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[Abstract] Plant parasitic nematodes parasitize roots and/or stems of various plants thereby
inhibiting absorption of nutrients and moisture. In particular, root-knot nematodes (RKN) are a
group of the most devastating pests. Various techniques, such as soil sterilization, cultivation
of resistant crops, and chemical application, have been developed to control damage caused
by RKN. Among these techniques, diminish by chemicals that induce or activate host defense
to RKN is an attractive method because of its potential to reduce the environmental burden
caused by crop protection. Sclareol, a diterpene, was identified as a chemical that induces
resistance to RKN (Fujimoto et al., 2015). Here we provide a protocol for assessing the impact
of sclareol on the penetration of RKNs into tomato and Arabidopsis roots and the direct
nematicidal impact of the chemical on nematodes. This protocol can be used for other
nematode resistance-inducing chemicals.

Materials and Reagents

1. 220 ml bottom opened plastic pot
2. Glass petri dish, 9 cm in diameter
Note: not necessary sterilized
3. Sterilized 50 ml glass culture bottle with cap
4. 1 ml glass pipette
Note: Polypropylene pipette tips tend to retain Root-knot nematode (RKN), hence use
of such tips should be avoided.
5. Sterilized 24-well tissue culture plate (e.g., IWAKI, catalog number: 3820-024)
6. RKN Meloidogyne incognita (NIAS Genebank, MAFF number:108258)
Note: We obtained a strain 108258 of RKN from the MAFF gene bank of the National
Institute

of

Agrobiological

Sciences

of

Japan

(http://www.gene.affrc.go.jp/about_en.php). This strain can survive and propagate on
plants carrying Mi-genes for RKN resistance (resistance breaking strain).
7. Tomato (Solanum lycopersicum), cultivar Momotaro
Note: The cultivar Momotaro carries Mi-genes for RKN resistance. Seeds of tomato
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cultivars possessing Mi-genes (e.g., Momotaro) can be obtained from a seed
company (Takii & Co. Ltd., Kyoto, Japan).
8. Arabidopsis thaliana (Columbia)
9. Water (Milli-Q grade)
10. Sodium hypochlorite solution (Nacalai Tesque, catalog number: 31518-35)
11. Ethanol (99.5%) (Nacalai Tesque, catalog number: 09666-85)
12. Sea sand with an average size of 0.3 mm
Note: Shift and wash sea sand to remove the pebbles and the salt with a large amount
of tap water in a metal tub and autoclave the washed sand.
13. Liquid fertilizer (Hyponex)
14. Methanol (99.8%) (Nacalai Tesque, catalog number: 21915-93)
15. Acid fuchsin (e.g., Sigma-Aldrich, catalog number: F8129-25G, or Wako, catalog
number: 061-01332)
16. Lactic acid (85~92%) (Nacalai Tesque, catalog number: 20006-75)
17. Glycerol (99%) (Nacalai Tesque, catalog number: 17018-83)
18. Sclareol (Sigma-Aldrich, catalog number: 357995-1G)
19. Sodium hydroxide (Nacalai Tesque, catalog number: 31511-05)
20. Acetic acid (99%) (Nacalai Tesque, catalog number: 00211-95)
21. Acid fuchsin solution (see Recipes)
22. 100 mM sclareol solution (see Recipes)

Equipment

1. Greenhouse or chamber for plant growth
2. Stainless tweezer
3. Incubator (e.g., Sibata, model: SMU-0541)
4. Light microscope (e.g., OLYMPUS, model: BX53M)
5. Refrigerator (e.g., PANASONIC, model: MPR-162DCN)
6. Stainless steel tray (9.2 cm in height x 18 cm depth x 32 cm width)
7. Scissors (e.g., V. Mueller, catalog number: 25601-164)
8. Water bath (e.g., Taitec, model: SH-10N)
Note: You can also use a commercially available microwave oven for cooking.
9. Microwave oven (e.g., HITACHI, model: MRO-NT5)
10. Stereoscopic microscope (e.g., Nikon, model: SMZ-U)
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Procedure

A. Propagation of RKN in tomato plants
1. Suspend RKNs, which consist of a clonal population of RKN established from a single
female, in water to a final concentration of at least 500 RKNs/ml.
Note: We use stock cultured RKNs obtained from field.
2. Inoculate 1 ml of RKNs suspension to 4-week-old tomato plants grown in a pot
containing soil by injecting the solution on the soil surface surrounding the roots of
each plant (Figure 1).

Figure 1. Inoculation of RKNs suspension on the soil surface using a 1 ml glass
pipette

3. Grow the plants in a greenhouse maintained at 23-27 °C under natural sunlight for
approximately 2 months.
4. Carefully pull the roots out of the pots and wash them in tap water to remove the soil
from the roots.
5. Pick up the egg masses with tweezers from the roots.
6. Suspend the collected egg masses in a small volume of water in a petri dish and
incubate at 25 °C in the dark (Figure 2).
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Figure 2. Petri dishes containing collected RKN egg-masses

7. After most juveniles hatched (about 10-14 days), vacuum the incubated suspension of
nematodes using a glass pipette and release on a glass bottle (Figure 3).

Figure 3. Transfer of hatched RKN juveniles to a glass bottle

8. Suspend the collected RKNs in 5-10 ml water.
9. Count the numbers of RKNs in the suspension under a light microscope (Figure 4).
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Figure 4. Suspension of RKNs under a light microscope prior to the juveniles
counting. Scale bar, 5 mm.

10. Prepare aliquots with an adequate concentration of RKNs in water.
Note: We adjust 500 RKNs/ml. You can store RKN suspensions without loss of activity
in a refrigerator maintained at 10 °C for 2-3 weeks until use.
11. Use appropriate aliquots for each analysis.

B. Plant growth
1. Tomato plants
a. Sterilize seeds for 3 min in 1.0% sodium hypochlorite solution.
b. Wash the sterilized seeds in 70% ethanol.
c.

Wash the sterilized seeds three times in sterilized distilled water.

d. Germinate the seeds on the sterilized wet paper at 23-27 °C with a photoperiod of
16 h of light and 8 h of dark.
e. Transfer 7- to 10-day-old seedlings to autoclaved sand packed in 220 ml plastic
pot and grow in a chamber maintained at 23-27 °C with a photoperiod of 16 h of
light and 8 h of dark. Apply a liquid fertilizer diluted 3,000x with water to the pots
every 3 days.
f.

Use tomato seedlings with two fully developed true leaves for each assay (Figure
5).
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Figure 5. Tomato plant grown in soil

2. Arabidopsis plants
a. Sterilized seeds for 3 min in 1.0% sodium hypochlorite solution.
b. Wash the sterilized seeds in 70% ethanol.
c.

Wash the sterilized seeds three times in sterilized distilled water.

d. Germinate the seeds on the sterilized 1.5% agar plate at 22 °C with a photoperiod
of 16 h of light and 8 h of dark.
e. Transfer 3-week-old seedlings to autoclaved sand packed in 220 ml plastic pot
and grow in a chamber maintained at 22 °C with a photoperiod of 16 h of light and
8 h of dark.
f.

Apply a liquid fertilizer diluted 3,000x with water to the pots every 5 to 7 days.

g. Use 10-week-old plants for each assay (Figure 6).
Note: We noted that Arabidopsis planted in sand grew slower than in soil. Thus,
the size of 10-week-old plants grown in sand are almost the same as that of
6-week-old plants grown in soils.

Figure 6. Arabidopsis plants grown in vermiculite
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C. Chemical treatments and RKN penetration assay
1. Use 10 plants for each treatment.
2. Place five plants per tray.
3. Pour 2,000 ml of a solution containing adequate concentrations of sclareol or 0.1%
methanol alone in the tray, as plant roots are submerged in the solution (Figure 7).
Note: We present here a protocol for sclareol, however, it can be also used for other
chemicals. We used four concentrations; 50, 80, 100 and 200 μM.

Figure 7. The pots and tray used in our protocol

4. After submerging for 48 h, inoculate second-stage juveniles of RKNs to plants by
injecting 1 ml of the RKN suspension (200 RKNs for tomato and 500 RKNs for
Arabidopsis) on the sand surrounding the roots with 1 ml glass pipette.
Note: Because the efficiency of penetration of RKN to Arabidopsis roots is lower than
that to tomato roots, we always use higher number of RKNs for Arabidopsis.
5. Grow the inoculated plants in a chamber maintained at 25 °C for tomato and 22 °C for
Arabidopsis with a photoperiod of 16 h of light and 8 h of dark.
D. Staining with acid fuchsin
Note: Acid fuchsin is a dye that stains nematodes. The procedure described below is a
modified version of the staining method reported by McBeth et al. (1941).
1. Seven days after inoculation, pull the roots out of the pots and wash them with tap
water to remove the sea sand.
2. Separate the roots from plants using scissors and put the roots in a 50 ml glass culture
bottle.
3. To decolorize the roots, pour 40 ml 1.0% sodium hypochlorite in the culture bottle and
gently invert the bottle 10 or more times.
4. Incubate for 5 min.
5. After discarding the sodium hypochlorite, wash the roots with a large amount of tap
water.
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Note: Because sodium hypochlorite blocks the acid fuchsin’s staining effect, sodium
hypochlorite should be completely removed at this step.
6. Pour 30 ml water in the culture bottle and then add 1 ml acid fuchsin. Mix well by
inverting the bottle several times.
Note: The acid fuchsin solution in the bottle turns pale red. If the solution turns pale
orange, it means that sodium hypochlorite still remains in the solution.
7. Boil the culture bottle containing the roots in the acid fuchsin solution in a preheated
water bath at 100 °C.
Note: You can also use a microwave oven instead of water bath. In this case, the
microwave oven should be stopped when the solution in the bottle starts to bubble.
8. Cool down the boiled roots and solution to room temperature.
9. Discard the acid fuchsin solution and wash the roots with tap water to remove excess
of acid fuchsin solution.
10. Add 30 ml of a mixture of lactic acid and glycerol (1:1, v/v).
11. Boil the bottle according to the step D7.
12. Cool down the bottle to room temperature.
13. After washing the roots with tap water, count the number of stained RKNs in the roots
under a stereoscopic microscope. A representative example of stained RKNs is shown
in Figure 8 and a representative result of sclareol-treated or non-treated plants for the
penetration rate is shown in Figure 9.

Figure 8. RKN in tomato roots stained with acid fuchsin. Scale bar, 200 μm.
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Figure 9. Effect of sclareol on the penetration of RKNs into tomato roots. Values
are the mean ± SD from two independent experiments, each performed in 10
replicates. Asterisks denote statistically significant differences compared with the 0.1%
methanol control (Tukey’s HSD test; P < 0.05).

E. Nematicidal activity assay
Note: The procedure described below is a modified version of the assay reported by Chen
and Dickson (2000).
1. Dilute RKN suspension to a concentration of 100 RKNs per ml with water.
2. Add 1 ml RKN suspension to each well of 24-well tissue culture plates.
3. Add 1 ml solution containing adequate concentration of sclareol or 0.1% methanol to
each well.
4. Incubate the plates in the dark at 25 °C.
5. Count the numbers of motile and non-motile RKNs 1, 3, 6, 12, 24 and 48 h after the
chemical application under a light microscope.
6. To check motility of RKNs, add a few drops of 1 M sodium hydroxide (NaOH) to each
well.
Note: Sodium hydroxide can stimulate movement of RKN. If RKN moves by the
addition of NaOH, we count it as living RKN.
7. Calculate the ratio of living RKN to dead RKN (Figure 10).
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Figure 10. Nematicidal activity of 100 μM sclareol. Approximately 100 RKNs in 1 ml
of nematode suspension were added to 1 ml of 200 μM sclareol solution or control
solution (0.2% methanol) in 24-well tissue culture plates and incubated in the dark at
25 °C. At 1, 3, 6, 12, 24 and 48 h after the onset of incubation, the numbers of motile
and non-motile RKNs were counted (data for 1, 3 and 6 h are not shown).

Recipes

1. Acid fuchsin solution (for 1,000 ml)
Dissolve 2.5 g acid fuchsin in 500 ml water and add 250 ml acetic acid to the solution
Adjusted with water to the final volume of 1,000 ml
Stored at room temperature in the dark
2. 100 mM sclareol solution
Dissolve sclareol in methanol to a concentration of 100 mM
You can use the solution as a stock solution
Store the stock solution at -20 °C in the dark
Dilute the stock solution to each concentration with water
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