188 37,65 2,05 39,59 0,71 


Table 5. Average FAM and VIC taqman results. In total, 3 seed extract samples were spiked with dilution series 
solutions 1 and 5, and 9 seed extract samples with solutions 2, 3 and 4. Isolated DNA from each sample was run 
in PCR in duplicate.  


 


Figure 2. Regression analysis of average PTSSK and MVS21 Taqman PCR results of samples spiked with dilution 
series solutions 1-3. The Log10 of the Cmm concentration spiked per ml non-concentrated extract is plotted 
against FAM and VIC taqmans results. 3 seed extract samples were spiked with dilution series solutions 1 and 9 
seed extract samples with solutions 2 and 3. Isolated DNA from each sample was run in PCR in duplicate.  
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PCR results 10µl DNA template 


RFU thresholds PTSSK (FAM) = 400, MVS21 (VIC) = 170 and Cmt (TxRd) = 200. 


Controls 


Table 6 shows PCR results of control samples run with 10µl DNA template. NTCs and NICs all negative. 
Cmm and Cmt PAC Ct as expected.  


SAMPLES 
FAM 
(PTSSK)  


VIC 
(MVS21) 


TxRd 
(Cmt) 


PAC Cmm 29,87 30,32 40,00 


PAC Cmm 29,53 30,16 40,00 


PAC Cmt 40,00 40,00 25,01 


PAC Cmt 40,00 40,00 25,03 


NTC 40 40,00 40 


NTC 40 40,00 40 


NIC 40 40 40 


NIC 40 40 40 


Table 6. PCR results of control samples. PCR run with 10µl DNA template. 


Seed samples 


Table 7 shows taqman PCR results of seed samples. Cmt (400 cfu/ml non-concentrated extract) is detected 
with Cts 29-31 for target taqman TxRd. Results are according to expectation. Cmt detection is comparable 
between replicates (avg Ct 29.7; Stdev 0.38). ΔCts between PCR replicate results is mostly <1. When Cts 
are >35 (only the case for FAM and VIC), ΔCts are typically >1. 


dilution 
series sol# 


cfu/ml 
nonconc. 
Extract 
(9 days) 


FAM 
(PCR 
rep. 
1) 


FAM 
(PCR 
rep. 
2) 


ΔCt 
FAM mean stdev 


VIC 
(PCR 
rep. 
1) 


VIC (PCR 
rep. 2) 


ΔCt 
VIC mean2 stdev3 


TxRd 
(PCR 
rep. 
1) 


TxRd 
(PCR 
rep. 
2) 


ΔCt 
TxRd mean3 stdev4 


1 522,08 29,12 29,15 -0,03 29,14 0,02 30,11 30,65 -0,54 30,38 0,38 30,21 30,34 -
0,13 30,28 0,09 


1 522,08 28,49 28,56 -0,07 28,53 0,05 29,69 30,29 -0,60 29,99 0,42 30,05 29,94 0,11 30,00 0,08 


1 522,08 29,11 28,70 0,41 28,91 0,29 30,32 30,43 -0,11 30,38 0,08 30,02 30,19 -
0,17 30,11 0,12 


2 104,42 30,87 30,79 0,08 30,83 0,06 32,83 32,61 0,22 32,72 0,16 30,21 30,08 0,13 30,15 0,09 


2 104,42 30,58 30,68 -0,10 30,63 0,07 33,36 32,70 0,66 33,03 0,47 30,10 30,01 0,09 30,06 0,06 


2 104,42 30,99 30,90 0,09 30,95 0,06 33,37 32,62 0,75 33,00 0,53 30,16 30,35 -
0,19 30,26 0,13 


2 104,42 31,05 31,12 -0,07 31,09 0,05 32,60 32,81 -0,21 32,71 0,15 29,97 29,93 0,04 29,95 0,03 


2 104,42 30,51 30,79 -0,28 30,65 0,20 32,94 32,37 0,57 32,66 0,40 29,56 29,74 -
0,18 29,65 0,13 


2 104,42 30,94 31,10 -0,16 31,02 0,11 32,23 33,45 -1,22 32,84 0,86 30,02 29,86 0,16 29,94 0,11 


2 104,42 31,19 30,73 0,46 30,96 0,33 32,82 32,32 0,50 32,57 0,35 30,15 30,09 0,06 30,12 0,04 


2 104,42 30,54 30,31 0,23 30,43 0,16 31,95 32,19 -0,24 32,07 0,17 29,50 29,79 -
0,29 29,65 0,21 


2 104,42 30,42 30,45 -0,03 30,44 0,02 31,77 31,95 -0,18 31,86 0,13 29,55 29,90 -
0,35 29,73 0,25 


3 20,88 32,60 32,58 0,02 32,59 0,01 34,15 35,23 -1,08 34,69 0,76 29,75 29,71 0,04 29,73 0,03 







3 20,88 32,38 32,63 -0,25 32,51 0,18 33,51 34,77 -1,26 34,14 0,89 29,60 29,94 -
0,34 29,77 0,24 


3 20,88 32,39 32,52 -0,13 32,46 0,09 36,41 34,52 1,89 35,47 1,34 29,33 29,19 0,14 29,26 0,10 


3 20,88 33,39 32,51 0,88 32,95 0,62 35,27 34,71 0,56 34,99 0,40 28,96 28,92 0,04 28,94 0,03 


3 20,88 32,73 32,97 -0,24 32,85 0,17 37,10 37,31 -0,21 37,21 0,15 29,89 29,61 0,28 29,75 0,20 


3 20,88 32,55 32,70 -0,15 32,63 0,11 35,91 34,20 1,71 35,06 1,21 29,58 29,74 -
0,16 29,66 0,11 


3 20,88 32,31 32,44 -0,13 32,38 0,09 34,16 35,40 -1,24 34,78 0,88 29,89 29,68 0,21 29,79 0,15 


3 20,88 33,04 32,59 0,45 32,82 0,32 34,90 35,10 -0,20 35,00 0,14 29,81 29,95 -
0,14 29,88 0,10 


3 20,88 32,67 32,94 -0,27 32,81 0,19 33,38 33,10 0,28 33,24 0,20 29,92 30,01 -
0,09 29,97 0,06 


4 4,18 34,79 36,25 -1,46 35,52 1,03 36,86 38,62 -1,76 37,74 1,24 30,02 29,89 0,13 29,96 0,09 


4 4,18 35,94 36,05 -0,11 36,00 0,08 38,16 40,00 -1,84 39,08 1,30 30,03 30,02 0,01 30,03 0,01 


4 4,18 34,06 34,88 -0,82 34,47 0,58 39,59 38,17 1,42 38,88 1,00 29,99 30,01 -
0,02 30,00 0,01 


4 4,18 34,08 35,00 -0,92 34,54 0,65 40,00 39,78 0,22 39,89 0,16 29,20 29,14 0,06 29,17 0,04 


4 4,18 34,71 33,50 1,21 34,11 0,86 38,29 36,31 1,98 37,30 1,40 29,33 29,31 0,02 29,32 0,01 


4 4,18 34,73 34,47 0,26 34,60 0,18 40,00 36,21 3,79 38,11 2,68 29,67 29,49 0,18 29,58 0,13 


4 4,18 34,15 33,64 0,51 33,90 0,36 37,50 36,38 1,12 36,94 0,79 29,38 29,17 0,21 29,28 0,15 


4 4,18 33,69 34,53 -0,84 34,11 0,59 37,10 38,41 -1,31 37,76 0,93 29,34 29,21 0,13 29,28 0,09 


4 4,18 35,94 34,33 1,61 35,14 1,14 40,00 40,00 0,00 40,00 0,00 29,01 28,81 0,20 28,91 0,14 


5 0,84 36,20 36,06 0,14 36,13 0,10 40,00 39,34 0,66 39,67 0,47 29,36 29,19 0,17 29,28 0,12 


5 0,84 40,00 40,00 0,00 40,00 0,00 40,00 40,00 0,00 40,00 0,00 29,43 29,23 0,20 29,33 0,14 


5 0,84 36,72 36,12 0,60 36,42 0,42 40,00 40,00 0,00 40,00 0,00 29,40 29,38 0,02 29,39 0,01 


Table 7. Taqman PCR results of samples spiked with Cmm 5-fold dilution series; solutions 1-5. Shown is the Cmm 
concentration spiked per ml non-concentrated extract. 3 (sol1 and sol5) or 9 (sol2, 3 and 4) replicate seed extract 
samples were spiked with each solution of the dilution series. Each extract sample was spiked with 10.000 cfu Cmt 
from a glycerol stock (400 cfu/ml non-concentrated seed extract). Each isolated DNA sample was run with 10µl 
DNA template, RMS recipe SPR qPCR CMM-CMT multiplex, in duplicate. Shown are average Cts, standard 
deviations and ΔCts between PCR duplicate results. 


All samples spiked with the first 3 solutions of the Cmm series produce MVS21 taqman products in both 
PCR replicates (VIC Cts 33-37). Both PCR replicates of samples spiked with solution 4 (4.18 cfu/ml non-
conc. extract) are PTSSK PCR positive (FAM Cts 33,5-36) (Table 7; figure 3). 8 out of 9 samples spiked with 
solution 4 were VIC positive with at least 1 PCR replicate. Of samples spiked with Cmm solutions 5, 2 out 
of 3 are detected with PTSSK PCR, while 1 is detected with only 1 PCR replicate by MVS21 PCR. 


  


Figure 3. Taqman PCR results of samples spiked with Cmm 5-fold dilution series; solutions 1-5 plotted against the 
Log10 Cmm concentration spiked per ml non-concentrated extract. 3 (sol1 and sol5) or 9 (sol2, 3 and 4) replicate 
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seed extract samples were spiked with each solution of the dilution series. Isolated DNA of each sample was run 
with 10µl DNA template, RMS recipe SPR qPCR CMM-CMT multiplex, in duplicate. 


Average FAM and VIC results are shown in table 8. Relative results of the dilution series follow a 5-fold 
dilution trend. In figure 4, average Cts of samples spiked with the first 3 solutions (MVS21;VIC) or first 4 
solutions (PTSSK; FAM) are plotted against the Log10 Cmm concentration. These results are in the linear 
range, shown by trendline R2 results. Regression analysis indicates that a single copy of Cmm templates 
generates Cts of 36.4 and 39.39 for PTSSK (FAM) and MVS21 (VIC) taqmans, respectively. 


dilution series 
number  


Log10(cfu/ml con-
conc. Extract) 


average 
FAM Ct stdev 


average 
VIC Ct stdev 


1 2,717739829 28,86 0,31 30,25 0,22 
2 2,018769825 30,78 0,25 32,61 0,40 
3 1,319799821 32,66 0,20 34,95 1,06 
4 0,620829816 34,71 0,71 38,41 1,10 
5 -0,078140188 37,52 2,16 39,89 0,19 


Table 8. Average FAM and VIC taqman results. In total, 3 seed extract samples were spiked with dilution series 
solutions 1 and 5, and 9 seed extract samples with solutions 2, 3 and 4. Isolated DNA from each sample was run 
in PCR in duplicate.  


 


Figure 4. Regression analysis of average PTSSK (FAM) and MVS21 (VIC) Taqman PCR results of samples spiked with 
dilution series solutions 1-4 (PTSSK) and 1-3 (MVS21). The Log10 of the Cmm concentration spiked per ml non-
concentrated extract is plotted against FAM and VIC taqmans results. 3 seed extract samples were spiked with 
dilution series solutions 1 and 9 seed extract samples with solutions 2, 3 and 4. Isolated DNA from each sample 
was run in PCR in duplicate. 
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Discussion 
Regression analysis of 5µl DNA template data indicates that a single copy of Cmm templates generates 
Cts of 36.99 and 38.43 for PTSSK (FAM) and MVS21 (VIC) taqmans, respectively (figure 2). These Ct values 
could be used as cut off values for positive PCR results, as was suggested by Frits Quadt in his feedback 
on the Cmm SE-PCR validation plan. Applying this, 16 out of 18 PCR results for samples spiked with solution 
4 are PTSSK (FAM) positive (88.9%; table 4). Isolated DNA from 9 samples spiked with solution 4 was 
analyzed by PCR in duplicate. 100% of samples spiked with solution 4 are PTSSK PCR positive with at least 
1 PCR replicate. For MVS21, applying a Ct cutoff of 38.43, 9 out of 18 PCR results for samples spiked with 
solution 4 are positive (50%; table 4). 8 out of 9 samples spiked with solution 4 are MVS21 PCR positive 
with at least 1 PCR replicate (88.9%). Data show that running PCR in duplicate increase the chance for 
detecting low levels of Cmm PCR template, hereby lowering analytical sensitivity of the Cmm SE-PCR 
assay. Dependent on the number of PCR replicates of isolated DNA and Ct cutoff for positive PCR results, 
data show the analytical sensitivity of the ISHI-Veg Cmm SE-PCR assay to be <4 cfu/ml non-concentrated 
seed extract for PTSSK and between 4-20 cfu/ml non-concentrated seed extract for MVS21. Relative PCR 
results of 5µl and 10µl template are as expected (ΔCts about 1). Applying the above to 10µl DNA template 
data, 100% of samples spiked with solution 4 are PTSSK PCR positive with both PCR replicates. For MVS21, 
11 out of 18 PCR results for samples spiked with solution 4 are positive (61%; table 7). 7 out of 9 samples 
spiked with solution 4 are MVS21 PCR positive with at least 1 PCR replicate (77.8%). Comparable to 5µl 
template data, the 10µl template data show analytical sensitivity of <4 cfu/ml non-concentrated seed 
extract for PTSSK and between 4-20 cfu/ml non-concentrated seed extract for MVS21. 


Results of current experiment are roughly Ct 1-2 lower compared to results of experiments 1606-84 and 
-87, in which DNA was isolated with the MN Tissue 96kit. Detection of low levels of Cmm DNA is better 
achieved using the Qiagen single column kit compared to MN Tissue 96 kit protocol. 


Data show reliable detection of low levels of Cmm DNA in the range of Ct35-40. In order to estimate 
analytical sensitivity with 95% confidence level, ISHI statistician Frits Quadt suggested at least 4 
concentrations of the dilution series that give mixed positive and negative PCR results. Based on current 
data, these concentrations should produce Cts between 35 and 40 (dependent if and where a Ct cutoff is 
used). It is technically challenging to achieve making such a dilution series of liquid cultured cells. If at 
least 4 solutions are needed, 2 fold dilution steps in the range of Cmm concentrations producing PTSSK 
and MVS21 Cts between 35 and 40 should be aimed for. If it turns out that the data produced in the full 
experiment for analytical sensitivity is not suitable for logistic regression, analytical sensitivity at 95% 
confidence could be expressed to be between the lowest concentration of the dilution series for which all 
PCR results are positive and the next concentration in the series, which is then 2 fold lower. 
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Characterization of Clavibacter michiganensis subs. michiganensis (Cmm) 
infected tomato seeds produced by peduncle inoculation and their use in 
Cmm SE-PCR diagnostic performance experiments 


Abstract 
ISHI-Veg is currently working on the development and validation of a seed extract (SE-) PCR pre-screening 
assay for the molecular detection of Clavibacter michiganensis subs. michiganensis (Cmm) on seeds of 
tomato. A negative SE-PCR result is final, positive results are followed up by the currently used ISHI Veg 
dilution plating (DP) method to confirm the presence of live Cmm in the sample.  A pre-screening assay 
should be more sensitive than the confirmatory test, therefore a minimal analytical sensitivity as well as 
good diagnostic performance of the SE-PCR method in reference to DP must be demonstrated by each lab 
participating in the Cmm SE-PCR project. For this purpose, seeds uniformly infected with Cmm are 
desirable, which can then be distributed to participating labs as reference material.  


Cmm infected seeds were generated by peduncle inoculation of tomato plants, followed by pectinase 
treatment after harvest. The level of contamination of individual seeds and the variability in 
contamination between seeds was determined by SE-PCR and DP (experiment 1). All seeds tested were 
positive for Cmm. The Cmm DNA load determined by SE-PCR is less variable compared to live Cmm load, 
determined by DP. Low SE-PCR Cts correlated with a high number of live Cmm cells detected by DP. SE-
PCR results indicated a 50- to 100-fold difference in Cmm load between seeds. By comparing the results 
of both assays, the content of live and dead Cmm cells per seed was determined. It was shown that dried 
tomato seeds contaminated with live Cmm contain an overabundance of dead cells (10-fold or more). 
Acid treatment of seeds results in a large decline in live Cmm content but has a marginal effect on the 
presence of total Cmm DNA detectable by SE-PCR (experiment 2). As a result, the excess of dead cells on 
acid treated seed is even larger compared to untreated seeds. In contrast to DP, SE-PCR detects both live 
Cmm as well as this excess of dead cells. The Cmm live/dead ratio is an important factor in establishing 
the required analytical sensitivity of the Cmm SE-PCR prescreening assay. SE-PCR should be so sensitive 
that 100% of samples negative in SE-PCR are additionally DP negative. Relative to DP, SE-PCR false positive 
results are allowed. Due to the 10-fold excess of dead Cmm cells on seeds contaminated with live Cmm, 
good diagnostic performance of SE-PCR may even be realized when the analytical sensitivity is lower than 
that of the DP assay. It is hypothesized that SE-PCR can be 10 times less sensitive than the DP assay while 
maintaining good diagnostic performance. As was shown in experiment 3, the total number of Cmm cells 
on single untreated and acid treated seeds allows their consistent detection by SE-PCR in subsamples of 
otherwise healthy seeds. 


Syngenta experiments using peduncle inoculated seeds showed that SE-PCR is able to detect a single 
contaminated seed in a background of otherwize healthy seeds. Information on the Cmm live/dead ratio 
on dried untreated and acid treated seed can assist in determining the required analytical sensitivity of 
SE-PCR. In addition, experiments show good diagnostic performance of SE-PCR relative to DP. To build on 
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validation data for diagnostic performance, untreated seeds can be shared with other labs. Data show 
that the live Cmm load of untreated peduncle seeds is variable but that the total Cmm DNA load detected 
by SE-PCR is more uniform. The amount of live Cmm on acid treated seeds is to low for these seeds to be 
usefull for diagnostic performance validation. The level of contamination of seeds used in experiment 3 
can be considered as medium-high, with Cts of heatlhy seed samples spiked with a single peduncle seed 
ranging 25-32.  
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Experiments 


1. Cmm contamination and live/dead ratio on individual peduncle inoculated seeds 
determined by SE-PCR and DP (1606-32 and 36) 


Objective(s) Result(s) 
1. Detect Cmm on individual seeds harvested 


from peduncle inoculated plants using DP 
and SE-PCR on the same extract. 


2. Determine variability of SE-PCR and DP 
results between seeds 


3. Determine the ratio of live and dead cells 
present on the seeds by comparing SE-PCR 
and DP results 


4. Determine Cmt spike recovery  
 


1.  All seeds except ZUM2041 seed #40 tested both 
SE-PCR and DP positive.  


2. DP results for the ZUM2041 batch range 660-
2.5*106 cfu/seed (>3700-fold difference). PTSSK Cts 
of ZUM2041 seeds range 19.0-25.6; MVS21 Cts 
range 18.4-24.9 (ΔCt ~6.6, 100-fold difference). DP 
results for ZUM3059 seeds range 6540-2.3*106 
cfu/seed (>350-fold difference). Cmm PTSSK Cts of 
ZUM3059 seeds range 18.8-24.4, and MVS21 Cts 
range 18.4-24.2 (ΔCt ~5.6, 50-fold difference). 
Variability in live Cmm cells extracted and detected 
(DP) is higher compared to extracted and detected 
Cmm total DNA (SE-PCR).  A high number of Cmm 
cfu is associated with low Cmm taqman Cts, and 
vice versa.  


3. The majority of seeds contain an excess of dead 
Cmm cells with respect to live cells (86-100% dead).  


4. ZUM2041 seed Cmt spike results range Ct 31-35; 
ZUM3059 seed Cmt spike results range Ct 30.5-
33.7. 


 
Conclusion(s) 


1. All seeds tested are positive for Cmm; Cmm DNA load determined by SE-PCR is less variable 
compared to live Cmm load, determined by DP. Low SE-PCR Cts correlate with a high number of 
live Cmm cells detected by DP. 


2. PCR results indicate a 100-fold difference in Cmm DNA present on ZUM2041 seeds and a 50-fold 
difference between ZUM3059 seeds. 


3. On all seeds except one (ZUM2041 seed #8), the majority of Cmm cells present is dead (ZUM2041 
seeds 93-100%; ZUM3059 seeds 86.7-99.7%). 


4. Seeds of tested batches are considered suitable as Cmm reference material for qualitative DP and 
SE-PCR testing and therefore determination of SE-PCR diagnostic performance. Seeds are 
considered useful as reference material for quantitative SE-PCR as well.  


 


Experimental Variables  
1. Cmm strain: ZUM 2041 and ZUM 3059 
2. Cmm cfus en Ct values per seed. 
3. Ratio of dead and live cells per seed. 
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Control samples 
1. Negative processing control (NPC) 
2. Positive processing control (PPC) 
3. Cmt ZUM 4289 PAC (batch 1) 
4. Cmm Zum 2041 PAC (batch 5) 
5. Cmm Zum 3059 PAC (batch 8) 
6. NTCs 


 


Materials 
Seeds (For data on the 
production of the 
peduncle inoculated 
seeds, see appendix 
Files 1, 2 and 3.) 


• Cmm ZUM 2041 batch 1 (plant #10, fruit cluster #2)   
• Cmm ZUM 3059 batch 1 (plant #18, fruit cluster #1) 


Cmm isolates Cmm ZUM 2041, Cmm ZUM 3059, 
Spike reference Cmt ZUM 4289 (NBC2189)  
DNA isolation Macherey Nagel Tissue kit 96 multiwell format 
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  
Probes (10 µM) ZUP 2575, 3200, 3199  
PACs Cmm ZUM 2041 (Batch 5) / Cmm ZUM 3059 (Batch 8) / Cmt ZUM 4289 


(batch 1) 
 
Method 


- Cmm contaminated seeds were harvested from 10 tomato plants inoculated with Cmm ZUM 2041 
and 20 plants inoculated with Cmm ZUM 3059. Seeds were extracted from fruit with pectinase, 
after which they were dried in a laminar flow cabinet and stored in the fridge at 4°C. 


- Cmm ZUM2041 seeds (48) and ZUM3059 seeds (44) (see materials) were tested in two separate 
experiments. Seeds were filled out in columns of ELISA plates, leaving empty columns in between 
to prevent cross contamination. Seeds were buffered with 150 µl extraction buffer (see protocol 
in annex 1 of the Cmm SE-PCR validation plan v1.0 december 2019), plates were incubated in 
the fridge O/N. 


- Bacteria were extracted using a custom made crushing devise fit for 96 well plates, until all seeds 
looked bruised and extract was milky.  


- Another 150 µl extraction buffer was added to each well. 
- A 10-fold dilution of the extracts was made (20 µl extract + 180 µl sterile saline). Subsequent 100- 


and 1000-fold dilutions were made in saline. 100 µl of each dilution was plated on Cmm1T 
medium and incubated at 26 ± 1°C. Dilution series of ZUM 2041 and ZUM3059 were plated as 
reference. 


- The remainder of extract was transferred to a 2 ml safelock tube and spiked with Cmt (PEC).  
o ZUM2041 extracts were centrifuged 19000x g for 5 minutes, after which pellets were 


resuspended in 230µl Tissuekit lysisbuffer T1. 
o In the successive experiment with ZUM3059 seeds, the centrifugation step was not 


performed in order to maximize recovery of Cmm and Cmt. Instead, 280µl Macherey 
Nagel Tissuekit lysisbuffer T1 was added directly to ZUM3059 extracts.  
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- Samples were incubated for 10 minutes at 100°C. 
- 25µl (ZUM2041 samples)/60µl (ZUM3059 samples) of Macherey Nagel prot. K solution was added 


to the samples. Samples were incubated on a shaking platform at 56°C, 850rpm for 3 hours.  
- After short spin, added 230 µl (ZUM2041 samples)/ 600µl (ZUM3059 samples) Macherey Nagel 


Tissue kit buffer B3 to the samples and mix by vortexing and incubated 10 min. 70 °C. 
- DNA was extracted using the MN Tissue kit multiwell protocol.  
- PCR was performed according to ISHI Veg Cmm SE-PCR protocol (annex 1 of validation plan v1.0 


december 2019). 
 


Results 
For both experiments, results of control samples (NTCs, NPCs, PPCs, PACs) were as expected. Cmt spike 
results range from Ct 31-35 (data not shown, see appendix files 4 and 5).  


SE-PCR and DP results are shown in Figure 1 and appendix table 1 (ZUM2041) and appendix table 2 
(ZUM3059). For the ZUM2041 seeds, DP results range 660-2.5*106 cfu/seed (for seed #40, no Cmm 
colonies were found), Cmm PTSSK Cts range from 19.0-25.6, and MVS21 Cts range 18.4-24.9 (Fig. 1A). For 
the ZUM3059 seeds, DP results range 6540-2.3*106 cfu/seed, Cmm PTSSK Cts range from 18.8-24.4, and 
MVS21 Cts range 18.4-24.2 (Fig. 1B). For both experiments, PTSSK and MVS21 results are comparable per 
seed. Figure 1 shows a correlation between SE-PCR and DP results, with a high number of Cmm cfu being 
associated with low Cmm taqman Cts, and vice versa. A clear exception is ZUM2041 seed #8 (Fig. 1A), 
which contains the most Cmm cfu of the experiment but generates Cmm taqman Cts in the higher range.  
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Figure 1. Cmm taqman and DP results for ZUM2041 (Fig. A) and ZUM3059 (Fig. B) seeds. 


Data in Figure 1 show that on average, variability in live Cmm cells present on the seeds is higher 
compared to the variation in Cmm total DNA. Further analysis of dilution plating results shows a Log10-
normal distribution fit of live Cmm cells on tested seeds (Figure 2A). DP data that is not transformed to 
Log10 is positively skewed (skewness 3.47 (ZUM 2041 seeds; appendix file 4) and 2.00 (ZUM 3059 seeds; 
appendix file 5), indicating distribution of Cmm cfu is non-normal [3]. Additionally, the mean and median 
of non-transformed data are unequal (resp. 197393 and 16650 cfu ZUM 2041 seed-1 and 394167 and 
126300 cfu ZUM3059 seed-1). Standard deviations of non-transformed DP data are 465981 (ZUM 2041) 
and 582247 (ZUM 3059) cfu seed-1. Skewness of Log10 transformed data is closer to 0 (-1.16 for ZUM 2041 
and 0.13 for ZUM 3059 seeds), and mean and median values of are more in accordance (respectively 4.39 
and 4.22 for ZUM 2041, and 5.15 and 5.10 for ZUM 3059 seeds). Standard deviations are 1.06 (ZUM 2041) 
and 0.66 (ZUM 3059). Negative skewness of Log10 cfu seed -1 data for ZUM 2041 seeds is caused by seed 
#40, for which no Cmm colonies were found. Removing this seed from the dataset results in skewness of 
0.53 for ZUM 2041 Log10 transformed DP data. 


Figures 2B and C show the distribution of SE-PCR Ct results, representing DNA copy numbers on a Log2 
scale. Skewness of ZUM 2041 and ZUM 3059 seeds is 0.19 and -0.03, respectively, indicating that the Cmm 
DNA content on seeds well fits a Log2-normal distribution. Mean and median values are close to being 
equal and standard deviations are approx. 1.5 Cts (see appendix files 4 and 5). ΔCts between the highest 
and lowest ZUM2041 result is 6.6 for both taqmans, indicating a 100-fold difference in Cmm DNA load 
between the lowest and highest contaminated seed. For ZUM3059 results, a ΔCt of ~5.5 for both taqmans 
indicate a 50-fold difference in Cmm DNA load between the lowest and highest contaminated seed. 
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Figure 2. Distribution of dilution plating (A) and SE-PCR PTSSK taqman (B) and MVS21 taqman (C) results of ZUM2041 
and ZUM3059 seeds.  


To estimate the number of dead Cmm cells present on each seed, Cmm taqman Cts were converted to 
the number of Cmm cells from which DNA was extracted. SE-PCR detects total Cmm DNA, from both live 
and dead bacteria. Ct values were correlated to the amount of DNA using dilution series of Cmm ZUM2041 
and ZUM3059 DNA (figure 3.). DNA was quantified using the Qubit fluorometer (Thermo Fisher). 
Trendlines in the figure were used to convert taqman results to the amount of DNA per seed. DNA 
amounts were then converted to template copy number using the Cmm genome size of 3.39524 Mb [Ref. 
1] and an online calculation tool [Ref. 2]. Calculated copy numbers were considered to reflect the total 
number of Cmm cells (live and dead), assuming that each Cmm cell contains a single copy of the genome 
and assuming quantitative lysis and DNA recovery. See appendix files 4 and 5 for calculation steps. 
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 Figure 3. Correlation between Cmm taqman results and the amount of Cmm ZUM2041 and ZUM3059 DNA. DNA 
dilution series of both ZUMs were made in triplicate and analyzed by PCR. Average Cts are shown in the figure.  
 
Subtracting the DP Cmm cfu/seed data from the calculated total number of Cmm cells yielded the number 
of dead Cmm cells/seed. For each seed, the amount of dead Cmm cells is plotted against live Cmm cells 
in figure 4. Data show that the majority of seeds contain an excess of dead Cmm cells with respect to live 
cells. Especially ZUM2041 seeds 40 and 29 (Fig. 4A.) and ZUM3059 seed 6 (Fig. 4B.) have a high dead/live 
cell ratio. ZUM 2041 seed 8 (Fig. 4A.) is an exception to this general observation, with a number of dead 
cells calculated from PCR results that is lower than the Cmm cfu determined by DP. With respect to the 
total number of Cmm cells present on the ZUM2041 seeds, the fraction of dead cells ranges from 93-100% 
(based on FAM data) and from 95.5-100% (based on VIC data). ZUM2041 seed #8 is an exception, with 
the majority of cells being alive (FAM data; 100% live cells; VIC data, 66% live cells). For the ZUM3059 
seeds, dead cells make up 89.1-99.7% (FAM based) and 86.7-99.7% (VIC based) of the total number of 
Cmm cells per seed. 
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Figure 4. Live and dead Cmm cells on ZUM2041 (Fig. A) and ZUM3059 (Fig. B) inoculated seeds. Cmm cfu measured by DP is 
shown in grey. FAM and VIC taqman results were converted to DNA amount and subsequently to genome copy number. The 
genome copy number was assumed to match the total number of Cmm cells (live and dead) on the seed. Total Cmm cells minus 
Cmm cfu measured by DP produces the number of dead Cmm cells on the seed. Results are shown in order of increasing Cmm 
cfu/seed. 
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Discussion  
Variability in DP and SE-PCR results between seeds of the same batch were observed, indicating 
differences in the Cmm cfu and DNA load between seeds. ZUM2041 seeds range 660-2.5*106 cfu/seed 
(>3700-fold difference), ZUM3059 seeds range 6540-2.3*106 cfu/seed (>350-fold difference). SE-PCR data 
show a 100 and 50 fold difference in Cmm DNA extracted and detected by SE-PCR from respectively 
ZUM2041 and ZUM3059 peduncle inoculated seeds. The efficiency of extracting cells from the seeds is 
not expected to contribute to result variability, because extraction of bacteria using the custom crushing 
tool is expected to be fully effective. In addition, cross contamination of live and dead Cmm between 
samples is not likely to contribute to result variability, because negative processing controls (NPCs) for DP 
were negative and SE-PCR Cmm taqman Cts of NPC samples were > 36,3. Differences in the efficiency of 
the lysis step between samples is unlikely to contribute to the SE-PCR result variability. Cells were lysed 
by boiling extracts at 95 °C for 10 minutes, which was previously found to be an effective and reproducible 
method for Cmm and Cmt cell lysis. Lysis by bead beating, as described in the SE-PCR protocol of Syngenta, 
was not performed. Although bead beating outperforms cell lysis by boiling in previous experiments 
(relative difference 1-2 Cts), bead beating Cmm and Cmt cells in the absence of a seed extract background 
significantly lowers detection by SE-PCR, possibly by sticking of DNA to the beads or through DNA shearing 
(data not shown). The seed background of a single seed was expected not to be sufficient to buffer the 
bead beating step.  


Variability in live cell content is high compared to the variability in the total DNA load, which seems more 
homogenously present on the seeds. However, low SE-PCR Cts do correlate with a high number of live 
Cmm detected by DP (Figure 1). The composition of seed batches may explain differences in Cmm cfu and 
DNA distribution between seeds. ZUM2041 seeds tested originate from 6 different tomatoes that were 
harvested on two different days, and ZUM3059 seeds originate from 2 different tomatoes harvested on 
the same day. Seeds used had comparable visual aspects.   


The distribution of life Cmm cfu on the ZUM 2041 and 3059 seeds is non-normal, but rather fits a Log10-
normal distribution. Dutta and collogues tested naturally infected single seeds of various crops for 
different bacterial pathogens, including tomato seeds and Clacibacter, and found a non-normal 
distribution for all of them, with positive skewness [4]. This study indicates that the average number of 
bacteria found on a subset of seeds may be highly influenced by few highly infected seeds. Data on the 
peduncle inoculated seeds additionally illustrates a chance of having seeds with a very low infection (ZUM 
2041 seed #40).  
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2. Effect of HCl treatment on SE-PCR and DP results of individual peduncle inoculated 
seeds (1606-43) 


Objective(s) Result(s) 
1. Determine effect of HCl treatment on 


Cmm SE-PCR and dilution plating (DP) 
results of pooled Cmm ZUM 3059 
peduncle inoculated seeds (ratio 
live/dead) 


2. Determine variability of DNA- and live 
Cmm load  


3. Determine Cmt spike recovery  
 


1. Average PTSSK and MVS21 results of HCl 
treated seeds 1 Ct higher compared to seeds 
treated with pectinase only. HCl treatment 
effect on DP results is much larger, reducing 
average Cmm cfu/seed-1 from 90.000 to 25 
cfu/seed-1 (3600 fold). Dead/live ratios are 
elevated from average 700 to 880,000. On 
pectinase treated seeds 87.4-99.98% of Cmm 
cells are dead. After HCl treatment, 99.98-
100% is dead. 


2. The range of Cmm taqman Cts (FAM and VIC) 
is 19.7-26.8 for pectinase treated seeds and 
20.3-27.3 for pectinase + HCl treated seeds. 
The range of DP results for pectinase treated 
seeds is 90-6,4*105 Log10 (cfu seed-1) and is 1-
300 Log10 (cfu seed-1) for pectinase + HCl 
treated seeds. 


3. Cmt results for all seeds are comparable (Ct 
30-32.5). 


 
 


Conclusion(s) 
1. HCl treatment has a small effect on SE-PCR results compared to pectinase only, but a very 


large effect on DP results. HCl treatment effectively kills Cmm but most of dead cells remain 
attached to the seed. HCl treatment is compatible with the SE-PCR test. 


2. HCl treatment does not have a significant effect on the recovery of the Cmt spike. 
3. Peduncle seeds, both pectinase and HCl treated seeds are potentially useful as SE-PCR 


reference material when spiked to subsamples of healthy seeds. 
 


Experimental Variables  
1. Individual seeds from pool tested, before and after HCl treatment 
2. Cmm detection by dilution plating and SE-PCR 
3. Three concentrations of extract plated 


 


Control samples 
1. Negative processing control (NPC): seeds of batch 10375599 
2. Cmt ZUM 4289 PAC (batch 1) 
3. Cmm Zum 3059 PAC (batch 8) 
4. NTCs 
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Materials 
Seeds 1. Cmm ZUM3059 batch 2 (plant #1, cluster #1 and plant #9, cluster 


#1  
Cmm ZUM Cmm ZUM 3059 
Spike reference Cmt ZUM 4289  
DNA isolation MN Tissue kit, multiwell format 
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  
Probes (10 µM) ZUP 2575, 3200, 3199  
PACs CMM ZUM 3059 (Batch 8) / Cmt ZUM 4289 (batch 1) 


 
Method 
Treatment level of Cmm ZUM3059 batch 2 is pectinase treated and rinsed with water (see procedure in 
1608-1). 1.5 gram seed was treated with 0.1N HCl (check if pH is 0.9-1.1!) for 10 minutes under occasional 
stirring. Water was added to raise pH to 5 and liquid was poured of. Seeds were dried O/N on filter paper 
in open petri dishes under the laminar flow.  


22 untreated seeds of were compared with 22 HCl treated seeds. Seeds were selected and processed and 
as described in experiment 1. Of untreated seeds, 100 µl of concentrations 10-1, 10-2 and 10-3 was plated. 
Of HCl treated seeds, 100 µl of concentrations 100, 10-1 and 10-2 was plated. A dilution series of ZUM 3059 
was plated as reference (10-4, 10-5 and 10-6 of little bit of single colony dissolved in saline). The remainder 
of extract (+- 180 µl) was spiked with Cmt and processed as described in experiment 1. 


Results 
Results for control samples of the DP and SE-PCR assay were as expected and Cmt (PEC, TxRd) results for 
all seeds are comparable (for data see appendix file 6).  


The range of Cmm taqman Cts (FAM and VIC) is 19.7-26.8 for pectinase treated seeds and 20.3-27.3 for 
pectinase + HCl treated seeds. The range of DP results for pectinase treated seeds is 90-6,4*105 Log10 (cfu 
seed-1) and is 1-300 Log10 (cfu seed-1) for pectinase + HCl treated seeds (table 1).  


Sample Treatmen
t cfu/seed PTSSK 


(FAM) 


dead 
cells 


(FAM) 


dead/live 
ratio 


(FAM) 


MVS21 
(VIC) 


dead 
cells 
(VIC) 


dead/live 
ratio (VIC) 


CMT 
(Tx Rd) 


1 Pectinase 111000 22.99 2304198 21 22.81 1793952 16 30.20 
2 Pectinase 600 25.25 515303 859 25.03 416980 695 31.18 
3 Pectinase 144000 24.09 995356 7 23.84 798030 6 30.94 
4 Pectinase 8700 24.92 637633 73 24.57 563198 65 30.54 
5 Pectinase 90 25.78 359125 3990 25.26 356730 3964 30.66 
6 Pectinase 540 24.16 1085624 2010 23.99 849673 1573 31.36 
7 Pectinase 453000 21.50 6229391 14 21.54 4086024 9 29.84 
8 Pectinase 114000 22.47 3331090 29 22.37 2459508 22 30.29 



file://Nlenpfil02/group/Q&D/Seed%20Health%20R&D/PLANNING%20OCT%202012/Experiment%20report%20database/2016/PPT-Q&AD%20SH%201608-1%20production%20Cmm%20infected%20seed.docx
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9 Pectinase 636000 20.10 1675058
5 26 19.73 1500892


3 24 30.25 


10 Pectinase 1200 24.74 729686 608 24.38 650027 542 30.95 
11 Pectinase 48600 21.34 7405458 152 21.20 5678208 117 30.33 
12 Pectinase 210 26.81 177546 845 26.48 154749 737 31.37 
13 Pectinase 16500 23.84 1335003 81 23.64 1063558 64 30.67 
14 Pectinase 1500 24.18 1069927 713 24.10 787119 525 31.54 
15 Pectinase 43200 21.93 4938538 114 21.78 3808954 88 30.85 
16 Pectinase 1920 25.47 442005 230 25.18 374959 195 30.86 
17 Pectinase 330 26.84 173821 527 26.52 150449 456 31.30 
18 Pectinase 2160 23.18 2119096 981 22.81 1902792 881 30.33 
19 Pectinase 150 24.59 809588 5397 24.32 678345 4522 30.22 
20 Pectinase 213000 23.22 1851086 9 23.13 1317637 6 30.30 
21 Pectinase 162000 23.61 1419401 9 23.58 963283 6 30.78 
22 Pectinase 4020 24.17 1074750 267 24.03 823258 205 31.43 


25 Pectinase 
+ HCl 3 24.18 1071424 357141 23.66 1065387 355129 30.78 


26 Pectinase 
+ HCl 0 23.28 1981208 1981208 22.64 2139731 2139731 31.07 


27 Pectinase 
+ HCl 9 22.43 3540500 393389 22.08 3137825 348647 30.22 


28 Pectinase 
+ HCl 0 22.45 3492474 3492474 22.31 2681268 2681268 30.64 


29 Pectinase 
+ HCl 9 27.11 144813 16090 26.70 133311 14812 31.16 


30 Pectinase 
+ HCl 30 23.60 1592209 53074 23.15 1509821 50327 31.01 


31 Pectinase 
+ HCl 3 25.50 434918 144973 25.11 395351 131784 31.69 


32 Pectinase 
+ HCl 12 27.01 155048 12921 26.65 137944 11495 30.48 


33 Pectinase 
+ HCl 3 24.54 837865 279288 23.95 873781 291260 30.28 


34 Pectinase 
+ HCl 3 27.26 130717 43572 26.93 113919 37973 31.77 


35 Pectinase 
+ HCl 60 23.48 1728180 28803 23.31 1353346 22556 30.66 


36 Pectinase 
+ HCl 0 26.28 255293 255293 25.84 240016 240016 31.27 


37 Pectinase 
+ HCl 0 27.03 152956 152956 26.51 151813 151813 32.15 


38 Pectinase 
+ HCl 30 26.21 267766 8926 25.55 292618 9754 31.16 
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39 Pectinase 
+ HCl 6 26.16 277093 46182 25.59 284747 47458 32.24 


40 Pectinase 
+ HCl 300 23.82 1369792 4566 23.43 1246505 4155 30.87 


41 Pectinase 
+ HCl 6 27.14 141879 23647 26.89 117074 19512 32.21 


42 Pectinase 
+ HCl 3 23.93 1270923 423641 23.87 922903 307634 31.15 


43 Pectinase 
+ HCl 3 26.66 196931 65644 26.35 169359 56453 32.49 


44 Pectinase 
+ HCl 0 20.81 1070549


6 10705496 20.25 1096425
5 10964255 29.86 


45 Pectinase 
+ HCl 30 23.43 1788250 59608 22.94 1742922 58097 30.05 


46 Pectinase 
+ HCl 0 24.08 1147165 1147165 23.57 1133003 1133003 30.98 


Table 1. DP (cfu/seed-1) and SE-PCR (FAM, VIC and TxRd) results of tested peduncle seeds treated with pectinase 
only or pectinase and HCl. PTSSK (FAM) and MVS21 (VIC) PCR results were used to calculate DNA amount and 
subsequently the total number of Cmm cells (live and dead) extracted from the seeds (see excel sheet for 
calculations). Presented in the table is the amount of dead cells per seed and the dead/live ratio.  


The effect of HCl treatment on the distribution of Cmm cfu seed-1 and on SE-PCR results is shown in figure 
1. Average PTSSK and MVS21 results of HCl treated seeds are 1 Ct higher compared to seeds treated with 
pectinase only. The effect of HCl treatment on DP results is much larger.  


SE-PCR results were used to calculate the total amount of Cmm DNA present on seeds, which was used to 
calculate the total number of Cmm cells (live and dead, for procedure see experiment 1). The number of 
dead cells extrapolated from PCR data and the dead/live ratio for each seed tested is shown in table 1. 
HCl treatment reduces the average Cmm cfu/seed-1 of 22 seeds by 3600 fold; from 90.000 to 25 cfu/seed-


1. Dead/live ratios are elevated from an average of 700 to 880,000. On pectinase treated seeds 87.4-
99.98% of Cmm cells are dead. After HCl treatment, 99.98-100% of cells are dead. 
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Figure 1. HCl treatment effect on the distribution of dilution plating (A) and SE-PCR (B and C) results of individual 
seeds (n=22 per treatment).  


Discussion 
Peduncle seeds, both pectinase and HCl treated seeds, could be useful as SE-PCR reference material when 
spiked to subsamples of healthy seeds. It can be concluded that HCl treatment is compatible with the SE-
PCR test. HCl treatment effectively kills Cmm, but dead cells remain attached to the seeds and can be 
extracted and detected with SE-PCR.  
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3. Diagnostic performance: Single untreated peduncle inoculated seeds spiked to 10KS 
healthy seed samples and analyzed with DP and SE-PCR (1606-73) 


Objective(s) Result(s) 
1. Determine variability of DNA- and 


live Cmm load on single untreated 
peduncle seeds spiked to 10KS subs 
of healthy seed 


2. Compare results of 5µl and 10µl 
DNA as PCR template 


3. Discuss SE-PCR diagnostic 
performance relative to DP. 


4. Conclude on suitability of material 
for validation of SE-PCR trueness in 
relation to DP when tested by 
multiple ISHI labs 


5. Determine Cmt spike recovery  
 


1. All 20 subsamples were SE-PCR positive. The 
range of Cmm taqman Cts (5µl template) is 
25.23-31.17. 8 out of 20 samples were DP 
negative. The range of DP results for positive 
samples (average of 2 growth media) is 3-
38375 cfu/25 ml seed extract.  


2. On average, PTSSK (FAM), MVS21 (VIC) and 
Cmt (TxRd) Cts were 0.87 (range 0.69-1.12), 
0.58 (range 0.22-0.90) and 0.80 (0.45-1.22) 
lower using 10µl template, respectively. 


3. Samples containing the highest number of live 
Cmm generate the lowest Cmm taqman Cts. 
For samples positive for DP, 93-99.9% of Cmm 
detected by SE-PCR is dead. Sample 8 has the 
highest percentage of live Cmm relative to the 
total (~6-7%). The percentage of live Cmm 
relative to the total in all other samples ≤1.5%.    


4. 12 out of 20 samples were DP positive; 20 out 
of 20 were SE-PCR positive. 


5. Cmt control spike results in peduncle spiked 
samples were average Ct 32.5, Stdev 0.31 


 
Conclusion(s) 


1. Result variability between peduncle seed spiked subsamples show that the live Cmm content 
between peduncle seeds differs considerably, which was expected beforehand. No Cmm suspects 
were found in 8 out of 20 subsamples (subs 5, 7, 9, 14, 16, 18, 19, 20). Variability in PCR results is 
smaller, and all samples were PCR positive.  


2. PCR results using 10µl DNA are between Ct 0.22 and 1.2 lower compared to results for 5 µl DNA. 
3. All samples were SE-PCR positive, with a correlation between high numbers of live Cmm found by 


DP and lower Cmm Taqman Cts found by SE-PCR. As a pre-screening method, SE-PCR must be 
positive for samples positive with DP. This is the case in current experiment. From this, it is 
concluded that the diagnostic performance of the SE-PCR method relative to DP is good. The fact 
that SE-PCR is also positive for samples that are DP negative justifies the intention to follow up 
each positive SE-PCR prescreen result by performing DP on the same sample. All subsamples in 
this experiment, including those that contain no or a very low number of live Cmm below the LOD 
of the DP method contain a substantial number of dead Cmm cells, which are detected by PCR. 
>90% of Cmm detected by PCR is dead. Previous experiments with peduncle seeds show that this 
percentage of dead cells is raised to >99% after HCl treatment. HCl treated seeds is the intended 
treatment level for the SE-PCR test. It is anticipated that samples of HCl treated seeds at least 
contain 10-fold more dead cells relative to the number of live cells. In that case, a 10-fold lower 
analytical sensitivity of the SE-PCR pre-screening method relative to the DP method could be 
considered as justified. 
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4. Seeds of this untreated peduncle infected seed batch are considered useful to validate SE-PCR 
diagnostic performance relative to DP as part of a comparative test with different ISHI labs. 
Variability in DP results between individual seeds is considerable, with 8 out of 20 seeds containing 
no live Cmm or a number below the LOD of the plating method. Therefore, a minimum of 20 seed 
samples spiked with a single seed is advisable. 


5. Cmt control spike results were good and comparable between peduncle seed spiked samples. 
 


Experimental Variables  
1. 20 x 10KS subs spiked with a single seed of pectinase treatment level peduncle seed pool. 
4. Cmm detection by dilution plating and SE-PCR  
5. Three concentrations (10+1, 100 and 10-1) of extract plated  
6. Highest concentrated plated extract of 2 subs +- ZUM3059 spike 
7. SCMF and Cmm1T medium 
8. Run PCR with 5µl and 10 µl isolated DNA 


 


Control samples 
1. Negative processing controls (NPC): 5 sub of each batch not spiked with peduncle seeds 
2. Cmt ZUM 4289 PAC (batch 3) 
3. Cmm Zum 2041 PAC (batch 5) 
4. NTCs 


 


Materials 
Seeds 1. Cmm ZUM 2041 batch 2 (untreated) (plant #4, clusters #1 and #2; 


plant #7, clusters #1 and #2 and the remainder of Cmm ZUM2041 
batch 1 used in experiment 1. 


2. Healthy acid treated seed batch 25x 10375656 (2012 TGW 2.15) 
Cmm ZUMs Cmm ZUM 2041 
Spike reference Cmt ZUM 4289  
DNA isolation MN Tissue kit, multiwell format 
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  
Probes (10 µM) ZUP 2575, 3200, 3199  
PACs CMM ZUM 2041 (Batch 5) / Cmt ZUM 4289 (batch 3) 


 
Method 
The procedure of the ISHI Veg Cmm SE-PCR protocol (annex 1 in validation plan v1.0 december 2019) was 
followed to produce seed extract and for performance of SE-PCR. 25 subsamples of 10KS of healthy seed 
were prepared. Spiked 20 subs with 1 untreated peduncle seed. Select peduncle seeds with comparable 
morphology and appearance. 5 subs not spiked (“NPC”). From each extract, 25 ml was sampled for SE-
PCR and 45 ml for dilution plating. Samples were spiked with Cmt (PEC).  
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Samples for DP are processed according to the ISHI Veg protocol. 100 µl was plated of undiluted extract, 
of 10-fold diluted extract and 45-fold concentrated extract (resp. 100 and 10-1 and 10+1) on SCMF and 
Cmm1T medium. Dilution range of ZUM 2041 for reference was plated as well.  


Results 


Dilution plating 


Plating results (appendix file 7) show high content of saprophytes on Cmm1T plates plated with 
concentrated extract (45x concentrated). Saprophyte growth is suppressed on SCMF medium.  


Buffer and sterile saline controls were negative, and also no Cmm suspects were found in NPC samples. 
The ZUM3059 spike into NPC extracts resulted in about 30 suspects in concentrated extract, which was 
comparable to the ZUM3059 spike control.  


Result variability between peduncle seed spiked subsamples show that the live Cmm content between 
peduncle seeds is considerably different, which was anticipated beforehand. No Cmm suspects were 
found in 7 out of 20 subsamples (subs 7, 9, 14, 16, 18, 19, 20). Suspect counts in concentrated extract of 
the remaining 13 subsamples varied from 1 (sub 15) to several hundred (sub 8).  


Suspect confirmation 


In total, 119 suspects were transferred to YDC (appendix file 7). From these, 114 colonies were still suspect 
on YDC, 2 of which the suspect status was doubtful (colonies G and I from subsamples 6). After transfer 
to YDC, subsample 5 was free of Cmm suspects and therefore DP negative, in addition to subsamples 7, 
9, 14, 16, 18, 19, 20. From the 114 remaining suspects, Cmm confirmation PCR was performed on 72 
colonies. From these 72, 70 were confirmed to be Cmm (colonies G and I from subsample 6 were not 
Cmm). PCR results did not change the number of DP positive subsamples. Of subsample 6, Cmm identity 
was confirmed of 6 suspect colonies, all found in concentrated extract. Overall results show 12 out of 20 
subsamples to be DP positive for Cmm. 


To enable comparison of DP and SE-PCR results, DP results were used to calculate the number of Cmm cfu 
per 25 ml non-concentrated seed extract, which is the amount of extract processed by SE-PCR (see table 
1). Comparison of DP and SE-PCR results is shown in table 2. 


Sub Cfu/plate     
(SCMF) 


Cfu/plate    
(Cmm1T) 


Cmm cfu/25 ml seed extract 
(average of 2 media) 


1 4 0 11 
2 13 8 58 
3 4 2 17 
4 13 10 2875 
5 0 0 0 
6 12 3 42 
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7 0 0 0 
8 157 150 38375 
9 0 0 0 


10 40 10 139 
11 9 4 36 
12 33 27 7500 
13 202 122 900 
14 0 0 0 
15 0 1 3 
16 0 0 0 
17 8 6 39 
18 0 0 0 
19 0 0 0 
20 0 0 0 


Table 1. Calculation of the number of Cmm cfu per 25ml non-concentrated seed extract of the 20 peduncle seed 
spiked subsamples. Suspect counts of both media shown in table 1 were averaged. Average plating results are 
from concentrated seed extract, except for results shown in red, which are from non-concentrated and non-
diluted extract. Subsamples 7, 9, 14, 16, 18, 19 and 20 were negative for Cmm, as well as subsample 5 after transfer 
to YDC. Averages were corrected for concentration factor 45 (except results shown in red).  Results for the 100µl 
that was plated were multiplied by 250 to calculate Cmm cfu in 25ml seed extract. 


SE-PCR results 


SE-PCR results for control samples were as expected (appendix file 7). In table 2, PCR results of peduncle 
seed spiked samples are shown and compared with the average dilution plating results as calculated in 
table 1. All 20 subsamples spiked with a peduncle seed are Cmm SE-PCR positive, with comparable results 
for the Cmt control spike (average Ct 32.5, Stdev 0.31). The range of Cmm taqman Cts (FAM and VIC 
combined) of 5µl DNA template is 25.23-31.17 (table 5). The range of DP results (average of 2 growth 
media, excluding DP negative samples) is 3-38375 cfu/25 ml seed extract. Samples containing the highest 
number of live Cmm generate the lowest Cmm taqman Cts.  


From PCR results, the number of total Cmm cells (live and dead) present in 25 ml seed extract is calculated 
according to the procedure described for experiment 1. For samples positive for DP, 93-99.9% of Cmm 
detected by SE-PCR is dead. Sample 8 has the highest number of live Cmm relative to the total (~6-7%). 
The percentage of live Cmm relative to the total in all other samples is ≤1.5%.  
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Sub 


Avg. 
Cmm 


cfu per 
25 ml 
seed 


extract 


PTSSK 
(FAM) 


Total live 
and 


dead per 
25 ml 
seed 


extract 
(FAM) 


Dead 
cells 


(FAM) 


Dead 
(as % of 


total) 


Ratio 
dead/live 


(FAM) 


MVS21 
(VIC) 


Total live 
and 


dead per 
25 ml 
seed 


extract 
(VIC) 


Dead 
cells 
(VIC) 


Dead 
(as % of 


total) 


Ratio 
dead/live 


(VIC) 


CMT     
(Tx Rd) 


1 11 31,1 12539 12528 99,9 1127,5 30,72 13246 13235 99,9 1191,1 32,17 
2 58 28 100736 100677 99,9 1725,9 27,68 112697 112639 99,9 1930,9 32,24 
3 17 28,98 52133 52116 100,0 3127,0 28,66 56515 56498 100,0 3389,9 32,26 
4 2875 25,62 498807 495932 99,4 172,5 25,24 628386 625511 99,5 217,6 32,31 
5 0 30,36 20619 20619 100,0 - 30,02 21686 21686 100,0 - 32,95 
6 42 29,31 41762 41720 99,9 1001,3 28,96 45751 45710 99,9 1097,0 32,87 
7 0 30,55 18147 18147 100,0 - 30,16 19650 19650 100,0 - 32,37 
8 38375 25,48 548024 509649 93,0 13,3 25,29 606643 568268 93,7 14,8 32,34 
9 0 31,17 11963 11963 100,0 - 30,56 14826 14826 100,0 - 32,35 


10 139 27,05 190765 190626 99,9 1372,5 26,56 248018 247879 99,9 1784,7 32,12 
11 36 28,21 87475 87439 100,0 2421,4 27,9 96521 96485 100,0 2671,9 32,65 
12 7500 25,6 505558 498058 98,5 66,4 25,23 632827 625327 98,8 83,4 32,5 
13 900 28,41 76472 75572 98,8 84,0 28,03 88076 87176 99,0 96,9 32,71 
14 0 29,97 26799 26799 100,0 - 29,47 31946 31946 100,0 - 32,57 
15 3 30,56 18026 18023 100,0 6488,2 30,3 17805 17802 100,0 6408,8 32,46 
16 0 26,72 238139 238139 100,0 - 26,25 308533 308533 100,0 - 32,29 
17 39 27,74 119972 119933 100,0 3084,0 27,45 132514 132475 100,0 3406,5 32,2 
18 0 28,01 100061 100061 100,0 - 27,56 122635 122635 100,0 - 32,21 
19 0 30,97 13684 13684 100,0 - 30,54 15036 15036 100,0 - 33,37 
20 0 29,85 29050 29050 100,0 - 29,47 31946 31946 100,0 - 32,4 


Table 2. PTSSK, MVS21 and Cmt taqman results and average DP results (average of 2 growth media) of subsamples 
spiked with a single peduncle seed. Results are for 5µl template DNA in PCR. PCR results were used to calculate 
the amount of Cmm DNA in the PCR reaction by comparing to results of a DNA dilution series with known 
concentration (data not shown).  Subsequently the total number of Cmm cells (live and dead) present in 25ml 
seed extract was calculated (Cmm genome size 3.39524 Mb). It was assumed Cmm bacteria carry a single genome 
copy per cell. Presented further in the table is the the number and % of dead cells relative to the calculated total 
number and the dead/live ratio. 


Discussion 
Seeds of this peduncle infected batch are considered useful to validate SE-PCR diagnostic performance 
relative to DP as part of a comparative test with different ISHI labs. Variability in DP results between 
individual seeds is considerable, with 8 out of 20 seeds containing no live Cmm or a number below the 
LOD of the plating method. Therefore, each participant running a minimum of 20 seed samples spiked 
with a single seed is advisable.  
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All samples were SE-PCR positive, with a correlation between high numbers of live Cmm found by DP and 
lower Cmm Taqman Cts found by SE-PCR. As a pre-screening method, SE-PCR must be positive for samples 
positive with DP. This is the case in current experiment. From this, it is concluded that that the SE-PCR 
method has a good diagnostic performance relative to DP.  The fact that SE-PCR is also positive for samples 
that are DP negative justifies the intention of following up each positive SE-PCR result by performing DP 
on the same sample.  


The SE-PCR pre-screening method should, according to ISHI standards, be more sensitive than the follow 
up test. Results of this experiment show that SE-PCR is positive for all subsamples, also those that are DP 
negative. While DP detects only live Cmm, SE-PCR detects DNA of both live and dead Cmm cells. If seeds 
would only contain live Cmm and no dead cells, contaminations with only a few live cells would be 
detected by DP but not by PCR. All subsamples in this experiment, including those that contain no or a 
very low number of live Cmm below the LOD of the DP method contain a substantial number of dead 
Cmm cells that are detected by PCR. Estimating the ratio of live and dead cells present on the peduncle 
seeds from PCR results and comparing with DP results shows that >90% of Cmm present on the seeds is 
dead. Previous experiments with peduncle seeds show that this percentage of dead cells is raised to >99% 
after HCl treatment. HCl treated seeds is the intended treatment level for the SE-PCR test. It is anticipated 
that samples of HCl treated seeds roughly contain a 10-fold of dead cells relative to the number of live 
cells. Following this, a 10-fold lower analytical sensitivity of the SE-PCR pre-screening method relative to 
the DP method is justified. 


References 
1. Tambong, JT (2017). Comparative genomics of Clavibacter michiganensis subspecies, pathogens 


of important agricultural crops. PLoS ONE 12(3): e0172295. 
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Appendices 
Cmm cfu/seed Seed# PTSSK (FAM) MVS21 (VIC) Cmt (Tex Red) 


10110 29 19.03 18.43 31.99 
1053000 22 19.18 18.69 32.13 
1398000 9 19.39 19.01 32.01 
1173000 21 19.4 18.96 31.58 
327000 4 19.6 19.04 31.72 
723000 16 19.65 19.11 31.29 
600000 5 19.7 19.15 31.82 
60300 48 20.13 19.45 31.33 


0* 40 20.21 19.58 31.71 
32700 44 20.38 20.06 32.36 
59100 17 20.81 20.15 32 


411000 38 21.01 20.36 32.29 
96600 14 21.21 20.66 31.32 
76800 25 21.3 20.55 32.31 
62400 28 21.39 20.65 31.8 
47400 34 21.43 21.08 32.72 
67800 26 21.49 21.1 31.87 
15300 42 21.52 20.86 31.3 
43500 47 21.54 21.08 32.19 


273000 7 21.65 20.89 31.59 
14400 13 21.74 21.07 31.21 
17100 19 21.87 21.35 32.06 
13500 1 21.95 21.19 32.29 
21600 27 22.01 21.2 32.02 
32700 30 22.04 21.41 32.17 
7860 15 22.06 21.52 31.08 


87900 23 22.06 21.58 31.51 
12150 11 22.17 21.64 32.58 
9600 12 22.18 21.6 32.65 


63000 36 22.24 21.69 33.1 
38100 35 22.31 21.66 32.61 
14100 6 22.33 21.51 32.37 
16200 46 22.41 22.04 31.98 


2520000 8 22.78 21.98 34.85 
2670 2 22.8 22.11 31.47 
4440 24 23.03 22.46 31.75 
8970 33 23.11 22.45 32.93 
6750 43 23.27 23 32.63 
4290 32 23.67 23.17 32.08 


12090 39 23.68 23.15 32.01 
6960 31 23.8 23.26 33.02 
4740 45 23.88 23.2 31.52 
3480 3 24.17 23.46 33.23 
4140 41 24.58 24.14 33.07 
4290 37 24.78 23.95 33.19 


12000 18 24.91 24.21 32.25 
660 10 25.52 24.71 33.42 


1170 20 25.66 24.92 31.86 
Appendix Table 1. SE-PCR and DP results for 48 Cmm ZUM2041 infected seeds. Results are shown in order of 
increasing PTSSK taqman Ct. 
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cfu Cmm/seed seed# PTSSK (FAM) MVS21 (VIC) Cmt (Tex Red) 
1764000 11 18.8 18.43 31.46 
2064000 31 19.19 19.08 31.77 
1485000 22 19.23 19.05 30.57 
2298000 42 19.4 19.54 31.92 
1224000 44 19.88 19.73 31.94 
171000 20 20.02 19.67 32.18 
525000 1 20.13 20.03 31.67 
555000 16 20.29 19.97 31.25 
657000 26 20.36 20.19 31.4 
231000 2 20.51 20.22 31.23 
105600 30 20.55 20.37 32.06 


1377000 34 20.57 20.33 31.39 
966000 5 20.76 20.51 31.32 
198000 28 20.78 20.56 32.23 
363000 43 20.83 20.66 32.23 
645000 40 21.07 20.96 32.48 
273000 36 21.13 21.08 31.75 
207000 37 21.2 21.1 32.27 
390000 39 21.26 21.08 31.53 
82800 14 21.39 21.13 32.15 
33600 10 21.4 21.13 30.96 


279000 32 21.47 21.22 31.54 
84900 27 21.56 21.33 32.1 


261000 13 21.66 21.41 31.74 
198000 17 21.68 21.46 33.72 
32400 7 21.74 21.59 32.14 
42300 4 21.92 21.55 31.78 
63900 9 21.97 21.65 32.39 
51300 3 22.06 21.81 32.4 
42600 24 22.23 22.07 31.16 
10590 6 22.32 22.11 32.34 
81900 8 22.44 22.13 32.1 
52200 21 22.44 22.21 33.34 
28800 15 22.5 22.16 31.68 


147000 35 22.66 22.29 32.02 
11400 12 22.91 22.54 31.11 
37200 41 22.92 22.8 32.75 
26100 23 22.98 22.61 32.61 
69000 18 23.11 22.89 31.7 
84600 38 23.24 23.1 33.12 
33000 33 23.31 23.06 32.6 
30000 25 23.48 23.22 31.54 
54600 29 23.89 23.59 31.8 
6540 19 24.41 24.19 31.53 


Appendix Table 2. SE-PCR and DP results for 44 Cmm ZUM3059 infected seeds. Results are shown in order of 
increasing PTSSK taqman Ct. 
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Repeatability of the Cmm SE-PCR assay by testing 3x10KS subsamples of 
4 HCl treated seed batches  
 
Syngenta experiment: 1606-66 


Objective(s) Result(s) 
1. Test 3 subsamples of 10KS from 4 batches 


with SE-PCR.  
a. Isolate DNA with the MN 


Tissuekit and the DNeasy Blood 
and Tissuekit. Compare results.  


2. Determine Cmt spike recovery 
3. Discuss repeatability of the Cmm SE-PCR 


assay 
 


1. MN and Qiagen results are well comparable. 
Cmt ΔCts between kit are ≤1. Sometimes 
Qiagen Cts are higher and sometimes MN Cts. 
Overall, difference between kits are very 
small. Batch 10375656 Cmm Cts are 40 for all 
samples with both kits. Batch 10428654 
Qiagen Cmm Cts are average 30.8, MN Cts are 
1 higher. Average Cmm Ct of batch 10374103 
samples is 29 with both kits. Batch 2952093 
sample average Cmm Ct with the Qiagen kit is 
21.4, and is 1 Ct higher with the MN kit.  


2. Cmt spike results range Ct 30-33 
3. Cmm results between the 3 subsamples of 


each batch is very similar (stdev ≤0.6). 
 


Conclusion(s) 
1. MN and Qiagen results are well comparable. Overall, difference between kits are very small. 
2. Low variability in results between subsamples indicates good repeatability of SE-PCR results and 


uniform contamination of Cmm positive batches. 
 


Experimental Variables  
1. 4 different Raw level tomato seed batches, 3 subsamples of 10.000 seeds each 
2. 1ml concentrated extract pellet processed with MN Tissuekit, other pellet with DNeasy kit 


 


Control samples 
1. Cmt ZUM 4289 PAC (batch 1) 
2. Cmm Zum 2041 PAC (batch 5) 
3. NTCs 


 


Materials 
Seeds batches 10375656 (NPC); 10428654, 10374103 and 2952093 (all HCl 


treated) 
Spike reference Cmt ZUM 4289  
DNA isolation Macherey Nagel Tissue kit 96 multiwell format and DNeasy Blood and 


Tissuekit, columns 
Primers (20 µM) ZUP 2573-2574, ZUP 2958-2959, ZUP 3197-3198  







Probes (10 µM) ZUP 2575, 3200, 3199  
PACs CMM ZUM 2041 (Batch 5) / Cmt ZUM 4289 (batch 1) 


Method 
3x10KS subsamples of the 4 seed batches were processed according to ISHI Veg Cmm SE-PCR protocol 
(see annex A of validation plan v2.0 april 2020), except that 5 mL of extract per 1000 seeds was sampled 
in step 2.1 and spiked with 20,000 cells of the Cmt PEC. The samples were split in half at paragraph 3. DNA 
of one half was isolated with the MN Tissuekit and from the other half with the DNeasy Blood and Tissuekit 
from Qiagen.  
 


Results 
Results of control samples (NTCs and PACs) were as expected (data not shown, see appendix file 1). Cmt 
spike results range from Ct 30-33 (Table 1).  
 
Table 1 shows results of test samples. PTSSK (FAM) results of test samples are representative for MVS21 
(VIC) results and are comparable between subsamples of the same batch.  
 
Figure 1 shows FAM and TxRd results of test samples. MN and Qiagen results are well comparable. Cmt 
ΔCts between kit are ≤1. Sometimes Qiagen Cts are higher and sometimes MN Cts, this seems seed batch 
dependent. Overall, differences between kits are very small. Batch 10375656 Cmm Cts are 40 for all 
samples with both kits. Batch 10428654 Qiagen Cmm Cts are average 30.8, MN Cts are 1 higher. Average 
Cmm Ct of batch 10374103 samples is 29 with both kits. Batch 2952093 sample average Cmm Ct with the 
Qiagen kit is 21.4, and is 1 Ct higher with the MN kit.  
 


Batch Subsample DNA isolation PTSSK (FAM) MVS21 (VIC) CMT (TxRd) 
10375656 1 QIAGEN 40 40 32,69 
10375656 2 QIAGEN 40 40 32,75 
10375656 3 QIAGEN 40 40 32,83 
10428654 1 QIAGEN 30,87 30,91 30,03 
10428654 2 QIAGEN 30,87 31,11 30,38 
10428654 3 QIAGEN 30,5 30,75 30,55 
10374103 1 QIAGEN 29,64 28,9 32,52 
10374103 2 QIAGEN 28,93 28,1 31,58 
10374103 3 QIAGEN 29,55 28,74 31,89 
2952093 1 QIAGEN 22,02 22,08 31,21 
2952093 2 QIAGEN 21,2 21,32 31,58 
2952093 3 QIAGEN 20,75 20,96 31,56 


10375656 1 MN 40 40 31,24 
10375656 2 MN 40 40 31,07 
10375656 3 MN 40 40 31,21 
10428654 1 MN 32,04 31,78 31,25 
10428654 2 MN 31,93 31,94 31,82 
10428654 3 MN 32,02 31,75 31,52 
10374103 1 MN 29,16 28,2 32,05 







10374103 2 MN 29,36 28,41 32,84 
10374103 3 MN 30 28,8 33,1 
2952093 1 MN 22,9 23,04 31,23 
2952093 2 MN 22,47 22,32 31,42 
2952093 3 MN 22,1 22,09 31,32 


Table 1. PCR results of 3 subsamples of 4 seed batches. Indicated are PTSSK, MVS21 and Cmt taqman results for 
undiluted and 10-fold diluted DNA, isolated with the MN Tissue kit or the Qiagen DNeasy Blood Tissuekit.  
 


 
Figure 1. PCR results of 3 subsamples of 4 seed batches. Indicated are PTSSK, MVS21 and Cmt taqman results for 
undiluted and 10-fold diluted DNA, isolated with the MN Tissue kit or the Qiagen DNeasy Blood Tissuekit.  
 


Discussion 
Cmm taqman PCR results between subsamples of the same batch are very similar. The standard deviation 
of results is ≤0.6 Ct, indicating that Cmm SE-PCR results are well repeatable for the 4 seed batches tested. 
In addition, results indicate that the 3 Cmm positive batches are uniformly contaminated.  The results 
generated with both the MN tissue kit and the Qiagen DNeasy Blood and Tissuekit are well comparable 
for both Cmm as well as the Cmt spike. This indicates that for the Cmm SE-PCR assay, DNA isolation may 
be performed with either kit. 
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6. ANNEXES 

Annex A: Cmm SE-qPCR protocol 

Introduction 

This SE-qPCR pre-screening method was initially developed and validated by Naktuinbouw in the 
framework of the EU TESTA project https://cordis.europa.eu/project/rcn/105068/reporting/en). 
DNA purification using a widely available kit replaces automatic magnetic bead purification in 
the Naktuinbouw protocol. 

Recommended sample size (10,000 seeds), maximum subsample size (10,000 seeds as well) and 
sample preparation are according to the ISHI method for the detection of Clavibacter 
michiganensis subsp. michiganensis (Cmm) on tomato seed containing the dilution plating assay 
(ISHI Method Cmm 4.3.1, 2017). Hence, if desired, a single seed sample can be processed by both 
the SE-qPCR and dilution plating assays. Samples should however be processed at the same time 
by both methods, since the effect of storing seed extract on test results is not fully known. 

This SE-qPCR pre-screening method is meant to be incorporated in the overall ISHI method for 
Cmm, together with the follow-up dilution plating assay. 

As the format of ISHI protocol descriptions is subject to change, the description below is limited 
to the SE-qPCR pre-screening. It is the method selected to be further validated in ISHI and 
descriptions may be more specific than in the final ISHI protocol. Controls not specified will be 
incorporated in the comparative test as per ISHI best practices for PCRs in seed health tests. 

 

Detection of Clavibacter michiganensis subsp. michiganensis in tomato by a 
seed extract PCR (SE-qPCR) pre-screening assay 
Materials 

− Stomacher machine and bags 
− Seed extraction buffer (Table A.1) 
− Phosphate Buffer (Table A.2) 
− Refrigerator at 4 °C 
− Centrifuges capable of spinning 15/50 mL conical tubes and 1.5/2 mL microtubes (Optional: 

microtiter plates), at the required RCF  
− Clavibacter michiganensis subsp. tessellarius (Cmt) ATCC® 33566 
− Tissuelyser II or Genogrinder 
− Dry Low binding Ø 0,1 mm zirconium/glass beads (SPEX SamplePrep)  
− DNeasy® Blood & Tissue single column kit (Qiagen) 
− Heating block for 1.5/2 mL microtubes (shacking, otherwise additional vortex is required) 
− qPCR mix, primers (Table A.3) and equipment 
− Lab disposables 

https://cordis.europa.eu/project/rcn/105068/reporting/en
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Table A.1. Seed extraction buffera (pH 7.4) 

Compound Amount/L 
Na2HPO4 7.75 g 
KH2PO4 1.65 g 
Tween 20 0.20 mL 
Na2S2O3

b 0.50 g 
aUse de-ionized water, and autoclave at 121 °C, 15 psi for 15 min 

bRecommended when seeds have been treated with hypochlorite 

Table A.2. Phosphate buffera (PB) (pH 7.4) 

Compound Amount/L 
Na2HPO4 7.75 g 
KH2PO4 1.65 g 

a Use de-ionized water, and autoclave at 121 °C, 15 psi for 15 min. 

Table A.3. Primer-sequences and references 

Name Sequence Source 

MVS21-F 5’ - CTA GTT GCT GAA TCC ACC CAG - 3’  
Sudarshana et 
al. 2012 

MVS21+-R* 5’ – GTA CCG CTT GAC TCT CGT TTC - 3’ 

MVS21+-Pr** 5’ - VIC - CTG CCA CCC GAT GTT GTT GTT CCG - BHQ1- 3’ 

PTSSK-F 5’ - CGT CGC CCG CCC GCT G - 3’ 
Berendsen et 
al. 2011 

PTSSK-R 5’ - GGG GCC GAA GGT GCT GGT G - 3’  

PTSSK-Pr 5’ - FAM - TGG TCG TCC TCG GCG - MGB - NFQ - 3’ 

Cmt-F 5’ - AAC CCC AGG TCG TCT TGT CGA A - 3´ 
Naktuinbouw 
2016a 

Cmt-R 5’ – GCG CGT CTA CAC GGG CAT CA - 3´ 

Cmt-Pr 5’ – TexRed - TGT CGT CGA TCC AGG CCT CGC CC - BHQ2 - 3’ 

* Original MVS21 reverse primer extended with single G-nucleotide at 5’-end 
** Original MVS21 reverse probe extended with single G-nucleotide at 3’-end 

1. Extraction of bacteria from the seed 

1.1. Put seed subsamples in sterile stomacher bags with filter (e.g., Grade Separator 400 blender 
bags (UK)). Add sterile seed extraction buffer to each bag at a ratio of 4 mL of seed extract 
buffer per gram of seed (v/w). 

1.2. Incubate overnight (minimum 14 hours) at 4 °C, and macerate for at least 4 min in a 
stomacher machine until the extraction buffer becomes milky and white particles become 
visible as a result of endosperm release (see Figure A.1). 
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Figure A.1. The seed extraction buffer and seeds after stomaching 

2. Collection of target bacteria by differential centrifugation 

2.1. From behind the filter, transfer 2.5 mL of extract per 1,000 seeds in the subsample to a 
suitable centrifuge tube.  

Note: if plating is desired to be done on the same extract, more of this extract can be 
processed for this purpose. Process extract intended for testing by dilution plating according 
to the ISHI Method Cmm v4.3.1. Do not spike with the PEC bacterium, for it will interfere the 
manifestation and recognition of Cmm colonies on medium plates. Start processing extract 
by dilution plating within 30 min after centrifugation. 

2.2. Spike each subsample extract with 10,000 cells of Clavibacter michiganensis subsp. 
tessellarius (Cmt) ATCC® 33566. The bacterial suspension for spiking may be prepared fresh 
or in advance (stored at -80 °C in a 15% (v/v) glycerol solution).  

2.3. Further clear the extract from debris by low-speed centrifugation at 1,000 × g for 1 min. This 
facilitates resuspension of the pellets obtained in step 2.6.  

2.4. Decant the supernatant into a new centrifugation tube and discard the pellet. 

2.5. Centrifuge the supernatant with a time and speed sufficient to pellet bacteria (e.g., at 5,000 
× g for 15 min). 

2.6. Remove the supernatant carefully and resuspend the pellet in 1-1.5 mL phosphate buffer 
(PB, Table A.2).  

3. Cell lysis and DNA isolation 

3.1. Transfer the cell suspension obtained in step 2.6 to 2 mL Safelock tubes with round bottom. 
Spin down (e.g., at 5,000 × g for 5 min) the cells and discard the supernatant. Resuspend the 
pellet in 230 µL phosphate buffer (PB). Add 360 µL of dry Ø 0,1 mm zirconium/glass beads 
(BioSpec Products, Inc.) and beat in a Qiagen Tissuelyser II at 30 Hz for 3 min or in a 
Genogrinder at 1,500 rpm for 3 min. Short spin the samples to collect beads and liquid at 
the bottom of the tubes. 

Note: DNA isolation is done using the DNeasy® Blood & Tissue kit (Qiagen), but with 
modifications. The below instructions are tailored for the DNeasy Mini Spin Columns. The 
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quality of DNA samples prepared with the DNeasy Blood & Tissue 96 well plate kit was lower 
(Syngenta data, not shown); therefore, it is not recommended to use the 96 well plate format 
of the kit with this method. Spin columns and plate were used according to instructions in 
the DNeasy® Blood & Tissue Handbook (Qiagen). Protocol-specific instructions follow 
below. 

Note: Modifications are the consequence of bacterial lysis by bead beating being specific for 
this protocol and which is done in a detergent-free buffer to limit foam generation.  

Note: zirconium/glass beads bind DNA, reducing yield with low input seed extract amounts. 
Low binding Ø 0,1 mm zirconium beads (SPEX SamplePrep) could be used as an alternative 
when recovery of the spiked positive extraction control (PEC) is low. 

3.2. Add 205 µL buffer ATL and 25 µL proteinase K to each tube and incubate at 56 ˚C (minimum 
3 hours to maximum overnight (~16 hours)). Vortex at least every hour or use a shaking 
incubator. Do not premix buffer ATL and proteinase K more than 10-15 min before addition 
to the sample. Proteinase K tends to self-digest in buffers without substrate. Short spin the 
samples to collect beads and liquid at the bottom of the tubes 

3.3. Add 460 µL buffer AL and mix by vortexing. Short spin samples to collect beads and liquid 
at the bottom of the tubes. Pipet 560 µL lysate without taking any beads and mix with 280 
µL EtOH [96-100% (v/v)] in a clean reaction tube and mix by vortexing. 

3.4. Continue with procedure step 4 of the protocol “Purification of Total DNA from Animal 
Tissues (Spin-Column Protocol)” in the DNeasy® Blood & Tissue Handbook. Load and spin 
the 840 µL volume in two portions, not exceeding 600 µL for either portion. Empty the 
collection tube after the first portion to accommodate the flow-through of the second. Do 
this with care to minimize risk of cross-contamination. 

3.5. Finally, elute DNA in 100 µL buffer AE. 

4. qPCR assay 

4.1. Perform, in duplicate, a multiplex qPCR reaction on DNA of each subsample, combining the 
two Cmm qPCR assays with the Cmt qPCR assay, which serves as the IAC as well as for 
detection of the PEC. Primer and probe compositions are shown in Table A.3. 

4.2. Add 5 µL template on a total reaction volume of 25 µL, with a concentration of 0.40 µM of 
primers and probes, except for the Cmt probe which should have a concentration of 0.20 µM. 

4.3.  PCR conditions: 10 min incubation at 95 °C followed by 40 cycles of 15 sec at 95 °C and 48 
sec at an annealing temperature of or around 67 °C. Ramp speed at 5 °C/s.  

 Note: the annealing temperature is critical and should be optimized for the PCR mix used. 
Since the MVS21+ qPCR primers have a lower Tm than those of the PTSSK qPCR an annealing 
temperature gradient should be performed to select the temperature 1 °C lower than the 
point where MVS21+ qPCR Cq values start to increase. 

5. qPCR assay evaluation  

5.1. A sample is considered suspect for Cmm if one or more subsamples show detection of Cmm 
DNA by one or both Cmm primer sets. It is the responsibility of the testing laboratory to 
determine threshold/cut-off values, such that a minimal analytical sensitivity is achieved. 

https://www.qiagen.com/us/resources/download.aspx?id=6b09dfb8-6319-464d-996c-79e8c7045a50&lang=en
https://www.qiagen.com/us/resources/download.aspx?id=6b09dfb8-6319-464d-996c-79e8c7045a50&lang=en
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Testing laboratories need to achieve 100% detection of Cmm in a concentration of 10 
CFU/mL non-concentrated seed extract by one or both Cmm primer sets. 

5.2. If a sample is determined qPCR Cmm suspect, and Cmm dilution plating was not performed 
on the same extract in parallel, the Cmm dilution plating method must be performed on a 
new seed sample to reach a conclusion about the sample and seed lot (see ISF view on 
indirect seed health tests.)  

https://www.worldseed.org/wp-content/uploads/2015/10/Indirect_Seed_Health_Tests_2013.pdf
https://www.worldseed.org/wp-content/uploads/2015/10/Indirect_Seed_Health_Tests_2013.pdf
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Annex B: Comparative test report 

1. Organization and timeline  

1.1. Test organization 

Jeroen Lastdrager (Syngenta) 

1.2. Participating labs: 

Laboratory Contact Country Remarks 

Syngenta Jeroen Lastdrager Netherlands Organizer 

Hazera Hila Danino Israel  

Takii Shintaro Kusano Japan  

Anove Jerson Garita Spain  

GEVES Thomas Baldwin France  

Bayer Jill Demers USA  

ENZA Debby Beugelsdijk Netherlands  

Bayer Louis Sorieul Netherlands  

Criteria for participation 

Participating laboratories were required to be proficient in seed health testing and show 
experience in performing the Cmm SE-qPCR protocol (data not shown). 

2. Background and objectives 

Clavibacter michiganensis subsp. michiganensis (Cmm) causes wilting in tomato (Lycopersicum 
esculentum). Viable Cmm is currently being detected in seed samples by stomaching seeds in 
buffer and plating dilutions of resulting seed extract on semi-selective solid growth medium. 
Suspect colonies of Cmm are confirmed by real-time PCR (qPCR) (ISHI protocol for detection of 
Clavibacter michiganensis subsp. michiganensis on tomato seed). 

Naktuinbouw developed and validated a seed extract PCR (SE-qPCR) protocol, in which seed 
extract is prepared in the same way as for the dilution plating section of Cmm method 4.3.1. 
Bacteria are collected and subjected to a cell lysis step, after which DNA is isolated and analysed 
by real-time qPCR. The Naktuinbouw protocol was used as the basis for the development of an 
ISHI standard protocol for detection of Cmm by SE-qPCR (Annex A). 

The objective of this comparative test (CT) was to validate the reproducibility of the ISHI Cmm 
SE-qPCR assay in detection of Cmm DNA extracted from samples of untreated or acid treated 
tomato seeds by qPCR. The aim of validation was to deliver an ISHI internally accepted standard 
pre-screening protocol for testing tomato seeds for the presence of Clavibacter michiganensis 
subsp. michiganensis. A negative result in the pre-screen is final, and a positive result is followed 
up by performing dilution plating to confirm the presence of viable bacteria. 

3. Test design  

The CT was designed according to the ISHI method validation guidelines (ISF-ISHI guidelines, 
2020). The CT was performed independently by members of the seven participating labs. Identity 
of test material was only known to the test organizer. Seed material consisted of six different 
backgrounds. Backgrounds include healthy seed material as well as material with different levels 
of Cmm infection (high-medium-low; Table B1). Cmm infection levels were obtained by mixing 
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material of infected seed lots with healthy seeds. All seed material was treated with hydrochloric 
acid. Categorization of infection levels was based on experimental data obtained with infected 
seed lots (Syngenta report, 2020d). Each lab tested three replicate samples from each seed 
background, so 18 test samples in total. 

Table B1. Composition of tomato seed backgrounds provided to each participant of the CT.  
Total number of test samples per participant was 18 (three subsamples from six different seed 
backgrounds). Seed backgrounds were obtained by mixing seed from a healthy seed lot (lot# 
12954469) with seed from naturally infected seed lots (lot# 10374103 (PTSSK and MVS21 Cq 29) and 
10428654 (PTSSK and MVS21 Cq 31), see Syngenta report 2020d). The resulting seed mixtures ranged 
in the level of Cmm infection. Seed background A was healthy, free from Cmm infection (N/A at 40 
PCR cycles), seed backgrounds B and C were low infected, seed backgrounds D and E were medium 
infected, and seed background F was highly infected. 

Seed 
background 

Cmm infection 
level Sub samples Sample codes Composition 

A. Healthy (NPC) 3 8-12-13 10,000 seeds batch 
12954469 

B. Low 3 4-7-17 
9,500 seeds batch 

12954469 + 500 seeds 
batch 10374103 

C. Low 3 1-2-14 
9,500 seeds batch 

12954469 + 500 seeds 
batch 10428654 

D Medium 3 10-11-16 
9,000 seeds 

batch12954469 + 1,000 
seeds batch 10374103 

E. Medium 3 3-6-18 10,000 seeds batch 
10428654 

F. High 3 5-9-15 
10,000 seeds batch 

10374103 

 Total #samples 18   

Samples of 10,000 seeds were prepared by the CT organizer. Prior to sending, the test organizer 
performed homogeneity testing of the material by processing 10 subsamples of 10,000 seeds 
from each of the six seed backgrounds by SE-qPCR (Annex A). Seedcalc8 software was used to 
calculate the infection rate of each seed lot and the probability for having positive test results. 
Afterwards, the CT material was distributed to participating labs and advised for storage under 
controlled conditions upon arrival (4-15 °C). Table B2 summarizes the schedule for sending the 
CT test material, days of travel to each participant and the date of CT finalization. Participating 
labs were randomly numbered. Numbering is consistent in the results section of this report. 
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Table B2. Schedule of CT test material shipment to participating labs and CT test performance. 
Participants were randomly numbered. Test organizing lab (Syngenta) is excluded in this overview. 

Lab Shipment (date) Days of travel 
Test finalization 

(date) 

Days between 
shipment and 

test finalization 

1. 23-11-2021 2 24-1-2022 62 

2. 26-01-2022 1 10-2-2022 15 

3. 23-11-2021 24 22-12-2021 29 

4. 30-11-2021 1 27-1-2022 58 

5. 23-11-2021 2 21-1-2022 59 

6. 23-11-2021 7 19-1-2022 57 

7. 23-11-2021 14 18-1-2022 56 

Samples of the healthy seed background double functioned as Negative Process Control (NPCs), 
and samples of the highly infected background also served as Positive Processing Controls (PPCs). 
Participants used their own key equipment and consumables. Reference material for the PEC/IAC 
and for PCR positive amplification control (PAC) DNA were also provided by the participating lab. 
According to the ISHI Best practices for PCR testing, the use of a PEC/IAC and PACs is essential, 
as well as a Non-Template Control (NTC) (ISFI-ISHI Best practices, 2018). All CT participants used 
Cmt as PEC/IAC. A template Excel sheet was provided to participants in which an overview of all 
replicates of test samples and controls was given, and in which CT data was collected. Samples 
were randomly coded. Sample identity was only known by the test organizer. After the CT was 
completed by all participants, test organizer performed stability testing of the material by again 
processing 10 subsamples of 10,000 seeds from each of the six seed backgrounds by SE-qPCR 
(Annex A). Results of the stability test were compared to the expected number of positive results 
as calculated in the homogeneity test, determining the stability of the infection status of samples 
between sample packaging and finalization of the CT. 

The ISHI protocol for Cmm SE-qPCR, as shown in Annex A, was followed by all participants. All 
results generated were shared with the test organizer and collected in the provided template 
Excel datasheet. Raw RT-qPCR quantitative data as well as qualitative results for each sample 
(Cmm positive or negative) were reported by each lab. Participants were asked to determine the 
Cq cut-off value for qualitative test results for their own dataset. Qualitative test results were 
used to determine both repeatability and reproducibility of the ISHI Cmm SE-qPCR assay. 
Accordance (repeatability of replicate sample results within each lab) and concordance 
(reproducibility of results between labs) of CT data were calculated for each Cmm infection level, 
using the method published by Langton et al. (2002). 

4. Results 
4.1. Homogeneity and stability tests 

For each of the six seed backgrounds used in the CT, SE-qPCR data for 10 subsamples was 
generated by the CT organizer (Syngenta) according to the ISHI Cmm SE-qPCR assay (Annex A). 
PCR assays were performed using the 2× PerfeCTa qPCR Toughmix (Quantabio) and CFX Opus 96 
PCR machines (Bio-Rad). Data was analysed with CFX Maestro software (Bio-Rad; v2.3). For all 
assays, fluorescent thresholds were set at a fixed 200 RFU, and a Cq cut-off value of 35 was 
applied. 
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Raw homogeneity and stability data are shown in Supplementary tables C6 and C7. Results for 
PCR control samples were as expected (PACs positive; NTCs N/A). Table B3 shows the average 
quantitative results of the 10 subsamples per seed lot and qualitative results of both tests. The 
Cmt internal control was detected in all samples with comparable results in both homogeneity 
and stability tests. Qualitative test results are the same in both tests for all six seed backgrounds 
(subsamples of healthy background negative, all subsamples of the other five backgrounds 
positive). All three levels of Cmm contamination were detected consistently, showing 
homogenous Cmm contamination of the test material. The Cq values generated in homogeneity 
and stability tests are comparable as well, showing contamination was stable during the course 
of the CT. Except for seed background D in the homogeneity test, variability between subsamples 
is very low (Standard deviation ≤0.5). One of 10 subsamples of seed background D was 
substantially more positive compared to the others (PTSSK and MVS21+ Cq 23, see 
Supplementary Table C6). 

Table B3. Quantitative and qualitative homogeneity- and stability test results of CT material.  
Prior to supplying participants- and after the CT was completed by all participants, 10 subsamples of 
10,000 seeds from each of the six seed backgrounds included in the CT were processed by SE-qPCR 
(Annex A). For seed sample composition, see Table B1. Shown are average Cq results (±Standard 
deviation) for the two qPCR assays detecting Cmm (PTSSK and MVS21+) and the assay detecting the 
Cmt internal control. For each seed background tested, the number of subsamples positive for Cmm 
are indicated. 
Legend: Avg.: average, pos: positive, subs: subsample 

Seed 
lot 

Cmm 
infection 

level 

Homogeneity Stability 

Avg. 
PTSSK 
(FAM) 

Avg. 
MVS21+ 

(VIC) 

Avg. 
Cmt 

(TxRd) 

Pos. 
subs of 

total 

Avg. 
PTSSK 
(FAM) 

Avg. 
MVS21+ 

(VIC) 

Avg. 
Cmt 

(TxRd) 

Pos. 
subs of 

total 

A. 
Healthy 
(NPC) 

40.0 
(±0) 

40.0 
(±0) 

28.8 
(±0.3) 

0/10 
40.0 
(±0) 

40.0 
(±0) 

29.6 
(±0.3) 

0/10 

B. Low 
30.2 
(±0.3) 

29.6 
(±0.2) 

28.7 
(±0.3) 

10/10 
31.1 
(±0.2) 

30.3 
(±0.2) 

29.0 
(±0.3) 

10/10 

C. Low 
30.6 
(±0.3) 

31.3 
(±0.5) 

28.9 
(±0.3) 

10/10 
31.5 
(±0.4) 

31.7 
(±0.5) 

29.1 
(±0.5) 

10/10 

D Medium 
28.5 
(±1.9) 

28.1 
(±1.9) 

28.5 
(±0.3) 

10/10 
29.7 
(±0.2) 

29.3 
(±0.3) 

29.4 
(±0.4) 

10/10 

E. Medium 
27.4 
(±0.3) 

28.2 
(±0.2) 

29.0 
(±0.4) 10/10 

27.9 
(±0.3) 

28.4 
(±0.3) 

29.4 
(±0.4) 10/10 

F. High 
25.2 
(±0.5) 

25.1 
(±0.5) 

29.0 
(±0.3) 

10/10 
26.0 
(±0.4) 

25.5 
(±0.4) 

29.8 
(±0.5) 

10/10 

For the homogeneity test it is concluded that the infection rate of each Cmm-contaminated seed 
background included in the CT (backgrounds B-F) is 100%. All subsamples of these backgrounds 
are expected to be positive in the CT. For the healthy seed background A, no subsamples are 
expected to be positive. Based on the stability test, it is concluded that the infection status of all 
seed backgrounds is stable between sample packaging and finalization of the CT. 

4.2. Comparative test 

Each CT participating lab tested three replicate samples from six different seed lots: 18 test 
samples in total. Reference material for the PEC/IAC and for PCR positive amplification control 
(PAC) DNA were provided by the participating lab, and participants determined the Cq cut-off 
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value for qualitative test results for their own dataset (Table B4). CT organizer confirmed with 
participants that fluorescent thresholds were set for each qPCR assay in such a way that they 
intersect qPCR amplification curves in the exponential phase (data not shown). Raw CT data are 
shown in Supplementary Table C8.  

Table B4. Cq cut-off values applied by each CT participating lab. 

Lab PTSSK (FAM)  MVS21+ (VIC)  Cmt (TexRed)  

1. ≤35 ≤35 ≤35 

2. ≤35 ≤35 ≤35 

3. <37 <37 <37 

4. <35 <35 <32 

5. <36 <36 <30 

6. <35 <35 <35 

7. <40 <40 <40 

Results of control samples are shown in Table B5. NTCs were negative for all three qPCR assays 
for each lab. Except lab 4, all labs used DNA extracted from cultured isolates as PACs. Lab 4 did 
do this for the PAC for the Cmt IAC, but used DNA isolated from a negative seed background 
spiked with both Cmm and Cmt cells as Cmm-PAC. This explains why lab 4 is the only lab with a 
Cmt qPCR assay positive result for the Cmm PAC (Cq 27.8). All labs generated PTSSK and MVS21+ 
qPCR assay positive results for the Cmm PAC. For all labs except lab 5, PTSSK and MVS21+ assays 
were negative and the Cmt qPCR assays were positive for the Cmt PAC. Lab 5 did not include a 
Cmt PAC in the PCR analysis, but instead concluded that the PCR analysis was successful based 
on Cmt qPCR results of spiked test samples (Table B6 and Supplementary Table C8). Labs were 
responsible for providing their own PAC samples, which explains the considerable variability in 
PAC quantitative qPCR results between labs. Nonetheless, PACs of all labs generated positive 
qPCR results and therefore performed according to the intended purpose. Control results confirm 
that the qPCR data provided by CT participants is of sufficient quality to validate the 
reproducibility of the ISHI Cmm SE-qPCR assay. 
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Table B5. CT test results for control samples. 
Control samples were provided by testing laboratories themselves and not by the test organizer. 
Positive amplification control samples (PACs) for Cmm and Cmt and Negative Template Control 
samples (NTCs) were included in the PCR analysis by each lab, except by lab 5, which did not include 
a PAC for the Cmt internal control. The Cq results for the two qPCR assays detecting Cmm (PTSSK and 
MVS21+) and the assay detecting the Cmt internal control for the PACs are shown here. The NTC data 
is not included in the table: results were N/A for all labs. Cq values represent the average of duplicate 
PCR reactions ±Standard deviation. Except for lab 7, PCR programs included 40 cycles. Lab 7 used 45 
cycles. 
* Lab 4 used DNA isolated from samples of a negative seed background spiked with Cmm and Cmt cells as 
Cmm-PAC. 

Lab 
PAC Cmm PAC Cmt 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

1. 20.9 (±0.0) 22.3 (±0.0) 40.0 (±0.0) 40.0 (±0.0) 40.0 (±0.0) 18.9 (±0.1) 

2. 26.8 (±0.4) 27.6 (±0.0) 38.4 (±0.0) 40.0 (±0.0) 40.0 (±0.0) 29.6 (±0.1) 

3. 28.1 (±0.3) 29.2 (±0.1) 40.0 (±0.0) 40.0 (±0.0) 40.0 (±0.0) 27.3 (±0.0) 

4. *30.5 (±0.0) *29.6 ±0.1) *27.8 (±0.1) 40.0 (±0.0) 40.0 (±0.0) 28.9 (±2.3) 

5. 18.1 (±0.2) 18.3 (±0.5) 40.0 (±0.0) - - - 

6. 20.8 (±0.3) 19.0 (±0.2) 40.0 (±0.0) 40.0 (±0.0) 40.0 (±0.0) 30.8 (±0.4) 

7. 23.0 (±0.0) 23.4 (±0.0) 45.0 (±0.0) 45.0 (±0.0) 45.0 (±0.0) 27.3 (±0.0) 

Labs performed PCR reactions in duplicate. With few exceptions, PCR duplicate results for CT test 
samples are comparable for each CT participating lab (Supplementary Table C8). All labs 
successfully detected the Cmt internal control in all test samples (Figure B1). Outliers in the figure 
for labs 2 and 6 represent the result for one of the two PCR duplicates of a sample. Overall, labs 
generated comparable Cmt results between test samples of different matrices. This shows that 
Cmt is detected with good selectivity, without noticeable seed matrix effects. Cmt detection by 
labs 5 and 6 was more variable. Between labs 2, 3, 4 and 7, Cmt results are comparable, indicating 
similar recovery and detection of the Cmt spike. Labs 1 and 5 generated lower Cq values for Cmt. 
The SE-qPCR protocol prescribes to spike 10,000 cells of Cmt to each sample: possibly labs 1 and 
5 spiked more. Conversely, it is possible that lab 6 spiked with fewer cells, resulting in relatively 
high Cmt Cq values. Alternatively, Cmt recovery and detection by lab 6 was, in general, lower 
relative to other labs. Nevertheless, detection of the Cmt internal control by all labs was 
sufficient. In conclusion, based on the Cmt internal control results, all test results are valid and 
can be used to conclude on the reproducibility of the SE-qPCR assay. 
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Figure B1. Box and whisker plots of Cmt internal control SE-qPCR results for CT test samples.  
For each CT lab, data represents Cmt qPCR results for all test samples combined (three subsamples of 
six seed backgrounds analysed by qPCR in technical duplicates). X-markers indicate data means (Lab 
1 Cq 24.9; Lab 2 Cq 28.9; Lab 3 Cq 29.8; Lab 4 Cq 28.0; Lab 5 Cq 19.9; Lab 6 Cq 32.0; Lab 7 Cq 28.7). 
Circles indicate outliers. 

Cq values generated by CT participants are generally higher compared to the homogeneity results 
generated by the test organizer (Figure B2, Table B3). However, like for the homogeneity data, 
the quantitative PCR results shown in Figure B2 do reflect the differences in Cmm infection levels 
between seed backgrounds. Labs 2, 3 and 6 generated Cq results above the Cmm cut-off value 
for healthy seed background A, as shown by the outliers in PTSSK and MVS21+ data for sample 
A in Figure B2. After discussion with CT participants, it was concluded that these outliers are 
likely the result of cross contamination from Cmm positive samples processed in the CT. The 
background A outlier of Cq 45 is explained by the fact that lab 7 ran a PCR program of 45 cycles, 
as all other participants ran 40 cycles.  

Overall, the PTSSK dataset includes more outliers compared to that of MVS21+. Variability in 
PTSSK PCR results between labs is largest for seed backgrounds C (low Cmm) and E (medium 
Cmm). Variability is unlikely to be caused by differences in infection level between subsamples, 
as the data in Table B3 shows that the material is homogeneously infected. As is shown by 
Supplementary Figure C1, labs 5 and 7 generate higher Cq values for test samples compared to 
the other participating labs, largely explaining the variability in qPCR results. The higher Cq 
values generated by labs 5 and 7 probably explain why these labs, together with lab 3, applied 
higher Cmm cut-off values than other labs (>36; Table B4). Lab 7 applied a Cq cut-off <40, 
explaining why this lab correctly scored all subsamples of seed background C Cmm positive, 
although lab 7 generates higher Cq values for background C samples compared to lab 5. 



40 

 

 
Figure B2. Box and whisker plots of PTSSK and MVS21+ SE-qPCR results for CT test samples.  
Seed background A is a healthy batch, B-F are Cmm infected. Backgrounds B and C are low level 
infected; D and E are medium level infected, and background F is highly infected. For each seed 
background, data represents qPCR results from all test samples of each lab combined (seven labs 
analysed three subsamples in PCR technical duplicates). Legend: X-markers indicate data means. 
Circles indicate outliers. 

Table B6 summarizes the qualitative CT results. Based on the Cq cut-off value for positive PCR 
results set by participating labs themselves, all labs were able to correctly identify all subsamples 
of seed background A as healthy. All subsamples of seed backgrounds B, D, E and F were correctly 
identified as Cmm positive. Apart from lab 5, all participants scored all subsamples of seed 
background C Cmm positive as well. 
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Table B6. Qualitative results for CT test samples per participating laboratory (1-7) and seed 
background (A-F).  
Seed backgrounds varied in Cmm-infection; the infection level is indicated. Results represent the 
number of subsamples found positive for Cmm relative to the total number of subsamples tested. 
Expected qualitative results are given. Laboratories set the Cmm Cq cut-off value for positive PCR 
results themselves (see Table B4). 

 
Seed lot A. 
(Healthy) 

Seed lot B. 
(Low) 

Seed lot C 
(Low) 

Seed lot D 
(Medium) 

Seed lot E 
(Medium) 

Seed lot F 
(High) 

Expected result 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 1. 0/3 3/3 
3/3 

3/3 3/3 3/3 

Lab 2. 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 3. 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 4. 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 5. 0/3 3/3 1/3 3/3 3/3 3/3 

Lab 6. 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 7. 0/3 3/3 3/3 3/3 3/3 3/3 

Lab 5 generates overall higher Cq values for the test material as compared to other participating 
labs (Supplementary Figure C1). Possibly, the recovery of Cmm from CT test samples was 
generally lower. Lab 5 used a Cmm Cq cut-off of 36 and scored one out of three subsamples of 
seed background C Cmm positive (sample code #1; PTSSK Cq 36,1 and 36.9 and MVS21+ Cq 33.6 
and 35.42 for PCR duplicates). Results for the other two subsamples of seed background C 
generated Cq values >36 (sample code #2; PTSSK Cq 38,7 for both PCR duplicates, and MVS21+ 
Cq 36.4 and 36.01 for PCR duplicates. sample code #14; PTSSK Cq 36,9 and 36.03 and MVS21+ 
Cq 37.2 and 36.03 for PCR duplicates). See also Supplementary Table C8.  

Of the two subsamples of seed background C that were wrongfully scored as Cmm negative by 
lab 5, MVS21+ qPCR results for one of the two PCR duplicates were only <0.1 Cq over the Cq cut-
off of 36. Setting the cut-off at Cq 37 instead would result in Cmm positive results for both PCR 
duplicates of subsamples #1, 2 and 14 of background C. In comparison, lab 5 generated all 
negative PCR results for subsamples of healthy background A (Cq ≥40). The fact that quantitative 
PTSSK and MVS21+ qPCR results of lab 5 for seed background A (healthy) are negative, while 
those of background C (low Cmm infection) are positive, would support a similar Cmm validation 
at a qualitative level. However, Cq threshold setting was part of this CT, and is part of the ISHI 
SE-qPCR assay as well (Annex A). Therefore, the repeatability and reproducibility of CT data are 
validated using the original qualitative results reported by the CT participants (Table B6). 

The accordance (repeatability), concordance (reproducibility) and concordance odds ratio (COR) 
was calculated for each Cmm infection level, using the method published by Langton et al. (2002). 
Results are shown in Table B7. Accordance and concordance of CT data for healthy, medium and 
high Cmm infection levels is 100%, with a COR of 1.0. Low Cmm infection level data accordance 
and concordance are > 90%, with a COR of 1.28. Inter- and intra-laboratory results are consistent 
and meet the requirements set for SE-qPCR reproducibility. 
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Table B7. Accordance, concordance and concordance odds ratio (COR) for CT material per Cmm 
infection level, calculated according to Langton et al. (2002). 

Cmm infection 
level 

Seed 
background(s) 

Accordance Concordance COR 

Healthy A 100% 100% 1.0 

Low B and C 92.4% 90.5% 1.28 

Medium D and E 100% 100% 1.0 

High F 100% 100% 1.0 

5. Conclusions 

As was expected based on homogeneity testing, all CT labs successfully scored subsamples of 
healthy background A as Cmm negative. The high Cq values generated for some subsamples of 
background A by labs 2, 3 and 6 were above the Cmm cut-off value and were therefore scored 
negative. 

Homogeneity and stability testing results lead to the expectation that all subsamples of all Cmm-
infected seed backgrounds would be positive in the CT (high, medium and low Cmm infection 
level). Cmm qPCR Cq values generated by CT participants are higher compared to the 
homogeneity results generated by the test organizer. However, like the homogeneity data, the 
quantitative PCR results reflect the differences in Cmm infection levels between backgrounds. All 
labs successfully identified all subsamples of Cmm infected backgrounds B-F as Cmm positive, 
except for lab 5. Two subsamples of Cmm low infected seed background C were incorrectly scored 
as Cmm negative by this lab. It is unlikely lab 5 received subsamples of seed background C that 
had a lower Cmm infection than other labs. Fluorescent threshold setting was not a contributing 
factor since each lab showed that thresholds for each qPCR assay were set in such a way that 
they intersect qPCR amplification curves in the early exponential phase (data not shown). 

Lab 5’s Cq values for the two incorrectly scored subsamples of background C were just over the 
Cmm cut-off value of 36. No PCR signals were generated for truly negative subsamples (seed 
background A), so it could be argued that lab 5 did find all subsamples of seed background C 
Cmm positive when applying a slightly higher cut-off value, while this would not lead to any false 
positive results for samples of seed background A. However, Cq cut-off setting is part of the 
performing lab’s responsibility (Annex A); therefore, the two false negative results for seed batch 
C were maintained when determining CT data’s repeatability and reproducibility. Accordance and 
concordance were both >90% for each Cmm infection level used in the CT, showing good 
repeatability and reproducibility of the ISHI Cmm SE-qPCR assay. 
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Annex C: Supplementary Tables C1-C8 and Figure C1 

Table C1. Plating results of the Cmm five-fold dilution series on non-selective agar medium plates 
(analytical sensitivity §3.2).  
The series consisted of five Cmm-containing dilutions and one free from Cmm (Dilution 6; negative 
control; 0 CFU). The Cmm concentration of the series was determined in two ways: 1). Dilutions 4, 5 
and 6 were directly plated in triplicate on non-selective agar medium (100 µL/plate), and 2). Dilutions 
1-5 were diluted in Phosphate Buffer (PB) (see Table A2 for recipe) in the same ratio as they were 
spiked to test samples in the experiment (1.4 µL spike/mL). Plates were incubated at 27 °C and scored 
after four days. Results of replicate plates were averaged. The Cmm concentration of the series 
(CFU/1.4 µL) was calculated based on the colony-count of the dilution 1; diluted further in buffer. 
Concentrations correspond to the amount of Cmm spiked per mL non-concentrated seed extract. 

Cmm 
dilution 

Plate count  
(Undiluted; 100 µL/plate) 

Plate count 
(Diluted 1.4 µL/mL buffer; 100 

µL/plate) 

Cmm conc.  
(Avg. CFU/1.4 
µL undiluted 

dilution) Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3 
1 n/d n/d n/d 66 76 63 680 
2 n/d n/d n/d 14 10 16 136 
3 n/d n/d n/d 1 1 1 27.2 
4 333 337 334 1 0 0 5.4 
5 47 65 58 1 0 0 1.1 
6 0 0 0 n/d n/d n/d 0 

Table C2. Dilution plating results of test samples for validating analytical sensitivity (§3.2).  
Extract prepared from four different seed batches was spiked with a five-fold dilution series of liquid 
cultured Cmm (dilutions 1-5; 680, 136, 27.2, 5.4 and 1.1 CFU/mL seed extract). Dilution 6 did not 
contain any Cmm (negative control). Each Cmm dilution was spiked to four subsamples of each seed 
batch. The extract was plated non-concentrated, and 10-fold concentrated on Cmm1T and FSCM 
media plates. Cmm colonies and saprophytes were scored for each plate. 

Sample (Seed 
batch_Cmm 

dilution, Rep.) 

Cmm Saprophytes 
Cmm1T FSCM Cmm1T FSCM 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

1_1,1 58 616 65 428         
1_1,2 84 556 75 416         
1_1,3 53 476 53 504         
1_1,4 73 580 64 468 1       
1_2,1 14 153 20 136         
1_2,2 12 142 9 109 1       
1_2,3 19 136 8 141         
1_2,4 13 143 14 146 1 3     
1_3,1 3 32 9 27         
1_3,2 5 26 3 27     1   
1_3,3 0 32 2 26 2 1     
1_3,4 3 20 0 27   3     



44 

 

Sample (Seed 
batch_Cmm 

dilution, Rep.) 

Cmm Saprophytes 
Cmm1T FSCM Cmm1T FSCM 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

1_4,1 2 5 0 4         
1_4,2 0 8 0 9   3     
1_4,3 0 11 1 9   3     
1_4,4 0 3 0 10   1 1   
1_5,1 0 2 0 0 1 1     
1_5,2 0 1 0 5 2       
1_5,3 1 1 0 1         
1_5,4 0 0 0 0 1 17     
1_6,1 0 0 0 0   2     
1_6,2 0 0 0 0   2   1 
1_6,3 0 0 0 0         
1_6,4 0 0 0 0 1 26 82 +++ 
2_1,1 66 720 51 676         
2_1,2 41 900 60 620         
2_1,3 77 884 66 468         
2_1,4 68 652 55 612         
2_2,1 13 184 12 147         
2_2,2 8 150 17 181         
2_2,3 17 180 7 190         
2_2,4 15 163 10 183         
2_3,1 0 26 1 36         
2_3,2 9 43 1 47   2     
2_3,3 2 44 1 36         
2_3,4 5 39 2 28         
2_4,1 0 8 1 6 2 26     
2_4,2 1 8 0 3 5     34 
2_4,3 0 13 0 6   2     
2_4,4 0 10 0 3 1       
2_5,1 0 2 0 0         
2_5,2 0 3 0 0   2     
2_5,3 0 2 0 0         
2_5,4 2 3 1 1         
2_6,1 0 0 0 0         
2_6,2 0 0 0 0   4     
2_6,3 0 0 0 0         
2_6,4 0 0 0 0         
3_1,1 66 360 56 320         
3_1,2 63 748 74 520 1       
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Sample (Seed 
batch_Cmm 

dilution, Rep.) 

Cmm Saprophytes 
Cmm1T FSCM Cmm1T FSCM 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

3_1,3 44 672 56 500 3       
3_1,4 50 680 71 440 2       
3_2,1 12 161 17 142   1     
3_2,2 13 154 11 145 4 24     
3_2,3 7 142 7 114 1 25     
3_2,4 9 151 9 151 3 2     
3_3,1 1 21 6 42 1 3     
3_3,2 6 28 2 23 11 65     
3_3,3 3 43 5 20   5     
3_3,4 2 31 2 31   8     
3_4,1 0 7 0 6 4 24     
3_4,2 1 9 1 10 1 23     
3_4,3 0 5 0 5         
3_4,4 1 8 0 7   5     
3_5,1 0 0 0 0 1 7     
3_5,2 0 0 0 2 1 1     
3_5,3 0 1 0 3   2     
3_5,4 0 0 0 2   5     
3_6,1 0 0 0 0 2 5     
3_6,2 0 0 0 0   8     
3_6,3 0 0 0 0   1     
3_6,4 0 0 0 0 1 3     
4_1,1 51 600 65 644         
4_1,2 70 532 57 512         
4_1,3 54 624 52 456         
4_1,4 53 616 49 488 2       
4_2,1 12 115 15 167 2 8     
4_2,2 19 122 12 153   4     
4_2,3 11 156 7 108 1 1     
4_2,4 17 118 9 154 1       
4_3,1 1 19 2 16   1     
4_3,2 2 27 0 24   1     
4_3,3 1 29 3 25   2     
4_3,4 0 25 2 18   1     
4_4,1 0 6 1 5   4     
4_4,2 0 5 0 10   3     
4_4,3 0 8 0 8         
4_4,4 0 6 0 14   1     
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Sample (Seed 
batch_Cmm 

dilution, Rep.) 

Cmm Saprophytes 
Cmm1T FSCM Cmm1T FSCM 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

Non-
conc. 

10x 
conc. 

4_5,1 0 0 0 2 1 2     
4_5,2 0 0 0 0         
4_5,3 0 4 0 1   2     
4_5,4 0 1 0 0 1 2     
4_6,1 0 0 0 0   1     
4_6,2 0 0 0 0   1 1   
4_6,3 0 0 0 0   1     
4_6,4 0 0 0 0         
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Table C3. SE-qPCR results of test samples for validating analytical sensitivity, selectivity, and 
repeatability (§3.2, 3.3 and 3.4).  
Extract prepared from four different seed batches was spiked with a five-fold dilution series of liquid 
cultured Cmm (dilutions 1-5; 680, 136, 27.2, 5.4 and 1.1 CFU/mL seed extract). Dilution 6 did not 
contain any Cmm (negative control). Each Cmm dilution was spiked to four subsamples of each seed 
batch. The extract was processed according to the ISHI Cmm SE-qPCR protocol (Annex A). Shown are 
Cq results for the two qPCR assays detecting Cmm (PTSSK and MVS21+) and the assay detecting the 
Cmt internal control. Results were generated in two separate PCR runs. Positive amplification control 
samples (PACs) for Cmm and Cmt and Negative Template Control samples (NTCs) were included in 
each run. 

Sample (Seed 
batch_Cmm 

dilution, Rep.) 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

1_1,1 26.43 27.64 29.22 1 
1_1,2 26.09 27.49 28.83 1 
1_1,3 26.04 27.27 28.75 1 
1_1,4 26.19 27.40 28.92 1 
1_2,1 28.85 30.07 29.04 1 
1_2,2 28.87 30.44 29.40 1 
1_2,3 28.54 29.83 29.10 1 
1_2,4 28.52 29.98 28.89 1 
1_3,1 31.01 32.10 28.83 1 
1_3,2 30.45 32.02 28.18 1 
1_3,3 30.86 31.28 28.43 1 
1_3,4 30.25 31.97 28.32 1 
1_4,1 33.04 33.72 28.73 1 
1_4,2 33.38 34.94 28.36 1 
1_4,3 32.47 34.47 28.58 1 
1_4,4 33.30 34.96 28.41 1 
1_5,1 34.93 36.92 28.46 1 
1_5,2 40.00 35.38 28.38 1 
1_5,3 35.42 35.69 28.22 1 
1_5,4 34.68 37.20 28.58 1 
1_6,1 40.00 40.00 28.61 1 
1_6,2 40.00 40.00 28.77 1 
1_6,3 40.00 40.00 28.34 1 
1_6,4 40.00 40.00 28.64 1 
2_1,1 26.22 27.40 29.03 1 
2_1,2 26.61 28.04 29.49 1 
2_1,3 26.11 27.54 29.13 1 
2_1,4 26.18 27.55 29.19 1 
2_2,1 28.65 30.35 30.04 1 
2_2,2 28.56 30.10 29.27 1 
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Sample (Seed 
batch_Cmm 

dilution, Rep.) 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

2_2,3 28.88 30.09 29.53 1 
2_2,4 29.02 30.47 29.61 1 
2_3,1 31.15 32.43 29.75 1 
2_3,2 30.70 32.00 29.00 1 
2_3,3 31.06 32.17 29.27 1 
2_3,4 30.88 31.63 29.06 1 
2_4,1 33.76 35.20 29.18 1 
2_4,2 33.69 34.56 29.33 1 
2_4,3 33.18 34.97 28.83 1 
2_4,4 35.11 34.69 29.45 1 
2_5,1 34.35 37.12 29.33 1 
2_5,2 35.84 40.00 28.88 1 
2_5,3 34.15 36.28 29.32 1 
2_5,4 40.00 35.81 29.19 1 
2_6,1 40.00 40.00 29.19 1 
2_6,2 40.00 40.00 28.88 1 
2_6,3 40.00 40.00 29.75 1 
2_6,4 40.00 40.00 29.29 1 
3_1,1 26.53 28.58 29.34 2 
3_1,2 26.52 28.21 28.88 2 
3_1,3 27.16 28.88 29.41 2 
3_1,4 26.71 28.44 29.25 2 
3_2,1 29.35 30.83 29.81 2 
3_2,2 28.67 30.60 29.34 2 
3_2,3 28.94 31.09 29.38 2 
3_2,4 28.87 30.57 29.30 2 
3_3,1 31.18 32.78 29.02 2 
3_3,2 30.60 32.44 29.02 2 
3_3,3 31.32 33.19 28.83 2 
3_3,4 31.71 33.44 29.40 2 
3_4,1 35.00 35.05 29.91 2 
3_4,2 33.46 34.41 29.40 2 
3_4,3 34.99 34.96 29.43 2 
3_4,4 34.27 36.93 29.51 2 
3_5,1 40.00 40.00 29.10 2 
3_5,2 35.71 40.00 28.99 2 
3_5,3 36.23 40.00 29.24 2 
3_5,4 35.02 37.19 29.30 2 
3_6,1 40.00 40.00 29.98 2 
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Sample (Seed 
batch_Cmm 

dilution, Rep.) 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

3_6,2 40.00 40.00 29.11 2 
3_6,3 40.00 40.00 29.29 2 
3_6,4 40.00 40.00 29.11 2 
4_1,1 26.52 28.42 29.49 2 
4_1,2 26.08 27.98 29.03 2 
4_1,3 26.50 28.27 29.34 2 
4_1,4 26.10 27.94 28.92 2 
4_2,1 28.54 30.43 29.26 2 
4_2,2 28.41 30.39 29.14 2 
4_2,3 28.53 30.78 29.46 2 
4_2,4 28.94 30.48 29.66 2 
4_3,1 31.06 32.38 29.23 2 
4_3,2 30.38 32.44 29.09 2 
4_3,3 30.79 32.47 29.12 2 
4_3,4 30.52 32.71 29.25 2 
4_4,1 33.04 34.14 28.92 2 
4_4,2 32.94 34.33 29.01 2 
4_4,3 33.53 34.78 28.87 2 
4_4,4 32.57 34.68 28.92 2 
4_5,1 35.19 36.29 29.08 2 
4_5,2 34.76 35.87 29.02 2 
4_5,3 34.19 39.16 28.85 2 
4_5,4 40.00 40.00 29.02 2 
4_6,1 40.00 40.00 28.95 2 
4_6,2 40.00 40.00 28.89 2 
4_6,3 40.00 40.00 28.94 2 
4_6,4 40.00 40.00 29.25 2 

PAC Cmm 26.20 27.18 40.00 1 
PAC Cmm 26.15 27.04 40.00 1 
PAC Cmt 40.00 40.00 25.19 1 
PAC Cmt 40.00 40.00 25.23 1 

NTC 40.00 40.00 40.00 1 
NTC 40.00 40.00 40.00 1 

PAC Cmm 26.18 27.38 40.00 2 
PAC Cmm 26.14 27.34 40.00 2 
PAC Cmt 40.00 40.00 25.14 2 
PAC Cmt 40.00 40.00 25.11 2 

NTC 40.00 40.00 40.00 2 
NTC 40.00 40.00 40.00 2 
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Table C4. Dilution plating results of test samples for validating diagnostic performance (§3.6). A total 
of 50 subsamples of 10,000 seeds from a healthy seed lot were spiked with a single seed harvested 
from Cmm-infected tomatoes. 10 subsamples were not spiked and processed as NPCs. The extract 
was plated non-concentrated, 10-fold concentrated, and 10-fold diluted on Cmm1T and FSCM media 
plates (100 µL/plate). Plates were scored for Cmm colonies after eight days of incubation at 27 °C.  
Legend: n/d is not determined. 

Sample 
Cmm1T FSCM Average CFU/mL 

non-concentrated 
seed extract 

10-fold 
conc. 

Non-
conc. 

10-fold 
dil. 

10-fold 
conc. 

Non-
conc. 

10-fold 
dil. 

1 18 n/d n/d 32 n/d n/d 25 
2 15 n/d n/d 17 n/d n/d 16 
3 n/d 33 n/d n/d 34 n/d 335 
4 n/d 130 25 n/d n/d 58 3550 
5 25 n/d n/d 47 n/d n/d 36 
6 30 n/d n/d 51 n/d n/d 40.5 
7 n/d 160 n/d n/d 53 n/d 1065 
8 n/d n/d 51 n/d n/d 88 6950 
9 40 n/d n/d 59 n/d n/d 49.5 

10 n/d n/d 58 n/d n/d 61 5950 
11 n/d n/d 246 n/d n/d 243 24450 
12 n/d 214 19 n/d 190 n/d 2020 
13 203 33 n/d n/d 47 n/d 400 
14 n/d 98 n/d n/d 77 n/d 875 
15 12 n/d n/d 13 n/d n/d 12.5 
16 n/d n/d 75 n/d 510 0 6300 
17 40 n/d n/d 0 4 n/d 40 
18 29 n/d n/d 58 n/d n/d 43.5 
19 23 n/d n/d 35 n/d n/d 29 
20 53 n/d n/d 79 n/d n/d 66 
21 n/d n/d 39 n/d n/d 32 3550 
22 n/d 38 n/d n/d 53 n/d 455 
23 n/d n/d 159 n/d n/d 133 14600 
24 n/d n/d 144 n/d n/d 176 16000 
25 136 25 n/d 150 37 n/d 200 
26 39 n/d n/d 42 n/d n/d 40.5 
27 n/d n/d 136 n/d n/d 129 13250 
28 n/d n/d 92 n/d n/d 113 10250 
29 n/d 41 n/d n/d 40 n/d 405 
30 n/d n/d 59 n/d n/d 66 6250 
31 n/d 215 26 n/d n/d 67 4425 
32 169 30 n/d 142 36 n/d 330 
33 107 20 n/d 122 20 n/d 200 
34 n/d n/d 171 n/d n/d 171 17100 
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Sample 
Cmm1T FSCM Average CFU/mL 

non-concentrated 
seed extract 

10-fold 
conc. 

Non-
conc. 

10-fold 
dil. 

10-fold 
conc. 

Non-
conc. 

10-fold 
dil. 

35 n/d n/d 236 n/d n/d 270 25300 
36 73 n/d n/d 98 n/d n/d 85.5 
37 n/d n/d 89 n/d n/d 96 9250 
38 n/d 56 n/d n/d 37 n/d 465 
39 n/d n/d 155 n/d n/d 116 13550 
40 58 n/d n/d n/d n/d n/d 59.5 
41 n/d n/d 97 n/d n/d 174 13550 
42 40 n/d n/d 42 n/d n/d 41 
43 79 n/d n/d 48 n/d n/d 63.5 
44 n/d n/d 62 n/d n/d 14 3800 
45 43 n/d n/d n/d n/d n/d 47.5 
46 n/d n/d 221 n/d n/d 171 19600 
47 n/d n/d 134 n/d n/d 118 12600 
48 100 n/d n/d 95 n/d n/d 97.5 
49 35 n/d n/d 37 n/d n/d 36 
50 n/d n/d 111 n/d n/d 85 9800 

51 (NPC) 0 n/d n/d 0 n/d n/d 0 
52 (NPC) 0 n/d n/d 0 n/d n/d 0 
53 (NPC) 0 n/d n/d 0 n/d n/d 0 
54 (NPC) 0 n/d n/d 0 n/d n/d 0 
55 (NPC) 0 n/d n/d 0 n/d n/d 0 
56 (NPC) 0 n/d n/d 0 n/d n/d 0 
57 (NPC) 0 n/d n/d 0 n/d n/d 0 
58 (NPC) 0 n/d n/d 0 n/d n/d 0 
59 (NPC) 0 n/d n/d 0 n/d n/d 0 
60 (NPC) 0 n/d n/d 0 n/d n/d 0 
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Table C5. SE-qPCR results of test samples for validating diagnostic performance (§3.6).  
A total of 50 subsamples of 10,000 seeds from a healthy seed lot were spiked with a single seed 
harvested from Cmm-infected tomatoes. A total of 10 subsamples were not spiked and processed as 
NPCs. The extract was processed according to the ISHI Cmm SE-qPCR protocol (Annex A). Shown are 
Cq results for the two qPCR assays detecting Cmm (PTSSK and MVS21+) and the assay detecting the 
Cmt internal control. Results were generated in two separate PCR runs. Positive amplification control 
samples (PACs) for Cmm and Cmt and Negative template control samples (NTCs) were included in 
each run. 

Sample 
PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

1 25.04 25.59 28.65 1 
2 25.23 26.02 28.63 1 
3 23.58 24.57 28.27 1 
4 22.03 22.85 28.23 1 
5 25.20 26.08 28.59 1 
6 25.07 25.72 28.28 1 
7 24.17 25.10 28.94 1 
8 22.04 22.72 28.86 1 
9 25.09 25.74 28.84 1 

10 21.02 21.76 28.03 1 
11 21.19 22.30 28.79 1 
12 20.30 21.31 29.11 1 
13 23.95 24.75 29.10 1 
14 22.12 22.95 28.62 1 
15 26.01 26.67 29.28 1 
16 21.14 22.17 29.01 1 
17 25.38 26.09 29.34 1 
18 25.38 26.29 29.14 1 
19 25.41 26.27 28.72 1 
20 23.49 24.52 28.80 1 
21 22.18 23.38 28.45 1 
22 23.02 23.63 28.78 1 
23 20.76 21.48 28.29 1 
24 19.97 20.57 28.75 1 
25 23.50 24.46 28.30 1 
26 25.05 25.73 28.79 1 
27 20.27 21.08 28.39 1 
28 21.01 21.74 28.45 1 
29 23.48 25.38 28.41 1 
30 20.37 21.41 28.19 1 
31 21.18 22.20 28.40 1 
32 24.36 25.33 28.68 1 
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Sample 
PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

33 24.31 25.23 28.82 1 
34 19.85 20.52 28.16 1 
35 20.03 20.80 28.27 1 
36 25.12 25.83 28.80 1 
37 20.88 21.58 28.63 1 
38 23.46 24.45 28.39 1 
39 19.88 20.61 28.52 1 
40 23.49 24.47 28.56 1 
41 21.10 22.14 29.09 2 
42 25.01 26.14 28.88 2 
43 21.74 22.85 28.22 2 
44 21.32 22.66 29.09 2 
45 24.27 25.57 29.12 2 
46 21.04 22.24 29.26 2 
47 19.28 20.59 28.32 2 
48 23.62 25.03 28.77 2 
49 24.76 26.12 28.74 2 
50 20.90 22.04 28.33 2 

51 (NPC) 40.00 40.00 29.28 2 
52 (NPC) 40.00 40.00 29.68 2 
53 (NPC) 40.00 40.00 28.56 2 
54 (NPC) 40.00 40.00 28.66 2 
55 (NPC) 40.00 40.00 28.69 2 
56 (NPC) 40.00 40.00 28.75 2 
57 (NPC) 40.00 40.00 28.87 2 
58 (NPC) 36.48 38.03 28.79 2 
59 (NPC) 36.57 40.00 28.62 2 
60 (NPC) 40.00 38.49 29.06 2 
PAC Cmm 31.77 31.54 40.00 1 
PAC Cmm 32.14 31.96 40.00 1 
PAC Cmt 40.00 40.00 26.48 1 
PAC Cmt 40.00 40.00 26.08 1 

NTC 40.00 40.00 40.00 1 
NTC 40.00 40.00 40.00 1 

PAC Cmm 31.96 32.10 40.00 2 
PAC Cmm 31.38 31.50 40.00 2 
PAC Cmt 40.00 40.00 26.73 2 
PAC Cmt 40.00 40.00 26.79 2 

NTC 40.00 40.00 40.00 2 
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Sample 
PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

NTC 40.00 40.00 40.00 2 

Table C6. Homogeneity results of CT test samples for validating reproducibility (§3.5; Annex B).  
Prior to supplying participants with seed material, 10 subsamples of 10,000 seeds from each of the 6 
seed backgrounds included in the CT (see Table B1 for background compositions) were processed by 
SE-qPCR (Annex A). Shown are Cq results for the two qPCR assays detecting Cmm (PTSSK and MVS21+) 
and the assay detecting the Cmt internal control. Results were generated in two separate PCR runs. 
Positive amplification control samples (PACs) for Cmm and Cmt and Negative template control 
samples (NTCs) were included in each run. 

Seed 
background_subsample 

Cmm 
infection 

level 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

A1 Healthy 40.00 40.00 28.50 1 
A2 Healthy 40.00 40.00 28.78 1 
A3 Healthy 40.00 40.00 28.69 1 
A4 Healthy 40.00 40.00 28.66 1 
A5 Healthy 40.00 40.00 28.53 1 
A6 Healthy 40.00 40.00 28.71 1 
A7 Healthy 40.00 40.00 29.16 1 
A8 Healthy 40.00 40.00 29.17 1 
A9 Healthy 40.00 40.00 29.10 1 

A10 Healthy 40.00 40.00 29.07 1 
B1 Low 30.29 29.67 28.72 1 
B2 Low 30.46 29.88 28.91 1 
B3 Low 30.24 29.68 29.19 1 
B4 Low 30.25 29.63 28.99 1 
B5 Low 30.19 29.88 28.63 1 
B6 Low 29.54 29.13 28.30 1 
B7 Low 29.96 29.65 28.45 1 
B8 Low 30.23 29.45 28.60 1 
B9 Low 30.12 29.53 28.39 1 
B10 Low 30.45 29.60 28.65 1 
C1 Low 30.07 30.35 28.79 1 
C2 Low 30.55 31.03 29.04 1 
C3 Low 31.19 32.09 28.44 1 
C4 Low 30.71 31.84 29.27 1 
C5 Low 30.69 31.22 29.14 1 
C6 Low 30.80 31.33 29.07 1 
C7 Low 30.47 31.70 28.70 1 
C8 Low 30.85 31.71 29.38 1 
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Seed 
background_subsample 

Cmm 
infection 

level 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

C9 Low 30.29 31.03 28.79 1 
C10 Low 30.43 31.09 28.60 1 
D1 Medium 28.26 27.90 28.15 1 
D2 Medium 29.27 28.81 28.65 1 
D3 Medium 29.37 28.76 28.57 1 
D4 Medium 23.30 23.00 28.10 1 
D5 Medium 29.24 28.56 28.12 1 
D6 Medium 29.71 29.61 28.43 2 
D7 Medium 29.12 28.62 28.73 2 
D8 Medium 27.99 27.29 28.50 2 
D9 Medium 29.23 28.90 28.78 2 

D10 Medium 29.46 29.21 28.51 2 
E1 Medium 27.76 28.63 29.40 2 
E2 Medium 27.52 28.26 28.66 2 
E3 Medium 27.35 28.22 29.03 2 
E4 Medium 27.30 28.17 29.04 2 
E5 Medium 27.33 28.15 29.24 2 
E6 Medium 27.02 27.93 28.78 2 
E7 Medium 27.12 27.80 28.97 2 
E8 Medium 27.29 27.97 29.07 2 
E9 Medium 27.30 28.13 28.25 2 
E10 Medium 27.86 28.35 29.59 2 
F1 High 24.19 24.04 29.13 2 
F2 High 25.29 25.19 29.13 2 
F3 High 25.18 25.07 29.15 2 
F4 High 25.56 25.43 28.66 2 
F5 High 25.31 25.08 29.17 2 
F6 High 24.55 24.37 28.76 2 
F7 High 25.68 25.70 29.27 2 
F8 High 25.51 25.60 29.10 2 
F9 High 25.98 25.68 29.33 2 

F10 High 25.23 25.07 28.51 2 
PAC Cmm - 31.33 31.30 40.00 1 
PAC Cmm - 31.69 31.40 40.00 1 
PAC Cmt - 40.00 40.00 25.27 1 
PAC Cmt - 40.00 40.00 25.32 1 

NTC - 40.00 40.00 40.00 1 
NTC - 40.00 40.00 40.00 1 

PAC Cmm - 31.22 31.16 40.00 2 
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Seed 
background_subsample 

Cmm 
infection 

level 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

PAC Cmm - 32.35 32.09 40.00 2 
PAC Cmt - 40.00 40.00 25.31 2 
PAC Cmt - 40.00 40.00 25.25 2 

NTC - 40.00 40.00 40.00 2 
NTC - 40.00 40.00 40.00 2 
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Table C7. Stability results of CT test samples for validating reproducibility (§3.5; Annex B). After the 
CT was completed by all participants, 10 subsamples of 10,000 seeds from each of the six seed 
backgrounds included in the CT (see Table B1 for background compositions) were processed by SE-
qPCR (Annex A). Shown are Cq results for the two qPCR assays detecting Cmm (PTSSK and MVS21+) 
and the assay detecting the Cmt internal control. Results were generated in two separate PCR runs. 
Positive amplification control samples (PACs) for Cmm and Cmt and Negative template control 
samples (NTCs) were included in each run. 

Seed background 
_subsample 

Cmm infection 
level 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

A1 Healthy 40.00 40.00 29.79 1 
A2 Healthy 40.00 40.00 29.72 1 
A3 Healthy 40.00 40.00 29.45 1 
A4 Healthy 40.00 40.00 29.41 1 
A5 Healthy 40.00 40.00 29.65 1 
A6 Healthy 40.00 40.00 29.38 1 
A7 Healthy 40.00 40.00 29.85 1 
A8 Healthy 40.00 40.00 30.01 1 
A9 Healthy 40.00 40.00 29.47 1 

A10 Healthy 40.00 40.00 29.11 1 
B1 Low 31.08 30.06 28.90 1 
B2 Low 31.03 30.09 28.69 1 
B3 Low 30.96 30.09 28.89 1 
B4 Low 31.09 30.19 29.11 1 
B5 Low 30.69 30.03 28.60 1 
B6 Low 30.81 30.25 28.86 1 
B7 Low 31.28 30.68 29.38 1 
B8 Low 30.94 30.22 28.78 1 
B9 Low 31.20 30.31 29.34 1 

B10 Low 31.51 30.70 29.40 1 
C1 Low 31.92 31.85 28.82 1 
C2 Low 30.73 31.26 28.56 1 
C3 Low 31.01 31.08 29.10 1 
C4 Low 31.29 31.64 28.33 1 
C5 Low 31.98 31.27 29.47 1 
C6 Low 31.57 32.49 28.72 1 
C7 Low 31.39 31.31 29.16 1 
C8 Low 31.40 31.45 29.43 1 
C9 Low 31.74 31.73 29.78 1 
C10 Low 31.54 31.97 29.94 1 
D1 Medium 29.43 28.78 29.57 1 
D2 Medium 29.46 28.74 30.39 1 
D3 Medium 29.83 29.45 29.37 2 



58 

 

Seed background 
_subsample 

Cmm infection 
level 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

PCR 
plate 

D4 Medium 29.75 29.33 29.17 2 
D5 Medium 29.92 29.70 29.32 2 
D6 Medium 29.49 29.16 29.35 2 
D7 Medium 30.03 29.72 29.38 2 
D8 Medium 29.57 29.31 29.26 2 
D9 Medium 29.56 29.22 29.13 2 

D10 Medium 29.89 29.32 29.06 2 
E1 Medium 28.02 28.54 30.05 2 
E2 Medium 27.50 28.07 28.99 2 
E3 Medium 28.26 28.84 29.53 2 
E4 Medium 28.00 28.38 29.02 2 
E5 Medium 27.66 28.42 29.29 2 
E6 Medium 27.79 28.19 29.45 2 
E7 Medium 28.26 28.68 29.46 2 
E8 Medium 27.97 28.47 29.93 2 
E9 Medium 27.92 28.49 29.97 2 

E10 Medium 28.23 28.65 29.35 2 
F1 High 26.56 26.13 29.82 2 
F2 High 25.80 25.52 29.43 2 
F3 High 25.82 25.23 29.31 2 
F4 High 26.01 25.29 29.35 2 
F5 High 25.37 25.09 29.05 2 
F6 High 25.84 25.29 29.86 2 
F7 High 26.29 25.87 30.53 2 
F8 High 26.22 25.74 30.38 2 
F9 High 25.56 25.17 29.94 2 

F10 High 26.16 25.67 30.16 2 
PAC Cmm - 31.50 30.60 40.00 1 
PAC Cmm - 31.41 30.85 40.00 1 
PAC Cmt - 40.00 40.00 28.94 1 
PAC Cmt - 40.00 40.00 29.22 1 

NTC - 40.00 40.00 40.00 1 
NTC - 40.00 40.00 40.00 1 

PAC Cmm - 32.32 32.36 40.00 2 
PAC Cmm - 31.08 31.13 40.00 2 
PAC Cmt - 40.00 40.00 29.23 2 
PAC Cmt - 40.00 40.00 29.27 2 

NTC - 40.00 40.00 40.00 2 
NTC - 40.00 40.00 40.00 2 
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Table C8. Raw CT test results. Three subsamples of six seed backgrounds were processed by SE- qPCR 
(Annex A) by seven participating labs (organizing lab excluded).  
Backgrounds varied in Cmm-infection (healthy/low/medium/high). DNA isolated from subsamples was 
analysed by qPCR in technical duplicates. Shown are Cq results for the two qPCR assays detecting 
Cmm (PTSSK and MVS21+) and the assay detecting the Cmt internal control. Positive amplification 
control samples (PACs) for Cmm and Cmt and Negative Template Control samples (NTCs) were 
included. Participants scored the health status of each subsample (Cmm negative or suspect). 

Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

1 1 C Low A 31.36 32.40 23.61 Suspect 
1 1 C Low B 32.01 31.62 23.42 Suspect 
1 2 C Low A 31.63 31.86 23.42 Suspect 
1 2 C Low B 31.69 32.24 23.84 Suspect 
1 3 E Medium A 28.91 29.28 24.85 Suspect 
1 3 E Medium B 28.58 29.21 24.84 Suspect 
1 4 B Low A 30.31 30.01 23.62 Suspect 
1 4 B Low B 30.63 30.32 23.88 Suspect 
1 5 F High A 28.74 28.08 25.79 Suspect 
1 5 F High B 28.96 28.28 25.95 Suspect 
1 6 E Medium A 29.02 29.18 24.99 Suspect 
1 6 E Medium B 29.01 29.49 25.27 Suspect 
1 7 B Low A 30.70 30.45 25.08 Suspect 
1 7 B Low B 30.97 30.42 25.22 Suspect 
1 8 A Healthy A 40.00 40.00 24.78 Negative 
1 8 A Healthy B 40.00 38.16 24.92 Negative 
1 9 F High A 27.47 27.00 25.12 Suspect 
1 9 F High B 27.45 26.99 25.02 Suspect 
1 10 D Medium A 30.36 29.54 24.56 Suspect 
1 10 D Medium B 30.47 29.75 25.19 Suspect 
1 11 D Medium A 31.38 30.59 26.39 Suspect 
1 11 D Medium B 31.21 30.14 26.17 Suspect 
1 12 A Healthy A 40.00 37.45 23.74 Negative 
1 12 A Healthy B 40.00 40.00 24.99 Negative 
1 13 A Healthy A 40.00 40.00 24.77 Negative 
1 13 A Healthy B 40.00 40.00 24.62 Negative 
1 14 C Low A 33.30 33.88 25.22 Suspect 
1 14 C Low B 33.42 33.43 24.94 Suspect 
1 15 F High A 26.47 26.54 26.20 Suspect 
1 15 F High B 26.63 26.60 26.03 Suspect 
1 16 D Medium A 29.65 28.99 25.04 Suspect 
1 16 D Medium B 30.09 29.46 25.55 Suspect 
1 17 B Low A 30.56 30.77 25.28 Suspect 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

1 17 B Low B 30.98 30.77 25.28 Suspect 
1 18 E Medium A 27.36 26.85 24.20 Suspect 
1 18 E Medium B 27.93 28.83 25.74 Suspect 
1 PAC Cmm - - A 20.89 22.26 40.00 - 
1 PAC Cmm - - B 20.85 22.32 40.00 - 
1 PAC IAC - - A 40.00 40.00 18.95 - 
1 PAC IAC - - B 40.00 40.00 18.79 - 
1 NTC - - A 40.00 40.00 40.00 - 
1 NTC - - B 40.00 40.00 40.00 - 
2 1 C Low A 33.74 32.67 29.35 Positive 
2 1 C Low B 33.77 33.67 29.27 Positive 
2 2 C Low A 32.66 32.21 28.96 Positive 
2 2 C Low B 33.36 32.71 28.82 Positive 
2 3 E Medium A 31.28 30.86 29.17 Positive 
2 3 E Medium B 31.86 30.96 29.24 Positive 
2 4 B Low A 31.98 30.27 28.96 Positive 
2 4 B Low B 31.98 30.12 28.78 Positive 
2 5 F High A 29.58 29.11 28.86 Positive 
2 5 F High B 29.99 29.18 29.03 Positive 
2 6 E Medium A 27.80 26.26 28.98 Positive 
2 6 E Medium B 28.63 26.75 28.86 Positive 
2 7 B Low A 31.68 29.71 27.76 Positive 
2 7 B Low B 31.76 30.01 27.83 Positive 
2 8 A Healthy A 36.55 40.00 28.61 Negative 
2 8 A Healthy B 36.24 40.00 28.58 Negative 
2 9 F High A 28.23 26.71 28.44 Positive 
2 9 F High B 28.23 26.68 28.38 Positive 
2 10 D Medium A 30.64 28.98 28.01 Positive 
2 10 D Medium B 30.78 29.14 28.15 Positive 
2 11 D Medium A 31.11 29.48 28.24 Positive 
2 11 D Medium B 31.03 29.41 28.69 Positive 
2 12 A Healthy A 40.00 40.00 29.59 Negative 
2 12 A Healthy B 40.00 40.00 29.58 Negative 
2 13 A Healthy A 40.00 40.00 29.15 Negative 
2 13 A Healthy B 40.00 38.11 29.34 Negative 
2 14 C Low A 32.35 32.28 28.79 Positive 
2 14 C Low B 32.83 32.63 29.01 Positive 
2 15 F High A 27.09 25.65 28.11 Positive 
2 15 F High B 26.89 25.62 28.18 Positive 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

2 16 D Medium A 31.21 29.81 28.83 Positive 
2 16 D Medium B 31.00 29.82 28.83 Positive 
2 17 B Low A 32.16 30.12 28.86 Positive 
2 17 B Low B 32.24 30.31 28.73 Positive 
2 18 E Medium A 29.93 29.73 29.56 Positive 
2 18 E Medium B 32.13 32.18 31.26 Positive 
2 PAC Cmm - - A 27.06 27.54 38.33 - 
2 PAC Cmm - - B 26.52 27.61 38.39 - 
2 PAC IAC - - A 40.00 40.00 29.45 - 
2 PAC IAC - - B 40.00 40.00 29.66 - 
2 NTC - - A 40.00 40.00 40.00 - 
2 NTC - - B 40.00 40.00 40.00 - 
3 1 C Low A 32.46 33.07 29.70 Suspect 
3 1 C Low B 32.79 33.46 29.48 Suspect 
3 2 C Low A 32.72 33.20 29.61 Suspect 
3 2 C Low B 32.92 33.24 29.43 Suspect 
3 3 E Medium A 29.27 29.65 29.91 Suspect 
3 3 E Medium B 29.37 29.72 29.92 Suspect 
3 4 B Low A 32.96 31.60 30.00 Suspect 
3 4 B Low B 32.60 31.94 30.17 Suspect 
3 5 F High A 27.84 27.21 30.54 Suspect 
3 5 F High B 28.27 27.07 30.78 Suspect 
3 6 E Medium A 29.37 29.70 29.62 Suspect 
3 6 E Medium B 29.48 29.72 29.82 Suspect 
3 7 B Low A 32.27 31.90 29.94 Suspect 
3 7 B Low B 32.49 31.69 29.94 Suspect 
3 8 A Healthy A 40.00 40.00 29.88 Negative 
3 8 A Healthy B 40.00 40.00 29.74 Negative 
3 9 F High A 27.68 26.81 30.54 Suspect 
3 9 F High B 27.89 26.77 30.28 Suspect 
3 10 D Medium A 31.19 30.50 29.34 Suspect 
3 10 D Medium B 30.83 30.32 29.36 Suspect 
3 11 D Medium A 30.98 29.99 29.37 Suspect 
3 11 D Medium B 30.93 30.15 29.31 Suspect 
3 12 A Healthy A 40.00 40.00 29.64 Negative 
3 12 A Healthy B 38.46 40.00 29.60 Negative 
3 13 A Healthy A 40.00 40.00 30.07 Negative 
3 13 A Healthy B 40.00 40.00 29.76 Negative 
3 14 C Low A 33.27 33.92 29.51 Suspect 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

3 14 C Low B 33.50 33.98 29.48 Suspect 
3 15 F High A 27.90 27.14 30.72 Suspect 
3 15 F High B 27.93 27.19 30.54 Suspect 
3 16 D Medium A 31.52 30.40 29.91 Suspect 
3 16 D Medium B 31.16 30.41 29.55 Suspect 
3 17 B Low A 32.09 31.01 29.40 Suspect 
3 17 B Low B 31.83 31.13 29.50 Suspect 
3 18 E Medium A 29.05 29.41 29.86 Suspect 
3 18 E Medium B 28.67 28.87 29.33 Suspect 
3 PAC Cmm - - A 28.26 29.27 40.00 - 
3 PAC Cmm - - B 27.86 29.11 40.00 - 
3 PAC IAC - - A 40.00 40.00 27.30 - 
3 PAC IAC - - B 40.00 40.00 27.32 - 
3 NTC - - A 40.00 40.00 40.00 - 
3 NTC - - B 40.00 40.00 40.00 - 
4 1 C Low A 33.27 31.97 28.15 Suspect 
4 1 C Low B 33.55 31.75 28.16 Suspect 
4 2 C Low A 33.58 32.33 27.60 Suspect 
4 2 C Low B 33.07 32.11 27.28 Suspect 
4 3 E Medium A 29.17 27.49 28.05 Suspect 
4 3 E Medium B 28.89 27.24 28.02 Suspect 
4 4 B Low A 32.01 29.41 28.52 Suspect 
4 4 B Low B 31.90 29.36 28.44 Suspect 
4 5 F High A 28.55 26.06 28.89 Suspect 
4 5 F High B 28.31 25.77 28.52 Suspect 
4 6 E Medium A 29.12 27.38 28.05 Suspect 
4 6 E Medium B 29.11 27.22 28.01 Suspect 
4 7 B Low A 32.27 29.67 28.45 Suspect 
4 7 B Low B 32.27 29.42 28.35 Suspect 
4 8 A Healthy A 40.00 40.00 27.35 Negative 
4 8 A Healthy B 40.00 37.90 27.57 Negative 
4 9 F High A 28.18 25.61 28.61 Suspect 
4 9 F High B 28.05 25.55 28.55 Suspect 
4 10 D Medium A 31.01 28.39 28.18 Suspect 
4 10 D Medium B 30.89 28.29 28.11 Suspect 
4 11 D Medium A 30.83 28.23 27.65 Suspect 
4 11 D Medium B 30.62 28.39 27.59 Suspect 
4 12 A Healthy A 40.00 40.00 28.27 Negative 
4 12 A Healthy B 40.00 40.00 28.21 Negative 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

4 13 A Healthy A 40.00 40.00 27.67 Negative 
4 13 A Healthy B 40.00 40.00 27.50 Negative 
4 14 C Low A 33.21 31.50 27.02 Suspect 
4 14 C Low B 34.19 32.05 26.91 Suspect 
4 15 F High A 27.66 25.12 28.39 Suspect 
4 15 F High B 27.42 24.69 28.12 Suspect 
4 16 D Medium A 30.69 28.08 27.57 Suspect 
4 16 D Medium B 30.49 28.10 27.90 Suspect 
4 17 B Low A 32.16 29.30 28.19 Suspect 
4 17 B Low B 31.66 29.35 28.10 Suspect 
4 18 E Medium A 29.62 28.10 28.10 Suspect 
4 18 E Medium B 29.49 28.02 28.19 Suspect 
4 PAC Cmm - - A 30.47 29.69 27.72 - 
4 PAC Cmm - - B 30.44 29.59 27.82 - 
4 PAC IAC - - A 28.60 27.24 27.35 - 
4 PAC IAC - - B 28.64 27.07 27.23 - 
4 NTC - - A 40.00 40.00 30.49 - 
4 NTC - - B 40.00 40.00 27.29 - 
5 1 C Low A 36.06 33.62 19.94 Suspect 
5 1 C Low B 36.89 35.42 20.09 Suspect 
5 2 C Low A 38.67 36.38 20.05 Negative 
5 2 C Low B 38.65 36.01 19.95 Negative 
5 3 E Medium A 31.57 30.95 20.92 Suspect 
5 3 E Medium B 31.41 30.53 20.99 Suspect 
5 4 B Low A 35.95 33.74 19.32 Suspect 
5 4 B Low B 35.92 34.47 19.16 Suspect 
5 5 F High A 28.63 26.02 21.65 Suspect 
5 5 F High B 29.56 28.10 21.35 Suspect 
5 6 E Medium A 31.10 29.45 20.11 Suspect 
5 6 E Medium B 31.12 29.67 20.13 Suspect 
5 7 B Low A 35.57 32.99 19.33 Suspect 
5 7 B Low B 35.66 34.19 19.40 Suspect 
5 8 A Healthy A 40.00 40.00 19.35 Negative 
5 8 A Healthy B 40.00 40.00 19.29 Negative 
5 9 F High A 29.69 28.06 19.05 Suspect 
5 9 F High B 29.81 28.10 19.00 Suspect 
5 10 D Medium A 35.09 33.17 18.67 Suspect 
5 10 D Medium B 34.76 33.59 18.66 Suspect 
5 11 D Medium A 34.46 32.97 18.66 Suspect 



64 

 

Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

5 11 D Medium B 34.83 33.31 18.66 Suspect 
5 12 A Healthy A 40.00 40.00 19.09 Negative 
5 12 A Healthy B 40.00 40.00 19.04 Negative 
5 13 A Healthy A 40.00 40.00 19.53 Negative 
5 13 A Healthy B 40.00 40.00 19.23 Negative 
5 14 C Low A 36.93 37.22 19.08 Negative 
5 14 C Low B 36.03 36.03 18.86 Negative 
5 15 F High A 30.26 28.77 20.63 Suspect 
5 15 F High B 30.27 28.70 20.62 Suspect 
5 16 D Medium A 36.01 34.01 21.39 Suspect 
5 16 D Medium B 35.92 34.02 21.25 Suspect 
5 17 B Low A 35.96 34.31 20.41 Suspect 
5 17 B Low B 36.25 34.82 20.51 Suspect 
5 18 E Medium A 31.94 28.84 21.06 Suspect 
5 18 E Medium B 32.25 30.77 21.84 Suspect 
5 PAC Cmm - - A 18.25 18.67 40.00 - 
5 PAC Cmm - - B 18.01 18.00 40.00 - 
5 PAC IAC - - A n/d n/d n/d - 
5 PAC IAC - - B n/d n/d n/d - 
5 NTC - - A 40.00 40.00 40.00 - 
5 NTC - - B 40.00 40.00 40.00 - 
6 1 C Low A 32.59 32.66 31.02 Suspect 
6 1 C Low B 32.22 32.22 31.03 Suspect 
6 2 C Low A 32.06 32.26 31.25 Suspect 
6 2 C Low B 31.86 32.16 31.01 Suspect 
6 3 E Medium A 29.81 28.76 30.49 Suspect 
6 3 E Medium B 29.89 28.88 30.37 Suspect 
6 4 B Low A 31.72 29.74 31.57 Suspect 
6 4 B Low B 33.03 30.96 31.70 Suspect 
6 5 F High A 28.48 25.93 31.13 Suspect 
6 5 F High B 28.16 25.76 31.33 Suspect 
6 6 E Medium A 29.91 28.87 31.20 Suspect 
6 6 E Medium B 29.44 28.25 30.24 Suspect 
6 7 B Low A 32.05 29.96 32.72 Suspect 
6 7 B Low B 31.68 29.51 32.96 Suspect 
6 8 A Healthy A 40.00 40.00 32.63 Negative 
6 8 A Healthy B 40.00 40.00 32.80 Negative 
6 9 F High A 28.75 26.23 33.19 Suspect 
6 9 F High B 30.07 27.86 >35 Suspect 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

6 10 D Medium A 31.10 28.85 32.78 Suspect 
6 10 D Medium B 31.23 29.11 33.25 Suspect 
6 11 D Medium A 30.76 28.27 32.77 Suspect 
6 11 D Medium B 30.72 28.19 32.76 Suspect 
6 12 A Healthy A >35 >35 32.46 Negative 
6 12 A Healthy B >35 >35 32.69 Negative 
6 13 A Healthy A 40.00 40.00 31.94 Negative 
6 13 A Healthy B 40.00 40.00 32.45 Negative 
6 14 C Low A 32.21 32.28 31.49 Suspect 
6 14 C Low B 32.13 32.3 31.72 Suspect 
6 15 F High A 28.65 26.08 32.30 Suspect 
6 15 F High B 29.02 26.89 32.26 Suspect 
6 16 D Medium A 31.45 29.09 30.95 Suspect 
6 16 D Medium B 31.41 29.17 31.83 Suspect 
6 17 B Low A 31.72 29.74 31.54 Suspect 
6 17 B Low B 31.66 29.69 31.61 Suspect 
6 18 E Medium A 29.65 29.05 32.46 Suspect 
6 18 E Medium B 29.54 28.73 32.69 Suspect 
6 PAC Cmm - - A 21.00 19.21 40.00 - 
6 PAC Cmm - - B 20.57 18.87 40.00 - 
6 PAC IAC - - A 40.00 40.00 30.57 - 
6 PAC IAC - - B 40.00 40.00 31.12 - 
6 NTC - - A 40.00 40.00 40.00 - 
6 NTC - - B 40.00 40.00 40.00 - 
7 1 C Low A 35.12 35.75 28.04 suspect 
7 1 C Low B 45.00 38.06 28.01 suspect 
7 2 C Low A 36.16 35.65 28.03 suspect 
7 2 C Low B 45.00 37.75 28.46 suspect 
7 3 E Medium A 34.92 34.75 30.00 suspect 
7 3 E Medium B 34.69 34.20 29.57 suspect 
7 4 B Low A 31.46 30.95 27.69 suspect 
7 4 B Low B 31.26 30.92 27.60 suspect 
7 5 F High A 28.86 28.21 28.11 suspect 
7 5 F High B 29.35 28.57 28.69 suspect 
7 6 E Medium A 33.38 34.94 29.28 suspect 
7 6 E Medium B 33.38 34.20 29.21 suspect 
7 7 B Low A 32.78 31.99 27.68 suspect 
7 7 B Low B 32.03 32.36 27.61 suspect 
7 8 A Healthy A 45.00 45.00 28.72 negative 
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Lab# 
Sample 

code 
Seed 
lot 

Cmm 
infection 

level 

PCR 
duplicate 

PTSSK 
(FAM) 

MVS21+ 
(VIC) 

Cmt 
(TexRed) 

Cmm 
validation 

7 8 A Healthy B 45.00 45.00 28.78 negative 
7 9 F High A 29.23 28.64 29.29 suspect 
7 9 F High B 29.84 28.97 29.55 suspect 
7 10 D Medium A 31.93 31.31 28.20 suspect 
7 10 D Medium B 32.29 31.54 28.45 suspect 
7 11 D Medium A 31.98 31.44 28.71 suspect 
7 11 D Medium B 32.25 31.84 28.87 suspect 
7 12 A Healthy A 45.00 45.00 28.82 negative 
7 12 A Healthy B 45.00 45.00 28.63 negative 
7 13 A Healthy A 45.00 45.00 28.43 negative 
7 13 A Healthy B 45.00 45.00 28.36 negative 
7 14 C Low A 37.17 38.36 28.85 suspect 
7 14 C Low B 37.97 38.42 28.92 suspect 
7 15 F High A 29.93 29.18 29.44 suspect 
7 15 F High B 29.76 29.16 29.44 suspect 
7 16 D Medium A 32.12 31.38 28.22 suspect 
7 16 D Medium B 31.78 31.38 28.16 suspect 
7 17 B Low A 32.35 31.98 28.52 suspect 
7 17 B Low B 33.00 32.13 28.46 suspect 
7 18 E Medium A 33.79 34.80 29.53 suspect 
7 18 E Medium B 33.45 34.55 29.74 suspect 
7 PAC Cmm - - A 22.99 23.38 45.00 - 
7 PAC Cmm - - B 22.97 23.41 45.00 - 
7 PAC IAC - - A 45.00 45.00 27.29 - 
7 PAC IAC - - B 45.00 45.00 27.23 - 
7 NTC - - A 45.00 45.00 45.00 - 
7 NTC - - B 45.00 45.00 45.00 - 
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Figure C1. PTSSK and MVS21+ SE-qPCR quantitative results for CT test samples per seed background.  
Background A is a healthy batch, backgrounds B-F are Cmm infected. Backgrounds B and C are low 
level infected; D and E are medium level infected and background F is highly infected. Each seed 
background was processed by seven labs with three subsamples in PCR technical duplicates. All 
individual datapoints are shown. 

Annex D: Clavibacter genomes in Genbank and GT project 
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Annex E: PTSSK primer and probe alignment with non-Cmm strains 
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Genomes

		#																																Crop		Country		Year		Replicate sequence		Remark				Submitter

				Organism Name		Organism Groups		Strain		BioSample		BioProject		Assembly		Level		Size(Mb)		GC%		Replicons		WGS		Scaffolds		CDS		Release Date		FTP

		1		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		LMG7333		SAMN20474849		PRJNA750607		GCA_021216655.1				3.38		72.53		chromosome: NZ_CP080437.1/CP080437.1				3		3.123		16-Dec-21		R G		Tomato		Hungary 		1957		CFBP 4999		Type strain

																						plasmid pCM1_LMG7333: NZ_CP080438.1/CP080438.1

																						plasmid pCM2_LMG7333: NZ_CP080439.1/CP080439.1

		2		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-1403		SAMN06265879		PRJEB19757		GCA_900168345.1				3.30		72.70				FVZG01		13		3.039		11-Mar-2017		R G										Type strain? Sequence not identical to LMG7333 sequence CP080437.1 and sequence of CFPB4999

		3		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		PvP098		SAMN17620062		PRJNA695747		GCA_016907085.1				3.32		73.10				JAFBBJ01		1		2.873		19-Feb-21		R G		switchgrass?

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:


		4		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		PvP036		SAMN18251569		PRJNA711000		GCA_017876895.1				3.13		73.60				JAGIOV01		1		2.9		8-Apr-21		R G		switchgrass?

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:
										https://gold.jgi.doe.gov/organism?id=Go0536023

		5		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		PvP097		SAMN17620029		PRJNA695746		GCA_016907095.1				3.10		73.60				JAFBBI01		1		2.714		19-Feb-21		R G		switchgrass?

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:


		6		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7494		SAMN05559655		PRJNA338484		GCA_002151165.1				3.31		73.30				MDJW01		15		3.102		19-May-2017		R G		tomato sd		Chile>NL		1999						ZUM3069=syn4		coaker thapa

		7		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP8019		SAMN05559657		PRJNA338487		GCA_002151125.1				3.02		73.50				MDJZ01		18		2.803		19-May-2017		R G												HK n°2; C167		coaker thapa

		8		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		Z001		SAMN08438828		PRJNA432233		GCA_002931335.1				3.30		73.00				PSTW01		39		3.082		18-Feb-18		R G		?						clone od Z002?						davis putnam

		9		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CF11		SAMN03079320		PRJNA262011		GCA_000785165.1				3.12		73.60				JROD01		57		2.934		18-Nov-14		R G						?				soil at a tomato-planting greenhouse in Inner Mongolia, North China				ying ying

		10		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		AY1B2		SAMN08438833		PRJNA432233		GCA_002931175.1				3.34		72.60				PSTR01		42		3.107		18-Feb-18		R G		ryegrass		USA: Washington County, Oregon		2013								davis putnam

		11		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		Z002		SAMN08438829		PRJNA432233		GCA_002931295.1				3.32		72.80				PSTV01		44		3.089		18-Feb-18		R G		?						clone of Z001?						davis putnam

		12		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		AY1B3		SAMN08438834		PRJNA432233		GCA_002931135.1				3.35		73.40				PSXY01		62		3.089		18-Feb-18		R G		?

		13		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 3399		SAMN19287682		PRJNA731372		GCA_018598325.1				3.26		73.70				JAHEWV01		68		2.974		30-May-2021		R G		tulip 		NL JDJanse		1987

		14		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP8017		SAMN05559658		PRJNA338486		GCA_002151185.1				3.17		73.50				MDJY01		65		2.894		19-May-2017		R G		tomato sd		?>NL								2006-4NL; C90

		15		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		AY1A6		SAMN08438832		PRJNA432233		GCA_002931155.1				3.41		73.40				PSTS01		75		3.129		18-Feb-18		R G		?												davis putnam

		16		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7576		SAMN05559656		PRJNA338485		GCA_002151115.1				3.39		72.80				MDJX01		374		3.194		19-May-2017		R G		tomato 		Kenya		1997

Bert Woudt: From CFBP catalo
gue; must be longer ago						IPO543		coaker thapa

		17		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 7493		SAMN09912182		PRJNA485847		GCA_003576195.1				3.28		72.90				QWEC01		782		3.134		19-Sep-18		R G		tomato sd						LMG26808 A6099				ZUM3066 LMG26808		Osdaghi jacques

		18		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 7491		SAMN09912181		PRJNA485846		GCA_003576185.1				3.29		73.00				QWEB01		921		3.199		19-Sep-18		R G		tomato sd										ZUM3064 		Osdaghi jacques

		19		Clavibacter michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ009		SAMN05439586		PRJNA331201		GCA_002150995.1				3.27		73.60				MDHJ01		1		3.233		19-May-2017		R G		tomato plant		Cal		2011								coaker thapa

		20		Clavibacter michiganensis subsp. californiensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8216		SAMN11842393		PRJNA544536		GCA_021952865.1				3.24		72.80		chromosome: NZ_CP040792.1/CP040792.1				2		3.008		4-Feb-22		R G		tomato sd		Hawaii

Bert Woudt: this is info CFBP catalogue, why is strain called californiensis?		2000		CFBP 8216 QWEE01						Osdaghi jacques

																						plasmid pCCa: NZ_CP040793.1/CP040793.1																		CFBP 8216 CP040792.1

		21		Clavibacter michiganensis subsp. californiensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8216		SAMN09912184		PRJNA485849		GCA_003576155.1				3.19		72.70				QWEE01		811		3.042		19-Sep-18		R G

		22		Clavibacter michiganensis subsp. chilensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8217		SAMN11834755		PRJNA544539		GCA_021923065.1				3.22		73.41		chromosome: NZ_CP040795.1/CP040795.1				2		3.017		3-Feb-22		R G		tomato sd		Chili>NL		2005		CFBP 8217 QWGS01				 ZUM3936

																						plasmid pCCh: NZ_CP040796.1/CP040796.1																		CFBP 8217 CP040795.1

		23		Clavibacter michiganensis subsp. chilensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8217		SAMN09912185		PRJNA485850		GCA_003576365.1				3.04		73.50				QWGS01		1.002		2.935		19-Sep-18		R G

		24		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		UF1		SAMN10388396		PRJNA504046		GCA_009739655.1				3.37		72.55		chromosome: NZ_CP033724.1/CP033724.1				3		3.109		11-Dec-19		R G

																						plasmid pCM1-UF1: NZ_CP033725.1/CP033725.1

																						plasmid pCM2U-F1: NZ_CP033726.1/CP033726.1

		25		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		VL527		SAMN13567270		PRJNA595774		GCA_011995885.1				3.40		72.57		chromosome: NZ_CP047054.1/CP047054.1				2		3.136		3-Apr-20		R G

																						plasmid pVL1: NZ_CP047055.1/CP047055.1

		26		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		MSF322		SAMN13567268		PRJNA595774		GCA_011995665.1				3.40		72.61		chromosome: NZ_CP047051.1/CP047051.1				3		3.146		3-Apr-20		R G

																						plasmid pMSF1: NZ_CP047053.1/CP047053.1

																						plasmid pMSF2: NZ_CP047052.1/CP047052.1

		27		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CMM84		SAMN22209808		PRJNA770121		GCA_020616175.1				3.37		72.64		chromosome: NZ_CP085106.1/CP085106.1				3		3.115		26-Oct-2021		R G

																						plasmid unnamed1: NZ_CP085107.1/CP085107.1

																						plasmid unnamed2: NZ_CP085108.1/CP085108.1

		28		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CMM39		SAMN22209850		PRJNA770121		GCA_020616235.1				3.37		72.54		chromosome: NZ_CP085140.1/CP085140.1				3		3.116		26-Oct-2021		R G

																						plasmid unnamed1: NZ_CP085141.1/CP085141.1

																						plasmid unnamed2: NZ_CP085142.1/CP085142.1

		29		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CMM09		SAMN22209849		PRJNA770121		GCA_020616195.1				3.37		72.55		chromosome: NZ_CP085137.1/CP085137.1				3		3.112		26-Oct-2021		R G

																						plasmid unnamed1: NZ_CP085138.1/CP085138.1

																						plasmid unnamed2: NZ_CP085139.1/CP085139.1

		30		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		VQ28		SAMN19515692		PRJNA595774		GCA_019263765.1				3.36		72.57		chromosome: NZ_CP076349.1/CP076349.1				3		3.094		16-Jul-21		R G

																						plasmid pVQ28-1: NZ_CP076350.1/CP076350.1

																						plasmid pVQ28-2: NZ_CP076351.1/CP076351.1

		31		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		VQ143		SAMN19515693		PRJNA595774		GCA_019263785.1				3.26		72.77		chromosome: NZ_CP076352.1/CP076352.1				2		3.018		16-Jul-21		R G

																						plasmid pVQ143: NZ_CP076353.1/CP076353.1

		32		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		LMG 7333		SAMN06579286		PRJNA379102		GCA_002240575.1				3.39		72.60				MZMP01		5		3.129		24-Mar-2017		R G

		33		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CAYO001		SAMN05439590		PRJNA331202		GCA_002151005.1				3.33		72.70				MDHL01		1		2.995		19-May-2017		R G

		34		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		OP3		SAMN13567269		PRJNA595774		GCA_011799785.1				3.47		72.40				WTCS01		5		2.902		31-Mar-2020		R G

		35		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-1790		SAMN16617044		PRJNA563711		GCA_015351195.1				3.30		72.70				JADKRO01		9		2.874		10-Nov-20		R G

		36		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		317		SAMN10686905		PRJNA512542		GCA_019455805.1				3.36		72.70				SISU01		16		3.11		5-Aug-21		R G

		37		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP6885		SAMN09427541		PRJNA476158		GCA_009796005.1				3.33		72.70				QLML01		25		2.787		23-Dec-19		R G

		38		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7158		SAMN09428057		PRJNA476175		GCA_009796225.1				3.29		72.80				QLNB01		23		2.732		23-Dec-19		R G

		39		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7589		SAMN09427777		PRJNA476164		GCA_009796075.1				3.32		72.70				QLMR01		35		2.777		23-Dec-19		R G

		40		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 4999		SAMN10256270		PRJNA497391		GCA_003697295.1				3.37		72.60				RDQW01		40		3.111		29-Oct-2018		R G								LMG7333

		41		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7314		SAMN09427551		PRJNA476159		GCA_009793205.1				3.27		72.80				QLMM01		30		2.728		23-Dec-19		R G

		42		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7315		SAMN09427636		PRJNA476160		GCA_009793195.1				3.31		72.70				QLMN01		31		2.774		23-Dec-19		R G

		43		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7316		SAMN09427657		PRJNA476161		GCA_009796015.1				3.26		72.80				QLMO01		29		2.71		23-Dec-19		R G

		44		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7568		SAMN09427737		PRJNA476163		GCA_009793225.1				3.35		72.60				QLMQ01		61		2.8		23-Dec-19		R G

		45		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP2494		SAMN09427969		PRJNA476172		GCA_009793285.1				3.32		72.70				QLMY01		39		2.779		23-Dec-19		R G

		46		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP1940		SAMN09427993		PRJNA476170		GCA_009796145.1				3.30		72.70				QLMW01		35		2.744		23-Dec-19		R G

		47		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		ATCC 14456		SAMN09427889		PRJNA476168		GCA_009793185.1				3.30		72.70				QLMU01		41		2.75		23-Dec-19		R G

		48		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7311		SAMN09428081		PRJNA476176		GCA_009796245.1				3.30		72.70				QLNC01		46		2.747		23-Dec-19		R G

		49		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7312		SAMN09428082		PRJNA476177		GCA_009796265.1				3.32		72.70				QLND01		43		2.786		23-Dec-19		R G

		50		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP7488		SAMN09427695		PRJNA476162		GCA_009796045.1				3.30		72.70				QLMP01		55		2.752		23-Dec-19		R G

		51		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP1465		SAMN09427952		PRJNA476169		GCA_009796125.1				3.33		72.70				QLMV01		66		2.789		23-Dec-19		R G

		52		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CA00001		SAMN05439592		PRJNA331203		GCA_002151105.1				3.47		72.40				MDHK01		107		3.202		19-May-2017		R G

		53		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP5842		SAMN09428033		PRJNA476174		GCA_009796185.1				3.34		72.60				QLNA01		127		2.817		23-Dec-19		R G

		54		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		NZ2541		SAMN09427815		PRJNA476166		GCA_009792925.1				3.32		72.60				QODA01		228		3.074		23-Dec-19		R G

		55		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		1217		SAMN14380869		PRJNA612743		GCA_014893555.1				3.31		72.40				JAATPM01		227		3.079		19-Oct-2020		R G

		56		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		NZ5026		SAMN09427850		PRJNA476167		GCA_009796095.1				3.28		72.60				QLMT01		263		2.743		23-Dec-19		R G

		57		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		NZ1811		SAMN09427755		PRJNA476165		GCA_009796055.1				3.27		72.60				QLMS01		333		2.77		23-Dec-19		R G

		58		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		ATCC 10202		SAMN09428084		PRJNA476179		GCA_009796155.1				3.28		72.60				QLMX01		334		2.766		23-Dec-19		R G

		59		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP2500		SAMN09428007		PRJNA476173		GCA_009796175.1				3.31		72.60				QLMZ01		332		2.765		23-Dec-19		R G

		60		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ003		SAMN05439582		PRJNA331195		GCA_002151065.1				3.25		72.60				MDHD01		423		2.997		19-May-2017		R G

		61		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ005		SAMN05439584		PRJNA331197		GCA_002151055.1				3.20		72.40				MDHF01		313		2.919		19-May-2017		R G

		62		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		ARZ28		SAMN09428083		PRJNA476178		GCA_009793305.1				3.28		72.60				QLNE01		434		2.811		23-Dec-19		R G

		63		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ004		SAMN05439585		PRJNA331196		GCA_002159015.1				3.31		72.50				MDHE01		469		3.14		19-May-2017		R G

		64		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ002		SAMN05439581		PRJNA331194		GCA_002150935.1				3.28		72.80				MDHC01		1		3.111		19-May-2017		R G

		65		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CA00002		SAMN05439591		PRJNA331204		GCA_002150985.1				3.28		72.70				MDHM01		1		3.154		19-May-2017		R G

		66		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ006		SAMN05439583		PRJNA331198		GCA_002150945.1				3.37		72.60				MDHG01		2		3.212		19-May-2017		R G

		67		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ008		SAMN05439587		PRJNA331200		GCA_002151305.1				3.39		72.30				MDHI01		32		3.19		19-May-2017		R G

		68		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ001		SAMN05439589		PRJNA331193		GCA_002150925.1				3.31		72.70				MDHB01		6		4.039		19-May-2017		R G

		69		Clavibacter michiganensis subsp. michiganensis		Bacteria;Terrabacteria group;Actinobacteria		CASJ007		SAMN05439588		PRJNA331199		GCA_002151045.1				3.35		72.70				MDHH01		10		4.051		19-May-2017		R G												CFBP7493 (=LMG26808 = A6099) 

		70		Clavibacter michiganensis subsp. michiganensis NCPPB 382		Bacteria;Terrabacteria group;Actinobacteria		NCPPB 382		SAMEA3138263		PRJNA19643		GCA_000063485.1				3.40		72.53		chromosome: NC_009480.1/AM711867.1				3		3.138		18-May-2007		R G

																						plasmid pCM1: NC_009478.1/AM711865.1

																						plasmid pCM2: NC_009479.1/AM711866.1

		71		Clavibacter michiganensis subsp. phaseoli		Bacteria;Terrabacteria group;Actinobacteria		LPPA 982		SAMN11855613		PRJNA544766		GCA_021922925.1				3.23		73.40		chromosome: NZ_CP040786.1/CP040786.1				2		3.023		3-Feb-22		R G								CFBP 8627

Bert Woudt: This sequence is > 99 % identical BUT CP040795.1 is 100%, mistake??

																						plasmid pCP: NZ_CP040787.1/CP040787.1

		72		Clavibacter michiganensis subsp. phaseoli		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-2886		SAMN16617045		PRJNA563711		GCA_015351135.1				3.36		73.20				JADKRP01		21		3.005		10-Nov-20		R G

		73		Clavibacter michiganensis subsp. phaseoli		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8627		SAMN09912188		PRJNA485854		GCA_003576445.1				3.05		73.50				QWGV01		1.009		2.912		19-Sep-18		R G				73				LPPA 982

		1		Clavibacter sp.		Bacteria;Terrabacteria group;Actinobacteria		BS5		SAMD00117320		PRJDB6656		GCA_003569145.1				1.08		44.20				BGOH01		8		1.209		22-Aug-18		  G

		2		Clavibacter sp.		Bacteria;Terrabacteria group;Actinobacteria		Mgla_MAG_34-bin_22		SAMN14407157		PRJNA613381		GCA_014802555.1				3.25		71.30				JAAVCB01		153		3.081		29-Sep-20		  G

		3		Clavibacter sp. A6099		Bacteria;Terrabacteria group;Actinobacteria		A6099		SAMN20285765		PRJNA747289		GCA_021919125.1				3.33		72.97		chromosome: NZ_CP083439.1/CP083439.1				2		3.101		3-Feb-22		R G								CFBP 7493 LMG26808

																						plasmid pCL-A6099: NZ_CP083440.1/CP083440.1

		4		Clavibacter sp. CFBP 8615		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8615		SAMN09912186		PRJNA485851		GCA_003576405.1				3.13		73.20				QWGT01		620		3.037		19-Sep-18		R G								clone of 8616?

		5		Clavibacter sp. CFBP 8616		Bacteria;Terrabacteria group;Actinobacteria		CFBP 8616		SAMN09912187		PRJNA485853		GCA_003576415.1				3.09		73.20				QWGU01		961		3.063		19-Sep-18		R G								clone of 8615?

		6		Clavibacter sp. VKM Ac-2542		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-2542		SAMN16617046		PRJNA563711		GCA_015351125.1				3.34		73.00				JADKRQ01		5		2.924		10-Nov-20		R G

		7		Clavibacter sp. VKM Ac-2872		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-2872		SAMN16617047		PRJNA563711		GCA_015351105.1				3.51		72.70				JADKRR01		12		3.111		10-Nov-20		R G

		8		Clavibacter sp. VKM Ac-2873		Bacteria;Terrabacteria group;Actinobacteria		VKM Ac-2873		SAMN16617048		PRJNA563711		GCA_015351075.1				3.31		73.20				JADKRS01		14		2.888		10-Nov-20		R G				8

		1		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		A6096		SAMN11877461		PRJNA545156		GCA_021923125.1				3.07		73.00		chromosome: NZ_CP040797.1/CP040797.1				1		2.861		3-Feb-22		R G

		2		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		61-1		SAMN10388288		PRJNA504041		GCA_009739635.2				3.07		73.00		chromosome: NZ_CP033723.2/CP033723.2				1		2.856		11-Dec-19		R G

		3		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		7580		SAMN10388289		PRJNA504041		GCA_009739615.2				3.07		73.00		chromosome: NZ_CP033722.2/CP033722.2				1		2.857		11-Dec-19		R G

		4		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		HF4		SAMN10388290		PRJNA504041		GCA_009739595.2				3.06		73.00		chromosome: NZ_CP033721.2/CP033721.2				1		2.829		11-Dec-19		R G

		5		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		DOAB 395		SAMN04488295		PRJNA305661		GCA_001643055.1				3.08		72.90				LSOE01		25		2.829		13-May-2016		R G

		6		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		DOAB 397		SAMN03435930		PRJNA278674		GCA_000966585.1				3.06		73.00				LAKL01		28		2.861		31-Mar-2015		R G

		7		Clavibacter michiganensis subsp. nebraskensis		Bacteria;Terrabacteria group;Actinobacteria		CFBP 7577		SAMN09912183		PRJNA485848		GCA_003576125.1				2.98		72.70				QWED01		1.272		3.291		19-Sep-18		  G

		8		Clavibacter michiganensis subsp. nebraskensis NCPPB 2581		Bacteria;Terrabacteria group;Actinobacteria		type strain: NCPPB 2581		SAMEA2271949		PRJEA74519		GCA_000355695.1				3.06		73.00		chromosome: NC_020891.1/HE614873.1				1		2.853		1-Apr-13		R G				8

		1		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		ATCC 10253		SAMN05441788		PRJNA277880		GCA_003076355.1				3.24		72.82		chromosome: NZ_CP021038.1/CP021038.1				2		2.956		01-May-2018		R G

																						plasmid pCI1: NZ_CP021039.1/CP021039.1

		2		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		R1-1		SAMN03397809		PRJNA277880		GCA_000958465.1				3.41		72.64		chromosome: NZ_CP011043.1/CP011043.1				4		3.195		20-Mar-2015		R G

																						plasmid pCI1: NZ_CP011044.1/CP011044.1

																						plasmid pCI2: NZ_CP011045.1/CP011045.1

																						Show all 4 replicons

		3		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		R1-3		SAMN05441568		PRJNA277880		GCA_003076335.1				3.39		72.64		chromosome: NZ_CP021034.1/CP021034.1				4		3.104		01-May-2018		R G

																						plasmid pCI1: NZ_CP021035.1/CP021035.1

																						plasmid pCI2: NZ_CP021036.1/CP021036.1

																						Show all 4 replicons

		4		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		LMG 3663		SAMN06579200		PRJNA379081		GCA_002240565.1				3.39		72.70				MZMO01		3		3.112		24-Mar-2017		R G								CFBP 2404

		5		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		CFBP 2404		SAMN10256267		PRJNA497385		GCA_003693415.1				3.29		72.80				RDQV01		73		3.025		29-Oct-2018		R G								LMG 3663

		6		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		CFBP 1195		SAMN09912143		PRJNA485843		GCA_003576095.1				3.20		72.80				QWDZ01		805		3.017		19-Sep-18		R G

		7		Clavibacter michiganensis subsp. insidiosus		Bacteria;Terrabacteria group;Actinobacteria		CFBP 6488		SAMN09912180		PRJNA485844		GCA_003576105.1				3.23		72.20				QWEA01		1.892		3.89		19-Sep-18		  G				7

		1		Clavibacter michiganensis subsp. sepedonicus		Bacteria;Terrabacteria group;Actinobacteria		ATCC33113		SAMEA1705948		PRJNA184		GCA_000069225.1				3.40		72.42		chromosome: NC_010407.1/AM849034.1				3		3.161		12-Feb-08		R G

																						plasmid pCS1: NC_010399.1/AM849035.1

																						plasmid pCSL1: NC_010408.1/AM849036.1

		2		Clavibacter michiganensis subsp. sepedonicus		Bacteria;Terrabacteria group;Actinobacteria		CFIA-CsR14		SAMN06579198		PRJNA379079		GCA_002240585.1				3.41		72.40				MZMN01		6		3.043		24-Mar-2017		R G

		3		Clavibacter michiganensis subsp. sepedonicus		Bacteria;Terrabacteria group;Actinobacteria		CFIA-Cs3N		SAMN06579179		PRJNA379075		GCA_002240555.1				3.36		72.40				MZMM01		5		3.007		24-Mar-2017		R G				3

		1		Clavibacter zhangzhiyongii		Bacteria;Terrabacteria group;Actinobacteria		DM1		SAMN15913044		PRJNA659511		GCA_014775655.1				3.10		73.70		chromosome: NZ_CP061274.1/CP061274.1				1		2.857		28-Sep-20		R G

		2		Clavibacter zhangzhiyongii		Bacteria;Terrabacteria group;Actinobacteria		DM3		SAMN17841269		PRJNA700971		GCA_016900975.1				3.02		73.50				JAFEUE01		684		2.655		16-Feb-21		R G				2

		1		Clavibacter michiganensis subsp. tessellarius		Bacteria;Terrabacteria group;Actinobacteria		ATCC 33566		SAMN11854497		PRJNA544743		GCA_021922985.1				3.37		73.59		chromosome: NZ_CP040788.1/CP040788.1				4		3.126		3-Feb-22		R G								ATCC 33566 MZMQ01

																						plasmid pCT1: NZ_CP040789.1/CP040789.1

																						plasmid pCT2: NZ_CP040790.1/CP040790.1

																						Show all 4 replicons

		2		Clavibacter michiganensis subsp. tessellarius		Bacteria;Terrabacteria group;Actinobacteria		ATCC 33566		SAMN06579315		PRJNA379105		GCA_002240635.1				3.32		73.70				MZMQ01		2		3.039		24-Mar-2017		R G								ATCC 33566 CP040788.1

		3		Clavibacter michiganensis subsp. tessellarius		Bacteria;Terrabacteria group;Actinobacteria		DOAB 609		SAMN04390115		PRJNA308241		GCA_001618005.1				3.30		73.20				LQXA01		61		3.017		8-Apr-16		R G				3

		1		Clavibacter michiganensis subsp. capsici		Bacteria;Terrabacteria group;Actinobacteria		PF008		SAMN03896004		PRJNA290692		GCA_001280205.1				3.24		73.19		chromosome: NZ_CP012573.1/CP012573.1				3		2.97		8-Sep-15		R G

																						plasmid pCM1: NZ_CP012574.1/CP012574.1

																						plasmid pCM2: NZ_CP012575.1/CP012575.1

		2		Clavibacter michiganensis subsp. capsici		Bacteria;Terrabacteria group;Actinobacteria		1106		SAMN13899375		PRJNA602584		GCA_011801245.1				3.19		73.27		chromosome: NZ_CP048047.1/CP048047.1				2		2.947		31-Mar-2020		R G

																						plasmid pCM2_1106: NZ_CP048048.1/CP048048.1

		3		Clavibacter michiganensis subsp. capsici		Bacteria;Terrabacteria group;Actinobacteria		1101		SAMN13899374		PRJNA602584		GCA_011801265.1				3.19		73.27		chromosome: NZ_CP048049.1/CP048049.1				2		2.948		31-Mar-2020		R G

																						plasmid pCM2_1101: NZ_CP048050.1/CP048050.1

		4		Clavibacter michiganensis subsp. capsici		Bacteria;Terrabacteria group;Actinobacteria		1207		SAMN13899376		PRJNA602584		GCA_011801225.1				3.25		73.09		chromosome: CP048045.1				2		2.675		31-Mar-2020		R G				4

																						plasmid pCM2_1207: CP048046.1

		1		Clavibacter cf. michiganensis LMG 26808				LMG 26808		SAMN02951915		PRJNA228959		GCA_000698005.1										 AZQZ01		70				5-Aug-14						1				CFBP 7493 A6099

																																				109

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 4		A4588

Bert Woudt: A is Un. Of Hawaii collection

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 13		A4690

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 16		A4763

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 28		A2701

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 30		A4004

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 55		A4877

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 61		ZUM3059

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 178		NCPPB382

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 180		PD520

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 466		NakT 1783

		GT		Clavibacter michiganensis subsp. michiganensis		CmmAFLP 573		?

		GT		Clavibacter michiganensis		LalAFLP 50		A4868

		GT		Clavibacter michiganensis		LalAFLP 121		NakT 987

		GT		Microbacterium testaceum		LalAFLP 138		NakT 1235

		GT		Clavibacter michiganensis		LalAFLP 173		C.m.mic 272

		GT		Curtobacterium flaccumfaciens pv. flaccumfaciens

Bert Woudt: Sequence alignment in middle of clade of 4 Cff in nr/nt				

Bert Woudt: A is Un. Of Hawaii collection																														

Bert Woudt: From CFBP catalo
gue; must be longer ago		

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:
		

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:
		

Bert Woudt:  Draft genome sequences for bacteria from a diverse collection of isolates cultivated from switchgrass surfaces:
		

Bert Woudt: this is info CFBP catalogue, why is strain called californiensis?		LalAFLP 226		NakT 1344

		GT		Clavibacter michiganensis		LalAFLP 228		Syng 2

		GT		Clavibacter michiganensis subsp. tessellarius		LalAFLP 425		LMG 7294

		GT		Clavibacter michiganensis subsp. insidiosus		LalAFLP 427		LMG 3663

		GT		Curtobacterium sp.		LalAFLP 464		PD 5752
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PCR Genbank entry      Pos.     Primer            Probe            Primer               Pos.    Strain      


    CP033724.1 2758439  CGTCGCCCGCCCGCTG  TGGTCGTCCTCGGCG  CACCAGCACCTTCGGCCCC  2758571 All Cmm 
    JAGIOV010000001.1  3053973  .........T..C..C  ...............  ...................  3054105 C. m. PvP036 Panicum virgatum (switchgrass) 
    CP040792.1   3060105  .............T..  ...............  G........G........G  3060236 C. m. subsp. californiensis CFBP 8216 
    QWEE01000012.1     19675    .............T..  ...............  G........G........G  19544   C. m. subsp. californiensis CFBP 8216 
    JAFBBJ010000001.1  1688950  .........G.....C  .C.....G.......  ...................  1689082 C. m. PvP098 Panicum virgatum (switchgrass) 
    PSTR01000002.1     246085   ...............C  ...............  G........G........G  246216  C. m. AY1B2 Lolium sp. (ryegrass) 
 J  AM849034.1 2902992  .........G.....C  ...............  G........G.........  2902860 C. m. subsp. sepedonicus ATCC 33113 (CFBP 2049) 
 "  MZMN01000003.1     1432855  .........G.....C  ...............  G........G.........  1432723 C. m. subsp. sepedonicus strain CFIA-CsR14 
 "  MZMM01000001.1     1903566  .........G.....C  ...............  G........G.........  1903434 C. m. subsp. sepedonicus strain CFIA-Cs3N 
 "  JAAVCB010000017.1  33203    .........G.....C  ...............  G........G.........  33071   Clavibacter sp. isolate Mgla_MAG_34-bin_22 Animal fecal sample 
 ZJ CP040795.1 318111   .........T.....C  .C.............  G........G.........  317979  C. m. subsp. chilensis CFBP7495 CFBP 8217 ZUM 3936 LMG 26810 seed
 ZJ QWGS01000023.1     10919    .........T.....C  .C.............  G........G.........  10787   C. m. subsp. chilensis CFBP7495 CFBP 8217 ZUM 3936 LMG 26810 seed
 " QWEB01000030.1     10923    .........T.....C  .C.............  G........G.........  10791   C. m. CFBP 7491 LMG 26806 ZUM 3064 seed (niet in Zaluga genotyping
 " CP040786.1 194128   .........T.....C  .C.............  G........G.........  193996  C. m. subsp. phaseoli LPPA 982
 " QWGV01000017.1     10929    .........T.....C  .C.............  G........G.........  10797   C. m. subsp. phaseoli CFBP 8627 = LPPA 982*
 "  JAFBBI010000001.1  543456   .........T.....C  .C.............  G........G.........  543324  C. m. PvP097 Panicum virgatum (switchgrass) 
 J  HE614873.1 2566547  .........G.....C  .C.....G.......  G........G.........  2566679 C. m. subsp. nebraskensis NCPPB 2581 (CFBP 2405) 
 "  CP033723.2         2566914  .........G.....C  .C.....G.......  G........G.........  2567046 C. m. subsp. nebraskensis  61-1 
 "  CP040797.1  2544932  .........G.....C  .C.....G.......  G........G.........  2544800 C. m. subsp. nebraskensis  A 6096 
 "  CP033722.2         2566907  .........G.....C  .C.....G.......  G........G.........  2567039 C. m. subsp. nebraskensis  7580 
 "  CP033721.2         2567291  .........G.....C  .C.....G.......  G........G.........  2567423 C. m. subsp. nebraskensis  HF4 
 "  QWED01000038.1     3493     .........G.....C  .C.....G.......  G........G.........  3625    C. m. subsp. nebraskensis  CFBP 7577
 "  LSOE01000018.1     48592    .........G.....C  .C.....G.......  G........G.........  48724   C. m. subsp. nebraskensis  DOAB 395
 "  LAKL01000025.1     51408    .........G.....C  .C.....G.......  G........G.........  51540   C. m. subsp. nebraskensis  DOAB 397
 Z CP083439.1         2713679  ...G...........C  .......G.......  G........G........G  2713810 C. sp. A 6099 chromosome CFBP 7493 LMG 26808 ZUM 3066 seed 
 Z AZQZ01000023.1     4506     ...G...........C  .......G.......  G........G........G  4637    C. cf. m. LMG 26808 ZUM 3066 seed
 Z QWEC01000007.1     22497    ...G...........C  .......G.......  G........G........G  22366   C. m.  CFBP 7493 LMG 26808 ZUM 3066 seed
 Z  LAL50 contig105    9707     ...G...........C  .......G.......  G........G........G  9838    C. sp. A 4868 Genetwister project
 Z  LAL173 contig88    8476     ...G...........C  .......G.......  G........G........G  8607    C. sp. Nakt 2 (is not CFBP8019 HK No 2) seed? Genetwister project
 "  JADKRQ010000003.1  552860   ...G...........C  .......G.......  G........G........G  552991  C. sp. VKM Ac-2542 Elymus repens (couch grass)
 Z  LAL228 contig86    3514     .........T.....C  .C.............  G........G........G  3372    C. sp. CFBP 7492 ZUM 3065 Genetwister project seed
 "  JADKRP010000004.1  209458   .........T.....C  .C.............  G........G........G  209589  C. m. subsp. phaseoli  VKM Ac-2886  
    MDHJ01000001.1     2758034  ......G........C  ....G..........  G........G........G  2758165 C. m. CASJ009 tomato plant 
    PSTS01000005.1     117641   ......G........C  ....G..........  G........G........G  117510  C. m. AY1A6 isolated from? 
    PSXY01000014.1     14133    ......G........C  ....G..........  G........G........G  14264   C. m. AY1B3 isolated from? 
 J  CP021038.1         2677440  ......A........C  .C.....G.......  G........G........T  2677571 C. m. subsp. insidiosus  ATCC 10253 (CFBP 2404) 
 "  CP021034.1 645568   ......A........C  .C.....G.......  G........G........T  645437  C. m. subsp. insidiosus  R1-3 
 "  CP011043.1 2699225  ......A........C  .C.....G.......  G........G........T  2699356 C. m. subsp. insidiosus  R1-1 
 "  RDQV01000029.1     29407    ......A........C  .C.....G.......  G........G........T  29538   C. m. subsp. insidiosus  CFBP 2404
 "  QWEA01000306.1     775      ......A........C  .C.....G.......  G........G........T  644     C. m. subsp. insidiosus  CFBP 6488
 "  QWDZ01000174.1     1680     ......A........C  .C.....G.......  G........G........T  1549    C. m. subsp. insidiosus  CFBP 1195
 "  MZMO01000001.1     757497   ......A........C  .C.....G.......  G........G........T  757366  C. m. subsp. insidiosus  LMG 3663
    JADKRR010000004.1  118598   ...............C  .C.....G.......  G........A.....T..G  118467  C. sp. VKM Ac-2872 Poa annua (‘grass’)
    JADKRS010000005.1  82097    ...............C  .C.....G.......  G........G.....T..G  81966   C. sp. VKM Ac-2873  VKM Ac-2873 Agrostis capillaris (‘grass’)
    MDJZ01000011.1     70658    ......G.T......C  .......G.......  G..G..............G  70526   C. m.  CFBP 8019 HK n°2; C167
 J  MDJX01000173.1     884      ......G........C  .C.....G.......  G........G.....T..G  1012    C. m.  CFBP 7576 IPO543
 Z MDJW01000004.1     58895    ......G........C  .C.....G.......  G........G.....T..G  59023   C. m.  CFBP 7494 LMG 26809 ZUM3069 seed
    QWGU01000027.1     3459     ......G........C  .......G.......  G..G.....G.....G..G  3587    C. sp. CFBP 8616 tomato leaf
    QWGT01000051.1     3369     ......G........C  .......G.......  G..G.....G.....G..G  3497    C. sp. CFBP 8615 tomato leaf
    JROD01000015.1     75760    G........T.....C  .......G.....T.  G..............A..G  75630   C. m.  CF11 soil tomato greenhouse
    CP048047.1 2538438  G.....G..G.....C  .......G.......  G........G.....T..G  2538565 C. m. subsp. capsici  1106 
    CP048045.1 2603313  G.....G..G.....C  .......G.......  G........G.....T..G  2603440 C. m. subsp. capsici  1207 
    CP048049.1 2538864  G.....G..G.....C  .......G.......  G........G.....T..G  2538991 C. m. subsp. capsici  1101 
    CP012573.1 2547627  G.....G..G.....C  .......G.......  G........G.....T..G  2547754 C. m. subsp. capsici  PF008 
 J  CP040788.1         1872504  .......AAG.....C  .C.....G.....G.  ...G.....G........G  1872636 C. m. subsp. tessellarius  ATCC 33566 LMG 7294  CFBP 3496 
    LQXA01000028.1     48859    ...G...AAG.....C  .C.....G..G....  G..G.....G.....T..T  48727   C. m. subsp. tessellarius  DOAB 609 


Annex E. Alignment of primer and probe sequences of the 133 n PTSSK amplicon (CP033724.1; Cmm UF1) with best matching sequences in Genbank databases 
nr/nt and WGS-Actinnobacteria as well as from a genome sequencing project by a Dutch consortium (Genetwister project). Dots indicate identities. Bold 
text indicates strains from tomato, if seed is known to be the origin this is indicated with the strain information the right. A J or Z in the column 
‘PCR’ means a negative PCR result in Jacques et al., 2012 and Zaluga et al., 2013 respectively; “ in this column indicates a sequence identical to 
one tested in another strain by PCR. 
Note C. m. subsp. tessellarius  ATCC 33566 is proposed as the internal control strain in the SE-PCR protocol. 
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