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Summary

The efficiency of the PCR technique for the identification of Xanthomonas campestris pv. campestris (Xcc)
on Brassica spp. seed was compared to the pathogenicity test described in ISTA Seed Health Method 7-019
in a peer validation study organized by the International Seed Health Initiative for Vegetables. Four
laboratories from the Netherlands and France together tested 1472 suspect bacteria isolates of X.
campestris pathovars by conducting in parallel a PCR and a pathogenicity test. Xcc was identified using the
DLH primer sets by Berg et al. (2005) and the Zup primer sets by Rijlaarsdam et al. (2004), and the results of
the PCR and pathogenicity test were summarized and compared. There is a negligible risk of a false-positive
PCR result for Xcc, caused by primer sets targeting X. campestris pv. incanae. It is highly unlikely that X.
campestris pv. incanae isolates are present on cultivated Brassica spp. seeds. The study showed
comparable results for the PCR and pathogenicity tests for 97.21% of the total of suspect isolates.
Compared to the pathogenicity test, the PCR produced a false-negative result in only 0.41% of the suspect
isolates tested. The PCR technique was shown to provide complementary information in cases where the
pathogenicity test did not show clear symptoms, and to give additional information on the suspected
occurrence of X. campestris pv. armoraciae or X. campestris pv. raphani (Xca/Xcr). Similarly, the
pathogenicity test would be valuable when an indeterminate PCR result appears. The risk of a final false-
negative result on a seed lot is minimized by testing at least six suspect isolates per seed subsample, as
instructed by ISTA Method 7-019. The use of a PCR technique is highly recommended as an alternative or
complementary method for Xcc identification in seed health testing laboratories.

Introduction

Xanthomonas campestris pv. campestris (Xcc) is a seed-borne, pathogenic bacterium on cruciferous plants
and the causal agent of black rot disease that can cause severe economic losses worldwide (Qian et al.,
2005). Both ISTA Seed Health Method 7-019 for untreated seed, and the ISHI-Veg method
(www.worldseed.org >> Trade Related Topics >> Phytosanitary Matters >> Seed Health >> ISHI-Veg) for
disinfected seed comprise a pathogenicity test following dilution plating as a confirmation step of suspect Xcc
colonies. Symptoms on inoculated bioassay plants are recorded 10 to 14 days after inoculation. Although
this confirmation method is reliable, the duration of the test is of concern to laboratories which routinely test
Brassica spp. seeds for the presence of Xcc. The PCR technique is faster than the pathogenicity test, and
could be of use for these laboratories.

For several years, a PCR technique using pathogen-specific primers has been used to identify several
pathogenic Xanthomonas species on various hosts (Pan et al., 1999; Fargier and Manceau (2007); Palacio-
Bielsa et al., 2009). Comparative studies between the pathogenicity test and PCR for X. hortorum pv.
carotae (Xhc) identification on carrot seed showed that PCR was a reliable and rapid confirmation tool (Asma
et al.,, 2002). PCR as an alternative to the pathogenicity test for confirming suspect Xhc colonies is part of
ISTA Seed Health Method 7-020 (ISTA, 2006).

Berg et al. (2005) developed the primer set DLH120-125, which is specific to all X. campestris pathovars

(X. c. pv. campestris, X. c. pv. armoraciae, X. c. pv. raphani and X. c. pv. incanae), while Rijlaarsdam et al.
(2004) and Zaccardelli et al. (2007) developed primer sets for identification of Xcc. Fargier and Manceau
(2007) validated the specificity of the Zup2309-2310 and Zup2311-2312 primer sets developed by
Rijlaarsdam et al. (2004) and the primer sets of Berg et al. (2005) on a collection of 47 X. campestris isolates
by comparing PCR results to pathogenicity tests. In that study, the Rijlaarsdam et al. (2004) primer sets were
found to amplify the DNA of Xcc and X. c. pv. incanae isolates. However, X. c. pv. incanae isolates were
pathogenic only on Matthiola spp. and Erysimum cheiri (previous name Cheiranthus cheiri) plants. Given
Fargier and Marceau’s results, as well as the fact that it is highly unlikely to have X. c. pv. incanae on
cultivated Brassica spp. seeds, the combination of primer sets by Berg et al. (2005) and Rijlaarsdam et al.
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(2004) was considered appropriate in the present study for validation of the identification of Xcc on Brassica
spp. seeds without posing any risk of a Xcc false-positive PCR result.

Vicente et al. (2006) did not confirm the existence of X. c. pv. armoraciae after testing one isolate that was
received as such. Moreover, Fargier and Manceau (2007), after testing three isolates received as X. c. pv.
armoraciae, didn’t support the existence of another leaf spot disease caused by this pathogen. In further
validation studies, Porcher et al. (2008) and Mathis et al. (2009) found a PCR result that was negative with
Rijlaarsdam et al. (2004) primers and positive with Berg et al. (2005) primers. This PCR result, after taking
into consideration that Xcc and X. c. pv. raphani (Xcr) are carried by Brassica spp. seed and are pathogenic
on Brassica spp. plants, was interpreted as the suspected presence of Xcr. However, final conclusions on
the presence of Xcr should be legitimate only after validation by epidemiological studies and identification of
Xanthomonas sp. strains.

Despite the conclusions of Fargier and Manceau (2007) and Vicente et al. (2006) on X. c. pv. armoraciae
(Xca) nomenclature, the names of both “armoraciae” and “raphani” pathovars are included in the list of Bull
et al. (2010). Moreover, no change has been made to section 7.7 of ISTA Method 7-019 regarding the
denomination of the causal agent (leaf spot Xanthomonas) of the leaf spot disease symptoms on the
pathogenicity test. Thus, for consistency with ISTA Method 7-019, this study uses the names of both
pathovars as Xca/Xcr wherever appropriate.

Scope and objective of the peer validation study

The scope of this peer validation study is to compare the efficiency of a PCR test with a pathogenicity test to
identify suspect Xcc isolates among a large number of suspects. For this purpose, participating laboratories
were called to provide data generated over the past years on the comparison of the two tests. This study was
performed in addition to the work done on primer validation by Fargier and Manceau (2007). The objective of
the study is to use PCR, if found to be efficient and comparable, as an alternative to the pathogenicity test
described in ISTA Method 7-019 for the identification and confirmation of suspect Xcc colonies isolated from
Brassica spp. seed.

Materials and methods

Bacterial isolates

A total of 1472 bacterial isolates of Xanthomonas campestris pathovars were identified by four laboratories:
BioGEVES and SNES (Beaucouzé, France), Clause Tézier (Valence, France), Naktuinbouw
(Roelofarendsveen, the Netherlands) and Rijk Zwaan (De Lier, the Netherlands). The isolates were from the
collections or the participant laboratories or other company collections, or extracted from Brassica spp.
seeds or plants. The numbers of isolates tested by each laboratory are provided in Table 3. The laboratories
used Xcc and Xca/Xcr reference isolates as positive controls. Mock inoculation with sterile water and/or
inoculation with isolates of other Xanthomonas species were used as negative controls.

Pathogenicity test and PCR protocols

A detailed description of the pathogenicity test and PCR protocol used by each laboratory is provided in
Table 1 (participating laboratories were given code numbers). All laboratories used the pathogenicity test
described in ISTA Method 7-019 or a slightly modified version thereof. Lab 1 and lab 2 used the same PCR
protocol. Lab 3 used a PCR mix to analyse 1145 isolates, with primers by Rijlaarsdam et al. (2004) and
UpBacF/UpBacR universal primers adapted from Eden et al. (1991). Ten isolates showed Xcc false-positive
identification with PCR compared to the pathogenicity test result, and 5 isolates showed Xca/Xcr symptoms
in the pathogenicity test and didn’t react with Rijlaarsdam et al. (2004) primers. These were retested by lab 3
using Berg et al. (2005) primers in the aforementioned PCR mix with the same amplification program. Lab 4
used an adapted version of the PCR protocol utilized by lab 3. The sequences of all primer sets used are
presented in Table 2.

The 22 isolates that were initially tested by lab 4 were retested by lab 2 using a pathogenicity test and PCR
to confirm the original results. Five isolates (Table 3) that had been originally tested by lab 1 were retested
by lab 4 by PCR in parallel to a pathogenicity test. Three of these isolates had originally shown ambiguous
results, while the other 2 had corresponding results and served as a control to lab 4.
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Results and discussion

The pathogenicity tests and PCR results of the isolates tested were validated by the results of reference
isolates and PCR controls used at each laboratory. Reference isolates used as positive or negative controls
showed corresponding results from pathogenicity tests and PCR in all four laboratories (data not shown).
The results of the comparisons of the pathogenicity test and PCR for identifying Xcc and Xca/Xcr isolates are
shown in Table 3. Examples of PCR amplification products are shown in Figures 1 and 2.

The summarized results in Table 4 showed that corresponding results were obtained from the pathogenicity
test and the PCR for 1431 isolates (97.21%), of which 729 were identified as not Xcc, 694 as Xcc and 8 as
Xcal/Xcr. For the remaining 41 isolates (2.79%), there was no correspondence between the pathogenicity
test results and the PCR results. These conflicting results for the 41 isolates were broken down into
categories A—E for better analysis and discussion. The percentages given refer to the percentages of the
total number of isolates tested.

In the categories A1 and A2 (0.47%), the pathogenicity test failed to identify isolates as Xcc or Xc. However,
the PCR showed a positive Xcc identification of the A2 isolates, but not of the A1 isolates. In both categories
A1 and A2, no comparison between the pathogenicity test and PCR results can be made, and no final result
can be given on the identification of these isolates thereafter.

An unexpected PCR result was shown for 13 bacterial isolates (0.88%) in category B1. These isolates
showed a negative Xcc identification with the pathogenicity test, but with PCR reacted positively with the Zup
primers (Zup+) and negatively with the DLH primers (DLH-). This PCR result is considered to be
indeterminate.

For the four bacterial isolates (0.27%) in category B2, the same indeterminate PCR result was found, while
the pathogenicity test showed Xca/Xcr symptoms.

It should be noted that in none of the isolates tested was there a positive Zup+ result in combination with a
positive pathogenicity result for Xcc. Therefore, a positive PCR result using the Zup primers is not an
indication of the presence of Xcc.

In categories C1 and C2, seven isolates (0.48%) showed a negative Xcc or Xca/Xcr identification in the
pathogenicity test. However, the PCR indicated a suspected presence of Xca/Xcr in one of these isolates,
and positive Xcc identification in the other six. It could not be determined whether the results of the
pathogenicity test were negative because of loss of bacterial virulence, or whether the PCR result was a
false positive. In either category, a seed lot would be considered to be contaminated based only on the PCR
test results.

In categories D1 and D2, six isolates (0.41%) showed a negative Xcc identification with the PCR test.
However, in the pathogenicity test, five of these were identified as being Xca/Xcr and one as Xcc. When
compared to the pathogenicity test results, the PCR results in both categories would be considered to be
false negatives. In both categories D1 and D2, a seed lot would be considered to be contaminated based
only on the pathogenicity test results.

In two isolates from category E1 (0.13%), the pathogenicity test showed Xca/Xcr symptoms, but the PCR
showed a positive identification for Xcc. The contrary was shown for two other isolates from category E2
(0.13%), in which the pathogenicity test showed Xcc symptoms, but the PCR indicated suspected Xca/Xcr
presence. In both categories E1 and E2 the seed lot would be considered to be contaminated.

The pathogenicity tests and PCR results for the five isolates (a, b, ¢, d, e; Table 4) that were retested by lab
4 agreed with the original results of lab 1. Lab 2 confirmed both the pathogenicity test and PCR results
originally found by lab 4 on all 22 isolates provided by this laboratory.

Conclusions and recommendations

In this study, the efficiency of the PCR test was compared to the pathogenicity test of ISTA Method 7-019 for
the identification of Xcc isolates. For a high percentage of isolates tested (97.21%), the results of the PCR
test corresponded to those of the pathogenicity test. This shows that the PCR technique can be used as an
alternative to the pathogenicity test for the identification and confirmation of Xcc colonies isolated from
Brassica spp. seed.

In cases where the pathogenicity test gave ambiguous results, the PCR test provided complementary
information on the identification of isolates. Therefore, the PCR test could be considered as a
complementary method to the pathogenicity test. Moreover, the Zup—/DLH+ result would provide additional
information on the suspected presence of Xca/Xcr. However, in the case of the indeterminate Zup+/DLH-
result, the pathogenicity test would be recommended, since bacterial isolates would remain suspect.
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The PCR test gave false negative results compared to the pathogenicity test in 0.41% of all cases. Thus,
using the PCR technique, in 99.6% of cases a laboratory will obtain an accurate result, or will get an
indication to perform an additional pathogenicity test to confirm the PCR result.

When following the instructions of ISTA Method 7-019 to test at least six suspect isolates per subsample, the
risk of a final false negative result in a seed lot is minimized.

Given that all 27 isolates showed the same PCR results when tested with the protocols of labs 2 and 4 (the
latter being a slight variant of the lab 3 protocol), these protocols can be considered to be equivalent.
Consequently, this report supports two PCR options, each comprising different primers and ampilification
regimes for identifying or confirming suspect Xcc isolates.
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Table 1. Pathogenicity tests and PCR protocols used by the participating laboratories

Lab | Strain isolation Pathogenicity test DNA extraction PCR mix Amplification
programme
1 The Xcc strains were isolated Inoculate 4 leaves per plant by stabbing | Collect 1 dose of bacteria of 1 pL 0.04 L sterile water 95 °C 3 min
fro'm Brassica seed and plants them with a sterile toothpick dipped in in2mL steri]e saline. Qentrifuge 4 uL Green Go Taq buffer, 5x
using ISTA Method 7-019 but the isolate. 1 mL bacterial suspension for
with a different medium Use a known strain as control. 5 min at 8000 r.p.m. 0.96 pL MgClz, 25 mM 6x
(GYCA). Discard the supernatant and 2 pLdNTP, 2mM 95°C40s
More than 95% of strains resuspend the pellet with 500 pL 0.8 yL Zup2310-F, 5 uyM 63°C40s

came from untreated seed.

NaOH 0.5 N. Incubate for 10 min
at 65 °C under shaking at
1000 r.p.m.

Dilution of 5 uL solution in 495 pL
Tris-HCL 20 mM, pH 8 and vortex.

0.8 pL Zup2309-R, 5 uM
2.4 yL DLH120, 5 yM
2.4 uyL DLH125, 5 uyM
1.7 yL 1052-F, 1 uM

1.7 yL Bac-R, 1 uM

0.2 uL Taq

3 uL DNA

Total volume: 20 uL

(touchdown of
—1 °C per cycle)
72°C40s

29x

95°C40s
58°C40s
72°C40s

72 °C 5 min
10°C

2 ISTA Method 7-019 was used Xcc: ISTA Method 7-019

for isolation.

Xca/Xcr: cut cotyledons and inoculate
the wound. 7 days later black necrosis
appeared.

Positive controls: Xcc CFBP 6469 2.3.1.
and Xca/Xcr CFBP 3838 2.11.1.

Same as lab 1

Same as lab 1

Same as lab 1
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Lab | Strain isolation Pathogenicity test DNA extraction PCR mix Amplification
programme
3 ISTA Method 7-019 was used Suspect colonies of Xcc and Xca/Xcr Take a pipette tip amount of a) 1145 isolates were tested with UpBacF/UpBacR 94 °C 5 min
for isolation. were inoculated into kohlrabi plants. bacterial slime and add it to 1 mL universal and Rijlaarsdam et al. (2004) primers. The
Strains came from treated and | Symptoms were assessed after 2and 3 | Of sterile 0.5 mM NaOH. PCR mix used is the same as the one described 4x
untreated seed lots. weeks. Place bacterial suspension for 5 b"flllc_’g' but the Berg primers were replaced by 2 pL 94°C 1 min
; ° i milliQ. i
The following controls were used: Xcc min at 100 °C and then on ice for ) ] ] . )
pathogenic, Xcc weak pathogenic and at least 5 min. b) 15 isolates were retested with the following PCR 65 °C 1 min
Xca/Xcr (positive controls), Xhc and Spin down for 10 s. mix: (touchdown of
demineralized water (negative controls). 2.5 yL, Taq buffer 10x —1°C per cycle)
1.0 uL dNTPs, 5 mM 72°C 1 min
0.2 pL UpBacF, 20 pmol/uL
0.2 L UpBacR, 20 pmol/uL 30%
1.0 pL XccF-ZUP2311, 20 pmol/pL 94 °C 1 min
1.0 pL XccR-ZUP2312, 20 pmol/uL 60 °C 1 min
1.0 pL DLH120, 20 pmol/uL 72°C 1 min
1.0 yL DLH125, 20 pmol/pL
15.9 pL milliQ 72.°C 10 min
0.2 pL Taq polymerase ,5 U/uL 8°C
1 uL DNA Cooliing and
) heating, all steps
Total volume: 25 pL 1°Cls
4 ISTA Method 7-019 was used Five cabbage plants ‘Lahn’ were grown Cells from a suspected colony 17.1 yL H,O PCR grade (ELGA) 95 °C5 min
for isolation. per pot in a greenhouse at about 25 °C. were transferred with a toothpick 2.5 uL PCR buffer,10x
PlantstW?rterz] inotculategtwitlf; oneI strain EI'Oha tUt:Ie with 5. meNtac;H.t 0.5 uL dNTP, 10 mM 35x
per pot at the stage of two true leaves. e cells were incubated a
o : 0.5 pL Zup2311, 10 uM 94°C15s
Each seedling was inoculated 4 times in | 100 °C for 5 min and then cooled W £Up H .
the secondary veins of the first and onice. 0.5 L Zup2312, 10 uM 58°C15s
second true leaf using a toothpick that 0.5 yL DLH120, 10 pM 72°C15s
had been dipped in a suspected colony. 0.5 uL DLH125, 10 pM
Plants v;gere incubated for two weeks in 0.5 uL UpBacR, 10 uM 72 °C 5 min
a greenhouse.
9 0.5 uM UpBacF, 10 uM 15°C

Xccam1 and Xca/Xcrrm?2 were used as
Xcc and Xca/Xcr references.

0.5 puL TAQ, 5 U/ml
2.0 L DNA
Total volume: 25.6 pL
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Table 2. Sequences of universal and specific primer sets used for identifying the suspect isolates

Lab 2

"Universal primers (adapted from Eden et al., 1991):
441 bp amplification product

2 Specific primers (Berg et al., 2005):

619 bp amplification product

® Specific primers (Rijlaarsdam et al., 2004):

370 bp amplification product

1052 —F: 5" GCATGG TTG TCG TCA GCT CGT 3'
Bac —R: 5' TAC GGC TAC CTT GTT ACG ACT.T 3'

DLH 120: 5' CCG TAG CAC TTAGTG CAATG 3'
DLH 125: 5 GCATTT CCATCG GTCACGATT G 3'

Zup2309: 5' AAA TCA GGG GGATGC GGT GG 3'
Zup2310: 5' TCC GGC CAG GGT CGATACAGT G 3'

Lab 3

"Universal primers (adapted from Eden et al., 1991):
1511 bp amplification product

% Specific primers (Berg et al., 2005):
619 bp amplification product

® Specific primers (Rijlaarsdam et al., 2004):

445 bp amplification product

UpBacF: 5' TAC GGC TACCTT GTTACGACTT 3'
UpBacR: 5' GAA GAG TTT GAT CCT GGC TCAG 3'

DLH 120: 5' CCG TAG CAC TTAGTG CAATG 3'
DLH 125: 5 GCATTT CCATCG GTCACGATT G 3'

Zup2311: 5' GCA AAG CCC TCG TTC ACG CAT 3'
Zup2312: 5' GGT GGT GTG GCC GCT CTT CTC AT 3'

! Primer sets detecting bacterial presence

2Primer sets specific to all Xanthomonas campestris pathovars
% Primer sets specific to Xanthomonas campestris pv. campestris and Xanthomonas campestris pv. incanae
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Table 3. Results of pathogenicity test and PCR

Lab | Total isolates tested | Results
No. of isolates | Pathogenicity test’ | PCR?
1 240 144 - -
84 + +
2 + Xca/Xcr
1 Xca/Xcr Xca/Xcr
3 - +
3 - Zup+
3 ? -
2 50 5 - -
26 + +
1 XcalXcr +
1 - XcalXcer
3 - +
4 ? +
4 Xca/Xcr Zup+
5 XcalXcer -
1 + -
3 1160 575 - =
570 | + +
5 | XcalXcr XcalXcr®
10 |- Zupt’
4 22 5 - -
14 + +
2 XcalXcr XcalXcr
1 XcalXcer +

' Symbols used for pathogenicity test results:

+
XcalXcr

?

Xcc symptoms

Xca/Xcr symptoms

No Xcc or Xca/Xcr symptoms

Ambiguous result

% Symbols used for PCR results:
Zup and DLH primers positive (Xcc positive identification)

+

Xca/Xcr
Zup+

® PCR mix with Rijlaardsdam et al. (2004) and universal primer sets adapted from Eden et al. (1991)

* PCR mix with Berg et al. (2005), Rijlaardsdam et al. (2004) universal primer sets adapted from Eden et al. (1991)

Zup and DLH primers negative (Xcc negative identification)

Zup primers negative and DLH primers positive (X. campestris positive identification, Xca/Xcr suspected presence)
Zup primers positive and DLH primers negative (Indeterminate result)
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Table 4. Summary of the pathogenicity test and PCR results

Number of Pathogenicity | PCR result” | Discussion | No. of tested Isolates
tested test result’ isolates per lab retested by
isolates lab 4
Isolates with 729 - - (a, b)
correspondence | ggz + +
in results
8 XcalXcr XcalXcr
Total 1431
Isolates with 3 - A1 3 (lab 1)
differing results [ + AD 4 (lab 2)
13 - Zup+ B1 3 (lab1),10 (lab 3) | (c, d)
4 XcalXcr Zup+ B2 4 (lab 2)
1 - XcalXcr C1 1 (lab 2)
6 - + Cc2 3 (lab 1), 3 (lab 2) (e)
5 Xca/Xcr - D1 5 (lab 2)
1 + - D2 1 (lab2)
2 XcalXcr + E1 1 (lab 2), 1 (lab 4)
2 + XcalXcr E2 2 (lab1)
Total 41
" Symbols used for pathogenicity test results:
+ Xcc symptoms

Xcal/Xcr Xcal/Xcr symptoms
- No Xcc or Xca/Xcr symptoms
? Ambiguous result

% Symbols used for PCR results:
+ Zup and DLH primers positive (Xcc positive identification)
- Zup and DLH primers negative (Xcc negative identification)

Xca/Xcr Zup primers negative and DLH primers positive (X. campestris positive identification, Xca/Xcr suspected presence)
Zup+ Zup primers positive and DLH primers negative (Indeterminate result)

% PCR mix with Rijlaardsdam et al. (2004) and universal primer sets adapted from Eden et al. (1991)

* PCR mix with Berg et al. (2005), Rijlaardsdam et al. (2004) universal primer sets adapted from Eden et al. (1991)
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1511 bp (universal primers)

619 bp (DLH120/DLH125)
445 bp (Zup2311/Zup2312)

Figure 1. Examples of PCR amplification using primer sets by Berg ef al. (2005) and Rijlaarsdam et al.
(2004), and adapted from Eden et al. (1991).

1 100 bp ladder.

2, 3, 5: Two bands (619 bp, 1511 bp): positive sample with Xanthomonas campestris (Xcal/Xcr suspected presence).

4 One band (1511 bp): negative sample, no Xanthomonas campestris (Xc).

6, 7 Three bands (445 bp, 619 bp, 1511 bp): positive sample with Xanthomonas campestris pv. campestris (Xcc)(with or without
XcalXcr).

8 Water (negative PCR control): no reaction.

=3 29 &1 1) ﬂ ®69

619 bp (DLH120/DLH125)
441 bp (universal primers)
370 bp (Zup2309/Z2up2310)

il |

e

—
—
I

v - .

Figure 2. Examples of PCR amplification using primer sets by Berg et al. (2005) and Rijlaarsdam et al.
(2004), and adapted from Eden et al. (1991).

1 100 bp ladder.

2 Two bands (370 bp, 441 bp): indeterminate PCR result.

3 Three bands (441 bp, 619 bp, 370 bp): positive sample with Xanthomonas campestris pv. campestris (Xcc) (with or without Xca/Xcr).
4 One band (441 bp): negative sample, no Xanthomonas campestris (Xc).

5 Two bands (441 bp, 619 bp): positive sample with Xanthomonas campestris (Xca/Xcr suspected presence).

6 Water (negative PCR control): no reaction.
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New method for the detection of infectious tobamoviruses on
tomato (Lycopersicon esculentum) seed by local lesion assay
(indexing) on Nicotiana tabacum plants

V. Grimault', H. M. S. Koenraaadt?, A. Politikou’

1GEVES/SNES, Rue Georges Morel, BP 90024, 49071 Beaucouzé Cedex, France (valerie.grimault@geves.fr,
liana.politikou@ufs-asso.com)

Naktuinbouw, P.O. Box 40, 2370 AA Roelofarendsveen, The Netherlands (h.koenraadt@naktuinbouw.nl)

Summary

The local lesion assay (indexing) with Nicotiana tabacum ‘Xanthi NN’ resistant plants was evaluated as a
detection method for infectious tobamoviruses on tomato (Lycopersicon esculentum) seed in a comparative
test between nine laboratories, organised by the International Seed Health Initiative Vegetable group (ISHI-
Veg). Two naturally infected seed lots with medium and high infection levels, one virus-free seed lot and two
infection levels of reference material (RM) were used. Subsamples of the seed lots and RM samples were
distributed to laboratories who inoculated their extracts onto the leaf surface of two assay plants. For each
(sub)sample x plant x leaf combination, the number of necrotic local lesions was recorded 5-7 days post
inoculation under specific incubation conditions by each laboratory. No false positives were recorded and
most laboratories were able to detect the expected number of positive seed subsamples and RM samples
and to distinguish between the various infection levels. The growth stage of tobacco assay plants and the
incubation temperature were found to be critical factors for the detection of positive seed and RM samples.
The local lesion assay was found repeatable and reproducible for both seed subsamples and RM samples.
The use of a known infected seed sample or a reference material sample is indispensable for the validation
of the results. The local lesion assay with Nicotiana resistant plants to tobamoviruses is considered a reliable
detection method of infectious tobamoviruses on tomato seed and is highly recommended in routine tomato
seed testing.

Introduction

Tobacco mosaic virus (TMV) and Tomato mosaic virus (ToMV) belong to the genus Tobamovirus
(Lewandowski and Dawson 1998). TMV and ToMV are seed-borne and seed transmitted viruses (Hadas et
al., 2004), commonly found on the tomato (Lycopersicon esculentum) seed, localizing the seed coat and
sometimes the endosperm (Huttinga and Rast, 1995). They are able to survive for long periods outside the
plant tissue and can be easily transmitted mechanically on tomato plants causing significant economic yield
losses. (Averre and Gooding, 2000; Demski, 1981; Huttinga and Rast, 1995). A seed health program
certifying virus-free seed is considered an important tool for the control of tomato plants’ infection (Hadas et
al., 2004).

Several serological methods based on ELISA tests have been broadly used for the detection and
identification of various plant viruses (Clark and Adams, 1977; Maury et al., 1987). It is known however, that
ELISA tests detect both infectious and non-infectious virus particles, therefore it does not allow for the
evaluation of virus seed transmission and yields false positive results (Maury et al., 1987; Nolan and
Campbell, 1984).

TMV and other tobamoviruses have played a significant role in the virology research in studies on plant-virus
interactions (Dawson, 1999). The infection mode, pathway, replication and expression of tobamoviruses
have been extensively studied on the TMV-Tobacco (Nicotiana spp.) plants model (Rhee et al., 2000; Diaz-
Griffero et al., 2006; Bawden, 1964; Padmanabhan et al., 2008; Demski, 1981). Many references are
available in the literature about the induction of hypersensitive response (HR) reaction in tobacco plants from
tobamoviruses; a plant defence mechanism against the attack of viruses (Ehrenfeld et al., 2008; Takahashi,
1956; Erickson et al., 1999b; Whitman et al., 1994; Taliansky et al., 1994). The HR reaction is the outcome of
the gene-for-gene resistance (Flor, 1971; Kiraly et al., 2007), mediated in tobacco plants carrying the
dominant N resistant gene (Holmes 1938; Hammond-Kosack and Jones 1996; Erickson et al., 1999a;
Whitman et al., 1994; Boovaraghan et al., 2007). The HR is characterised by the virus confinement on the
initial infection site through death-cell and the development of local necrotic lesions (Holmes 1938;
Takahashi, 1956; Dawson, 1999).
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Holmes (1929) by developing the local lesion assay was able to quantify the virus infectivity. Based on this
local lesion assay Hadas (1999) and Hadas et al. (2004) proposed an ELISA prescreening and an indexing
of tomato seed on tobacco resistant plants (Nicotiana tabacum ‘Xanthi NN’) as a detection method and virus’
infectivity evaluation of ToMV on commercial tomato seed lots. In the latter study, the importance of
standardizing factors that influence performance and results of the indexing assay such as temperature, light
and physiological condition of plants was highlighted.

The HR mediated by the N gene in Nicotiana resistant plants has been shown to be temperature sensitive
(Whitman et al., 1994; Ordog et al., 2002; Dijkstra et al., 1977). TMV infection induces HR local lesions at
temperatures below 28°C while no necrotization occurs above this temperature; the virus instead, multiplies
systemically in the plant (Samuel, 1931; Kiraly et al., 2008; Takahashi, 1975; Weststeijn, 1981; Padgett et
al., 1997; Dawson, 1999). Day length and light intensity have shown to affect the virus replication as well as
the expression of the disease (Matthews, 1991). The physiological age and developmental stage of a host-
assay plant have been shown to influence the virus infections and subsequently the number of local lesions
on inoculated leaves (Takahashi, 1972). Old plants have been generally reported less susceptible to viral
infections than younger ones (Padmanabhan et al., 2008).

Based on the above described literature, the seed industry and seed health testing laboratories have
developed a local lesion assay for the detection of tobamoviruses on tomato seed. The method requires
mechanical inoculation of plants resistant to tobamoviruses such as N. tabacum ‘Xanthi NN’ (Stange et al.,
2004; Diaz-Griffero et al., 2006) with tomato seed extract resulting in HR local lesions on the inoculated leaf
surface. Nine laboratories from The Netherlands, Israel, U.S.A. and France participated in this comparative
test organised by the ISHI-Veg Tomato and Pepper International Technical Group. It has previously been
reported that one infected seed in a subsample of 500 healthy seeds can be detected with this method
(Hadas et al., 2004). However, in this ISHI-Veg comparative test a subsample size of 250 seeds was used
for validation purposes which increased test sensitivity.

Aim and objective of the comparative test

The aim of this ISHI-Veg comparative test was to evaluate the local lesion assay as a detection method for
infectious tobamoviruses on naturally infected tomato seed. The ultimate objective is to obtain an
internationally accepted seed health testing method for the detection of tobamoviruses on tomato seed.

Materials and Methods

Seed lots and seed subsamples

Three tomato seed lots (E27315, E08543 and E12505) with a range of levels of naturally infected
tobamovirus were selected by GEVES-SNES, following the described detection method. Lot E27315 was
disinfected with calcium hypochlorite, lot E08543 was untreated and lot E12505 was TSP treated. The
infection level of the lots was evaluated by testing 12 subsamples of 250 seeds, a total of 3000 seeds per lot.
The number of positive seed subsamples out of the 12 tested from the selected lots E27315, E08543 and
E12505 was zero, 12 and 12 respectively. However, the average number of local lesions, (2 repetitions per
seed subsample), of each of the two infected lots was variable. As this outcome demonstrated the possibility
of a seed lot showing all subsamples positive though having a low/medium or a high virus incidence it served
as a criterion for the final characterization of lots. Lots E08543 and E12505 gave an average number of 10
and 123 lesions respectively, and were characterized as Medium and Highly infected. Lot E27315 gave zero
lesions and was characterized as Healthy. For each laboratory a total of 20 subsamples were prepared, ten
subsamples of 250 seeds from the Medium infected lot and five subsamples of 250 seeds from each of the
High infected and Healthy lots. Subsamples were prepared based on the thousand seed weight of each lot.
The subsamples were coded randomly in order to ensure a blind comparative test and were distributed to
participating laboratories along with Nicotiana tabacum ‘Xanthi NN’ seeds. The N. tabacum ‘Xanthi NN’
seeds came from the same production line aiming to keep potential variations in the comparative test as low
as possible.

Positive and negative controls

Although a known tobamovirus infected seed subsample can be used as a positive control in a local lesion
assay, the preparation of identical seed subsamples for all laboratories of the comparative test was assessed
unrealistic due to the potential for uneven virus distribution in the seed subsamples. Therefore, a reference
material (RM) prepared and provided by NAKT which would provide higher consistency in preparation of
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identical samples was used as a positive control. This RM was consisted of freeze-dried Pepper mild mottle
virus (PMMoV) infected Nicotiana occidentalis leaves diluted at two different levels with dry pea flour. The
RM that was 50x diluted and gave an average of 40 local lesions was characterized as a High infected level
whereas the RM that was 500x diluted and gave an average of 10 local lesions was characterized as a
Medium infected level. Participating laboratories received 5 randomly coded samples of 0.5 g of each of the
two RM levels. For the negative control, Phosphate Buffer Saline (PBS) was prepared by dissolving 8.0 g/L
NaCl, 1.15 g/L Na,HPO,4 and 0.2 g/L KH,POy, in distilled water. The pH was adjusted to between 7.2-7.4 and
the solution was autoclaved at 121 °C at 15 psi for 15 min.

Local lesion assay

Production of N. tabacum ‘Xanthi NN’ plants

Plants of N. tabacum “Xanthi NN’ were grown from the supplied seeds by individual laboratories at 20-28 C
under sufficient light intensity for 6-8 weeks until they reached the 4-5 true leaves growth stage. Two tobacco
plants per tomato seed subsample, two per RM sample and two plants for the negative control were selected
resulting in 62 plants in total. Plants were watered the day before the mechanical inoculation to ensure
leaves with high turgor. Two consecutive leaves of each pair of plants were labelled with the corresponding
code of the sample for inoculation.

Virus extraction from seed and reference material

In each laboratory the 20 tomato seed subsamples of 250 seeds were each ground in 10 ml PBS seed
extraction buffer with a grinder. The 10 samples of 0.5 g of each RM were similarly ground in 5 ml PBS seed
extraction buffer.

Mechanical inoculation of plants

The two labelled leaves of each pair of plants were dusted with a fine layer of carborundum powder and 100
uL of the corresponding ground extract was placed on each leaf’s surface. The 100 pL of extract was
smeared in the entire leaf surface by applying light pressure with fingers. Plastic finger tips or gloves were
used and changed between (sub) samples. Special care was taken to avoid leaf damage that might be
caused by too much pressure. Two consecutive leaves of one pair of plants were inoculated in a similar
manner with 100 pL of PBS and served as negative control plants. All inoculated leaves were rinsed with tap
water a few minutes after inoculation and plants were incubated at 20-25 °C with alternating 12 h light-12 h
dark regime for 5-7 days. Plants were examined for the development of typical local necrotic lesions by
comparison to positive and negative control plants and the number of local lesions developed on each leaf
per plant and per (sub)sample was counted.

Data analysis

Following the seed lots’ characterization based on the average of developed lesions, another local lesion
assay was conducted for each infected lot with a smaller number of subsamples per lot and seeds per
subsample. The aim of this assay was to calculate the infection rate of each lot with the spreadsheet
application Seedcalc version 8 (http://www.seedtest.org/en/statistical-tools-for-seed-testing-_content---1--
1143--279.html) and to calculate the probability of expected positive subsamples in the comparative test at a
confidence level above 99% with the spreadsheet application developed by J.L. Laffont. Two positive
subsamples of 32 seeds (1/8 of 250) out of 6 subsamples tested revealed 1.26% infection rate and the
number of 8-10 expected positive subsamples out of the 10 total distributed to laboratories for a confidence
level above 99% for the Medium level lot. Likewise, 3 positive subsamples of 62 seeds (1/4 of 250) out of 6
subsamples revealed 1.11% infection rate and the number of 4-5 expected positive subsamples out of the 5
total distributed to laboratories for a confidence level above 99% for the High level lot.

For each combination of laboratory X infection level X (sub) sample X plant X leaf the number of developed
local lesions was recorded. A seed subsample or a RM sample was considered positive when at least one
local lesion developed in at least one leaf. Values of the Medium level seed subsamples of laboratory 1 were
excluded from the analysis as they were all recorded zero as well as values of High level seed subsamples
of laboratory 9 were also excluded as the values of 4 out the 5 subsamples were zero.

The average number of local lesions was calculated for each combination of laboratory X infection level X
(sub) sample. The number of local lesions of positive seed subsamples from both Medium and High infected
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level seed lots, was analysed with the use of the Analysis of Variance (ANOVA) implemented in Statgraphics
Plus 5.0 statistical program. Likewise, an ANOVA on the number of local lesions from positive RM samples —
and excluding the missing values- from both Medium and High infected levels was performed. Prior to the
analysis, the original values of seed subsamples and RM samples were transformed with the natural
logarithm plus one and with the natural logarithm respectively which allowed for their normal distribution
based on Levene’s test. The number of lesions from positive seed subsamples and from positive RM
samples were also analysed with an ANOVA for each individual laboratory. Prior to the analysis, the original
values of seed subsamples and RM samples were transformed with the natural logarithm which allowed for
their normal distribution based on Levene’s test.

The repeatability (within laboratory variability) and reproducibility (between laboratory variability) was
evaluated using the original values of the above mentioned set of data for seed subsamples and RM
samples of all laboratories with the use of ISO 5725 (http://www.seedtest.org/en/statistical-tools-for-seed-
testing-_content---1--1143--279.html).

Results

Seed subsamples

No local lesions were recorded by laboratories on plants inoculated with seed extract from the Healthy lot
subsamples or on plants inoculated with the negative control (PBS seed extraction buffer) (data not shown).

The number of the detected and the expected positive seed subsamples out of the total tested per infection
level lot and per laboratory is presented in Table 1. All laboratories except laboratories 1 and 4, detected the
expected number of positive seed subsamples from the Medium infected seed lot. Regarding the Highly
infected seed lot, all laboratories except laboratory 9, detected the expected number of positive seed
subsamples (Table 1).

The ANOVA for the average number of local lesions from both the Medium and High level lots showed a
significant difference between laboratories (P = 0.0000) and infection levels (seed lots) (P = 0.0000). No test
on laboratory x infection level interaction was reported by Statgraphics program as not all combinations
between the values of these two factors were possible (e.g. Lab1 Medium level seed subsamples were
excluded). The average number of the natural logarithm plus one of local lesions from positive seed
subsamples of both Medium and High level lots for all nine laboratories is presented in Figure 1. The highest
number of local lesions was recorded by laboratories 5 and 9 and the lowest by laboratory 4 (Fig. 1).

The ANOVA for the average number of local lesions per infection level for each laboratory showed an
infection level effect in each analysed laboratory: Lab 2 (P = 0.000), Lab 3 (P = 0.015), Lab 4 (P = 0.006),
Lab 5 (P =0.008), Lab 6 (P = 0.002), Lab 7 (P = 0.026) and Lab 8 (P = 0.000). The average number of the
natural logarithm plus one of local lesions from positive seed subsamples for each of the Medium and High
level lots per laboratory is depicted in Figure 2. All laboratories detected a higher number of local lesions in
the High than in the Medium level lot (Fig. 2).

The standard deviation of repeatability and reproducibility based on the mean of local lesions from positive
seed subsamples of Medium and High infected lots are shown in Table 2. No (h) critical values were
reported while there were (k) critical values at 5% confidence level for Lab 5 for both Medium and High
levels, for Lab 7 for High level and for Lab 9 for Medium level (Figs. 5, 6).

Reference Material (RM) samples

The number of detected and the expected positive RM samples out of the total tested per infection level, per
laboratory is indicated in Table 1. In both Medium and High infection levels, all laboratories detected five
positive samples out of five tested except laboratory 1 where one negative RM sample was recorded.
Laboratory 6 inoculated only two RM samples due to the lack of sufficient tobacco assay plants. However,
both RM samples were recorded positive.

An ANOVA on the average number of lesions for Medium and High infected RM showed a significant
difference between laboratories (P = 0.000) and between infection levels (P = 0.000). No significant
laboratory x infection level interaction was shown (P = 0.901). The average number of the natural logarithm
plus one of local lesions from positive RM samples of both Medium and High infected RM levels per
laboratory is presented in Figure 3. The highest number of local lesions was detected by laboratories 5, 8
and 9 and the lowest by laboratory 1 (Fig. 3).
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An ANOVA for this number of lesions showed an infection level effect for the following laboratories: Lab 1 (P
=0.001), Lab 4 (P =0.004), Lab 5 (P = 0.000), Lab 7 (P =0.001), Lab 8 (P = 0.000) and Lab 9 (P = 0.000).
There was no infection level effect shown for Laboratories 2, 3 and 6 . The average number of the natural
logarithm plus one of local lesions from positive RM samples for each of the Medium and High infected levels
per laboratory is depicted in Figure 4. All laboratories detected a higher number of lesions in the High
infection level than in the Medium (Fig. 4).

The standard deviation of repeatability and reproducibility based on the mean of local lesions from positive
RM samples of Medium and High infection are shown in Table 3. No (h) critical values were reported while
there were (k) critical values at 5% confidence level for Lab 5 for Medium and High level and for Lab 8 for
High level (Figs. 7, 8).

Discussion

No false positives were reported in the local lesion assay and no cross contamination occurred as all
laboratories found all seed subsamples from the Healthy lot negative and did not record any lesions on the
negative control plants. This finding is in agreement with the Hadas et al. (2004) findings.

Most laboratories detected the expected number of positive seed subsamples from the Medium and High
infection level lots. Laboratories 1, 4 and 9 that detected less than the expected number of positive seed
subsamples reported assay performance under conditions considerably variable to the optimal ones (e.g.
plants under or over the optimal growth stage, suboptimal or fluctuating incubation temperature). The growth
stage of plants is well known to affect the infection of tobamoviruses and the number of lesions on the
inoculated leaves. In older plants less severe virus infections are generally reported than in younger plants
(Takahashi 1972; Padmanabhan et al., 2007). In temperatures higher than 28°C tobacco plants inoculated
with tobamoviruses do not onset a hypersensitive reaction (Whitman et al., 1994; Ordog et al., 2002).
Generally, the desired optimal temperature cannot be easily retained in greenhouse conditions, resulting in
deviations. Thereafter, it is postulated that the uneven virus distribution in the seed subsamples shown in the
preliminary tests for seed lots’ characterization, the suboptimal incubation conditions and the potential
mishandling of the subsamples played individually or in combination a significant role in the detection of
positive seed subsamples by these laboratories.

The laboratory effect that was shown on the number of local lesions from seed subsamples of Medium and
High infection level lots is also attributed to the variations in plants’ growth stage and in incubation
temperature factors applied by each laboratory. This statistical outcome was expected by the organizers of
this comparative test who were aware that the number of local lesions developed as a HR product of
tobamovirus-inoculated tobacco plants from seed lots with variable infection levels cannot be considered an
absolute number that is expected to be reproduced by the participants.

However, as no (h) critical values for the reproducibility were reported by ISO 5725-2, no lab X level
interaction was shown in the ANOVA and most of the laboratories detected the expected number of positive
seed subsamples, the local lesion assay was evaluated as being reproducible for the seed subsamples.

The Medium and High infection level of the seed lots were distinguishable by the laboratories as it was
indicated by the level effect that was shown on the number of local lesions from the seed subsamples. All
laboratories recorded a higher average number of lesions in seed subsamples from the High level lot than
from the Medium. Moreover, this difference in infection level of the lots was demonstrated within each
laboratory by the level effect that was shown in each of them. The (k) critical values shown for Labs 5, 7, and
9 indicate that the uneven virus distribution in the subsamples and/or the variations from the optimal
incubation conditions may result in variations in the number of developed local lesions between subsamples.
However, as the maijority of the laboratories detected the expected number of positive seed subsamples the
local lesion assay has been considered repeatable for seed subsamples.

All laboratories were able to detect all RM samples from the Medium and High infection levels, with
Laboratory 1 being the only exception in the Medium level, as it recorded one negative sample. Previously
mentioned factors that can influence the assay and/or suboptimal manipulation of the sample can explain the
results of Laboratory 1.

The significant difference shown between laboratories on the number of lesions from RM samples of the
Medium and High infection levels is also attributed to the same influencing factors mentioned for the seed
subsamples. However, as no (h) critical values for the reproducibility were reported by the ISO 5725-2, and
no lab x level interaction was shown in the ANOVA, the local lesion assay was evaluated as being
reproducible for the RM samples.
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The level effect on the tobamovirus lesions from RM samples shown for most laboratories showed that the
Medium and High infection level of the RM were also distinguishable by them. All laboratories recorded a
higher average number of lesions in RM samples from the High infection level than from the Medium. The
level effect given for individual laboratories demonstrated that the Medium and High infection levels of RM
samples were distinguishable in them. The absence of level effect on Laboratory 6 is due to the small
number of inoculated plants. The (k) critical values shown for Labs 5 and 8 indicate that the variations from
the optimal incubation conditions may result in variations in the number of developed local lesions between
subsamples. However, as all laboratories but Lab 1 detected all RM samples the local lesion assay has been
considered repeatable for RM samples.

Conclusions and Recommendations

The local lesion assay (indexing) as a detection method of infectious tobamoviruses does not lead to false
positive results, as it is based on the mediation of the HR reaction of tobacco plants that carry the N-resistant
gene (Holmes 1938; Hammond-Kosack and Jones 1996; Erickson et al., 1999a; Whitman et al., 1994;
Boovaraghan et al., 2007).

The local lesion assay allows for the detection and the distinction between three different tobamovirus
infection levels on seed lots and two different Tobamovirus infection levels on reference material samples.

The growth stage of tobacco assay plants and the incubation temperature of tobamovirus assay plants were
found to be critical factors for the detection of infectious tobamovirus positive seed and RM samples in the
local lesion assay.

The use of a positive control in the local lesion assay for the detection of infectious tobamoviruses on tomato
seed is considered indispensable for validation of the results. In this comparative test, ground N. occidentalis
leaves infected with tobamovirus mixed with pea flour were used as positive control. However, other types of
reference material (e.g. liquid plant extract of leaves of solanaceous hosts infected with TMV/ToMV/PMMoV)
or a known positive seed sample can be also used. The local lesion assay can moreover be performed after
ELISA pre-screening on the same seed sample ground on ELISA buffer (Hadas et al., 2004), under the
condition that the final results must be validated through comparison with results of positive controls of both
the assay and the ELISA test, which will have been prepared and stored under the same laboratory
conditions.

The local lesion assay as a detection method of infectious tobamoviruses was found to be repeatable and
reproducible for both seed subsamples and reference material samples.

When testing 3000 seeds (12 subsamples of 250 seeds) of a lot, based on the “Qual Impurity Estimation”
spreadsheet of Seedcalc the minimum infection level that can be detected is 0.03%, which corresponds to
one infected seed in the 3000 tested. The desirable tolerance level for the infectious tobamoviruses on
tomato seed has been set at zero by the international seed industry. According to “Quality Plan design”
spreadsheet of SeedCalc, when 3000 seeds of a lot are tested, a 0.1% infection is avoided with 95%
confidence level. Therefore, the minimum recommended samples size for the detection of infectious
tobamoviruses is 3000 seeds.

The local lesion assay has been found to be a reliable detection method of infectious tobamoviruses on
tomato seed Thereafter, it is highly recommended to seed health laboratories as a detection method of
infectious tobamoviruses on tomato seed for routine analysis.
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Figure 1. Adjusted means and standard errors of the natural logarithm of the developed tobamovirus local lesions from
both Medium and Highly infected seed lots per laboratory. Bars with the same letter are not significantly different based
on Neuman-Keuls test at P < 0.05.
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Figure 2. Adjusted means and standard errors of the natural logarithm of the developed tobamovirus local lesions for
each Medium and Highly infected seed lot per laboratory.
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Figure 3. Adjusted means and standard errors of the natural logarithm of the developed tobamovirus local lesions for
both Medium and Highly infected RM per laboratory. Bars with the same letter are not significant different based on
Neuman-Keuls test at P < 0.05.
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Figure 4. Adjusted means and standard errors of the natural logarithm of the developed tobamovirus local lesions for
each Medium and Highly infected level of RM per laboratory.
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Table 1. Number of detected and expected positive seed subsamples and RM samples, incubation temperature and growth stage of assay plants per laboratory.

No. of detected| Expected No. of detected Expected No. of Detected No. of Temperature Growth
positive number to be positive number to be detected positive RM Expected °O) stage (No.
subsamples/tota|detected with a|subsamples/total |[detected with a| positive RM | samples/tota | number to be true
1 tested 99% tested 99% samples/total 1 tested detected for leaves)
confidence confidence tested both
Medium/High
RM samples
Laboratories | Medium seed | Medium seed | High seed lot High seed Medium RM High RM
lot lot lot
1 0/10 8-10/10 4/5 4-5/5 4/5 5/5 5/5 **24 3-4
2 10/10 8-10/10 4/5 4-5/5 5/5 5/5 5/5 20 4-5
3 9/10 8-10/10 5/5 4-5/5 5/5 5/5 5/5 25 +/-2 4-5
4 4/10 8-10/10 4/5 4-5/5 5/5 5/5 5/5 26 +/-3 5-6
5 10/10 8-10/10 4/5 4-5/5 5/5 5/5 5/5 **25 4-5
6 10/10 8-10/10 5/5 4-5/5 *2/2 *2/2 5/5 24 +/-2 7-8
7 10/10 8-10/10 5/5 4-5/5 5/5 5/5 5/5 28 3-4
8 10/10 8-10/10 4/5 4-5/5 5/5 5/5 5/5 **27 4-5
9 10/10 8-10/10 1/5 4-5/5 5/5 5/5 5/5 **29 4-5

*Inoculation of 2 samples of each RM1 and RM?2 due to not enough assay plants.
**Incubation of inoculated assay plants in a greenhouse.
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Table 2. Repeatability and reproducibility for all 9 laboratories for positive Medium and High level seed subsamples.
Original values were used in the ISO 5725.

samiple nif  nbvalues mean std dev variance
high 1225 35 32.7038853801078 1069.54411764708
medium 5329 7.53082191780822 £.84364033162071 78.205059743150885
sample nb of labs observations mean std dev repeatability sr2 std dev reproducibility sR2
high ] 315 25.5714637753763 33.4089574541615
medium 9 7.53082191780822 4.57104709729568 9.26091012542889
Cochran test observedc  pblab nbrep  Ccrit1% Cerit 3% Cochranl Cochran 5% max std dev sum std dev
0.249500441653951 :] 10 46.0882306017491  184.722040154407
Figures 5-6. Reproducibility (h) and repeatability (k) graphs and critical values.
h values
2
k values
25
i
1.5 -
mhigh
1 Emedium
0.5
0
lab1 lab2 lab3 labd labh labf lab? labd labd
k values sup k crit
labs high 1.54683840158243 1% 5% 1.5 135
labs medium 2.17977284657378 1% 5% 1.5 1.35
lab7 high 1.99020518276593 1% 5% 15 1.35
labg medium 1.48059037689393 5% 1.5 135
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Table 3. Repeatability and reproducibility for all 9 labs for positive RM samples of Medium and High level.
Original values were used in the ISO 5725.

sample nif  nbvalues mean std dev variance
High 42 1764 45.80357151935878 45.78597121086085 2094.86654632183
M edium 41 1681 10.219512185122 10.5158600682898 112.5696454989509
sample nb of labs observations mean std dev repeatability sr2 std dev reproducibility sR2

High 9 46.8035715193976 22.2080292442084 47.5520116595426

Medium 9 10.219512195122 6.20432688070819 10.9720742387979

Cochran test observedc  mblab nbrep  Cait 1% Coit 5% Cochran! Cochran 3% max std dev sum std dev
0.193602337681781 9 5 0.425 0.358 39.641912794415  204.759473821919

Figures 7-8. Reproducibility (h) and repeatability (k) graphs and critical values.
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