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Abstract Bacterial plant pathogens are among the most devastating threats to
agriculture. To date, there are no effective means to control bacterial plant
diseases due to the restrictions in the use of antibiotics in agriculture. A
novel strategy under study is the use of chemical compounds that inhibit the
expression of key bacterial virulence determinants. The type 3 secretion
system is essential for virulence of many Gram-negative bacteria because it
injects into the plant host cells bacterial proteins that interfere with their
immune system. Here, we describe the methodology to identify bacterial
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type 3 secretion inhibitors, including a series of protocols that combine in
planta and in vitro experiments. We use Ralstonia solanacearum as a
model because of the number of genetic tools available in this organism
and because it causes bacterial wilt, one of the most threatening plant
diseases worldwide. The procedures presented can be used to evaluate
the effect of different chemical compounds on bacterial growth and
virulence.
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1Chapter 4

2Identification of Type AU1III Secretion Inhibitors for Plant
3Disease Management

4Roger de Pedro Jové, Pau Sebastià, and Marc Valls

5Abstract

6Bacterial plant pathogens are among AU2the most devastating threats to agriculture. To date, there are no
7effective means to control bacterial plant diseases due to the restrictions in the use of antibiotics in
8agriculture. A novel strategy under study is the use of chemical compounds that inhibit the expression of
9key bacterial virulence determinants. The type 3 secretion system is essential for virulence of many Gram-
10negative bacteria because it injects into the plant host cells bacterial proteins that interfere with their
11immune system. Here, we describe the methodology to identify bacterial type 3 secretion inhibitors,
12including a series of protocols that combine in planta and in vitro experiments. We use Ralstonia
13solanacearum as a model because of the number of genetic tools available in this organism and because it
14causes bacterial wilt, one of the most threatening plant diseases worldwide. The procedures presented can
15be used to evaluate the effect of different chemical compounds on bacterial growth and virulence.

16Key words Bacterial plant pathogens, Type 3 secretion system, Ralstonia solanacearum, Chemical
17inhibitors, Plants, Protocols, Immunodetection, In vitro inhibitory test

18

191 Introduction

20Bacteria can cause a range of diseases in economically important
21crops, leading to important losses. Ralstonia solanacearum, the
22causal agent of bacterial wilt, is one of the most devastating plant
23pathogens worldwide. The lack of effective means to control bacte-
24rial diseases and block the spread of these pathogens urge for new
25control strategies. The use of antibiotics and copper-based com-
26pounds is nowadays banned or tightly regulated in many countries
27[1, 2]. Using compounds that inhibit specific bacterial virulence
28factors is a promising and sustainable strategy.
29The type 3 secretion system (T3SS) is one of the most distinc-
30tive hallmarks of Gram-negative bacterial pathogens. These patho-
31gens use the T3SS to inject small molecules called effectors inside
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32the plant cell. Bacterial effectors hijack plant defense mechanisms
33and manipulate different metabolic pathways to successfully colo-
34nize the host [3]. Mutant bacteria devoid of the T3SS are totally
35nonpathogenic so that a possible strategy to inhibit bacterial viru-
36lence is to use chemical compounds that block the expression of this
37secretion system and impede bacterial colonization throughout the
38plant [4–6].
39In this protocol, we present a stepwise guide to assess the ability
40of different chemical compounds to transcriptionally downregulate
41the expression of key T3SS genes and to test if they could be used as
42a means to decrease the virulence of the tested pathogens in planta.

432 Materials

2.1 Plant Growth 441. Nicotiana benthamiana; Nicotiana tabacum; and Solanum
45lycopersicum cv. Marmande.

462. Soil mix: Peat soil substrate n�2 + vermiculite + perlite (see
47Note 1).

483. Plant growth chambers with temperature, humidity, and pho-
49toperiod control.
50

2.2 Bacterial Strains

and Growth

511. Ralstonia solanacearum GMI1000 reporter strains for tran-
52scription of hrpB (PhrpB::luxCDABE), psbA (PpsbA::lux-
53CDABE), and hrpY (PhrpY::luxCDABE). R. solanacearum
54GMI1000 PpsbA::avrA-HA.

552. B medium: 10 g/L bacteriological peptone, 1 g/L yeast
56extract, and 1 g/L casamino acids. Add 1.5% agar for solid
57media before autoclaving. Before plating, add 0.5% glucose and
580.005% triphenyltetrazolium chloride (TTC). Supplement
59with the appropriate antibiotics (see Notes 2 and 3).

603. Boucher’s minimal medium [7]: To prepare 1 L of 2� Bou-
61cher’s medium, mix 100 mL of 5� M63 medium (10 g/L
62(NH4)2SO4, 68 g/L KH2PO4, and 2.5 mg/L FeSO4·7H2O,
63pH 7 with KOH) with 405 μL of 1 M MgSO4·7H2O and
64adjust to 1 L with sterile distilled water. Before use, dilute to
651� with sterile distilled water (or 2� agar on water for plates).
66Supplement with 20 mM glutamate and appropriate
67antibiotics.
68

2.3 T3SS Inhibition

Test In Vitro

691. Potential type 3 secretion inhibitory compound to test.

702. DMSO.

713. Incubator at 28 �C with rotor.

724. Luminometer.

735. Spectrophotometer.
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742.4 Effect of the

Tested Compound on

Bacterial T3E

Secretion

751. Sucrose.

762. Congo red.

773. 0.22-μM filter.

784. 10-mL syringe.

795. 25% trichloroacetic acid.

806. 90% acetone.

817. Phosphate-buffered saline (PBS) 1�: 8 g/L NaCl, 0.201 g/L
82KCl, 1.42 g/L Na2HPO4, 0.272 g/L KH2PO4.

838. 4� Laemmli buffer.

849. Digital sonifier.

8510. Primary anti-HA rat monoclonal antibody conjugated to
86horseradish peroxidase (HRP) in Tris-buffered saline (TBS)
87with 0.1% Tween-20 and 1% skimmed milk (see Note 4).

8811. Coomassie blue.

8912. LAS-4000 mini system.
90

2.5 In Planta

Experiments

911. Blunt-end syringe.

922. 100% ethanol.

933. Leaf disk puncher.

944. Potter S homogenizer.
95

963 Methods

3.1 Plant and

Bacterial Growth

3.1.1 N. benthamiana/N.

tabacum

971. SowN. benthamiana orN. tabacum seeds in a pot at 26 �C and
9814 h light/10 h darkness.

992. After 10 days, transfer each seedling to individual pots.

1003. After 10 days, transfer each individual plant to single big pots.
101These plants will be ready for assays after 3 weeks (see Notes 5
102and 6).
103

3.1.2 Solanum

lycopersicum cv.

Marmande

1041. Sterilize Marmande tomato seeds with a sterile solution con-
105taining 1:3.33 of commercial bleach (4.7% concentrated) and
1060.05% triton. Keep the seeds in the solution for 10 min. Wash
107with sterile distilled water at least five times.

1082. Sow the sterilized seeds and cover with plastic film.

1093. Keep the plants in the growth chamber at 22 �C, 16 h light and
1108 h darkness for 1 week, until tomato seedlings emerge and
111touch the plastic film on top.

1124. Transfer each tomato seedling to individual soil pots with the
113soil mix and let them grow for 3 weeks in a chamber at 22 �C
114and 16 h light and 8 h darkness (see Note 5).
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1153.1.3 Ralstonia

Solanacearum

1161. Streak the bacterial strain from a glycerol stock at �80 �C on B
117medium supplemented with antibiotics for 2 days at 28 �C.

1182. Pick a single colony and incubate in liquid B or minimal media.
119

3.2 In Vitro T3SS

Inhibitor Screening in

Ralstonia

Solanacearum

1201. Grow an overnight pre-culture in liquid B media supplemented
121with antibiotics (see Notes 7 and 8).

1222. Centrifuge the overnight pre-culture in 2-mL Eppendorf tubes
123at RT for 1 min at maximum speed, discard the supernatant,
124and resuspend the bacterial pellet in 1 mL of sterile distilled
125H2O.

1263. Measure the OD600 with a spectrophotometer (see Note 9).

1274. Adjust to a final OD600 of 0.3 adding the right pre-culture
128volume to a culture tube containing 1.5 mL of fresh Boucher’s
129minimal medium supplemented with 20 mM glutamate, anti-
130biotic, and 100 mM inhibitory test compound/DMSO (see
131Note 10).

1325. Mix by vortexing for a few seconds and incubate in a shaker.

1336. Measure luminescence at times 0, 4, 6, 8 and 24 h transferring
134200 μL from each tube into a 1.5-mL Eppendorf tube and
135quantifying light emission from the reporter in the lumin-
136ometer. For each time point, measure as well OD600 in a
137spectrophotometer by transferring the 200 μL into a cuvette
138containing 800 μL of distilled water (see Notes 11–13).
139

3.3 Effect of the

Tested Compound on

Bacterial T3E

Secretion

1401. From an overnight culture of liquid B medium supplemented
141with antibiotics, adjust to a final OD of 0.2 (2 � 108 CFUs/
142mL) in a final volume of 10 mL of minimal medium supple-
143mented with antibiotics, 10 mM glutamate, 10 mM sucrose,
144100 μg/mL congo red (see Note 14), and 100 μg/mL of the
145test inhibitor compound (or 10 μL of DMSO as a control).

1462. Incubate at room temperature for 12–14 h (or until OD600

147reaches 1).

1483. Transfer the culture to a 50-mL falcon tube and centrifuge at
1494000 � g for 10 min.

1504. Filter the supernatant through a 0.22-μM filter with a syringe
151in order to remove any bacteria. The bacterial pellet is also kept
152at �20 �C for further analysis.

1535. Add 10 mL of cold 25% TCA to the filtered supernatant and let
154it precipitate all night long at 4 �C.

1556. Centrifuge at 6000 � g for 30 min at 4 �C and discard the
156supernatant.

1577. Wash the protein pellet (it will contain all secreted proteins in
158the medium) twice with cold 90% acetone and let it dry at RT.
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1598. Resuspend the protein pellet in 100 μL of PBS 1�. Mix 15 μL
160of this solution with 15 μL of Laemmli buffer.

1619. Recover the frozen bacterial pellet, freeze–thaw 3–4 times
162(�80 �C—RT cycles), resuspend in 1 mL of 1� PBS, and
163sonicate the cells using a sonifier (see Note 15). Mix 15 μL of
164the mixture with 15 μL of Laemmli buffer.

16510. Boil the samples for 5 min and load it onSDS-PAGE (it will be
166a 100� concentration from initial culture).

16711. The presence of particular proteins in the extracts can be
168analyzed by immunoblot using an antibody against the protein
169of interest. Coomassie-stained sodium dedecylsulfate-
170polyacrylamide gel electrophoresis (SDS-PAGE) membranes
171can be visualized using a LAS-4000 mini system (see Fig. 1).
172

Fig. 1 Immunoblot of the secreted T3 effector (in this case, AvrA-HA) after treatment with four different
inhibitory compounds (SA1-3 and E8) or the control (DMSO). The cytosolic (C) and secreted (S) fractions were
separated by centrifugation. The protein of interest was detected with anti-HA antibody. Coomassie blue-
stained membranes (below) used in the western blotting are also shown. (Reproduced from [9] with
permission of John Wiley and Sons)
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3.4 In Vivo T3E

Translocation Test

Using Hypersensitive

Response Assays

1731. To the overnight culture of the desired bacterial strain (e.g.,
174R. solanacearum GMI1000) in Boucher’s minimal medium
175supplemented with 20 mM glutamate and antibiotic, add the
176tested inhibitory compound at 100 μM (or with DMSO for the
177nontreated condition) and incubate for 8 h.

1782. Centrifuge at maximum speed for 8 min and discard the
179supernatant.

1803. Resuspend bacterial pellet with sterile distilled water and mea-
181sure the OD. Make serial dilutions ranging from 107 to
182105 CFUs/mL (see Note 16).

1834. Leaf-infiltrate N. benthamiana and N. tabacum plants with a
184blunt-end syringe following a predesigned scheme (see Note
18517 and Fig. 2).

1865. The first signs of hypersensitive responses are visible 12 h post-
187infiltration, but they can be better appreciated when the dead
188tissue is totally dry, so the pictures are taken 2 days post-
189infiltration in N. tabacum, and 5 days post-infiltration in
190N. benthamiana (see Note 18).
191

3.5 Compound Effect

on Bacterial Fitness In

Planta

1921. Grow an overnight pre-culture in liquid B medium supplemen-
193ted with antibiotics.

1942. Measure the OD600 of the pre-culture and adjust a bacterial
195suspension to 105 CFU/mL (OD600 ¼ 0.0001) with auto-
196claved tap water supplemented with each test compound at
197100 μM (or DMSO alone for control condition).

Fig. 2 N. benthamiana leaves infiltrated with serial dilutions of R. solanacearum preincubated with inhibitory
compounds (in this case, SA1, SA2, SA3) or with a control solution (DMSO). Leaves were photographed 2 days
post-infiltration. (Reproduced from [9] with permission of John Wiley and Sons)
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1983. Hand-infiltrate 4 tomato leaves per tested compound with a
199blunt-end syringe (see Note 19).

2004. Place the infiltrated plants in the growth chamber for 1 h at
20127 �C and 60% relative humidity.

2025. At time 0 (just after infiltration) and at 4 days post-infiltration
203(d.p.i.), collect 2 leaf discs (5 mm diameter) from the infiltrated
204area of six independent leaves. Combine in a 1.5-mL Eppen-
205dorf tube the disks from 2 leaves (4 disks total) to generate
206three biological replicates.

2076. Homogenize the plant material with a Potter S homogenizer in
208200 μL of sterile distilled water (see Note 20).

2097. Add 800 μL of sterile distilled water to each Eppendorf tube.

2108. Place the plants back in the growth chamber.

2119. Prepare tenfold dilutions from the leaf homogenates (see Note
21221).

21310. Plate 10 μL drops of the 4 dilutions on plates of B medium
214(containing TTC and glucose) supplemented with antibiotics
215and incubate at 28 �C for 1–2 days to count colonies (seeNote
21622).
217

3.6 Effect of the T3

Secretion Inhibitor on

Bacterial Virulence to

Plants

2181. Grow an overnight pre-culture in liquid B medium supplemen-
219ted with antibiotics.

2202. For each treatment, wound the roots of 12 plants grown in
221independent pots with a 1-mL pipette tip by making 4 holes in
222the soil around the stem. Water each plant with 40 mL of a
223bacterial suspension containing 108 CFUs/mL supplemented
224with 100 μMof the compound to test or DMSO (seeNote 23).

2253. Record wilting symptoms during 9 days after infection for each
226plant using a semiquantitative scale ranging from 0 (no wilting)
227to 4 (death) (see Note 24).
228

2294 Notes

2301. For 24 individual square pots mix: 7 L of peat soil, 0.2 L of
231vermiculite, and 0.2 L of perlite.

2322. For gentamicin and tetracycline, use half of the recommended
233concentration in liquid media (e.g., 10 μg/mL gentamicin in
234solid medium and 5 μg/mL in liquid medium).

2353. Keep the TTC solution and tetracycline away from direct light
236contact. Glucose strongly enhances exopolysaccharide produc-
237tion and TTC turns red through bacterial metabolism, so wild-
238type R. solanacearum colonies appear red with a thick mucus
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239halo in this medium. Spontaneous nonmucous mutants (usu-
240ally rare) are nonpathogenic and can be discarded.

2414. The anti-HA antibody (clone 3F10) from Roche, Switzerland,
242works well for us at 1:4000 dilution. Anti-HA antibodies from
243our resources might work as well, and we recommend testing
244for ideal dilutions before use.

2455. To acclimate the plants, 2 days prior to bacterial inoculation,
246transfer them to the infection growth chamber (27 �C and 60%
247humidity).

2486. For HR assays, plants should not be stressed. Clear signs of
249stress are chlorotic leaves and flowering. To avoid this, do not
250water in excess, and always use high-intensity light. Plants can
251be grown at 24–26 �C without any difference.

2527. Minimal medium is appropriate when type 3 secretion gene
253expression has to be induced (e.g., PhrpY::lux). B medium is
254appropriate when high growth is desired, or expression of the
255type 3 secretion genes has to be repressed.

2568. Normally, 10 mL of overnight culture should be enough to
257prepare 20 tubes for the inhibition test.

2589. We recommend measuring OD600 from 1/10 dilutions of
259overnight cultures to avoid saturation, as spectrophotometers
260usually measure linearly between 0.01 and 2.

26110. To ease the experiment, prepare these minimal media culture
262tubes the day before and store at 4 �C. Pre-warm the media
263before use.

26411. Use a cuvette with the same growth medium as blank to
265calibrate the spectrophotometer.

26612. This protocol can be scaled up to 96-well plates in case a larger
267set of inhibitors has to be tested. For growth measurements, a
268transparent bottom plate must be used. For luminescence
269measurements, use white opaque plates, which help reflecting
270luminescence and amplify the signal. The 96-well plates can be
271measured using a Spectramax M3 from Molecular Devices.

27213. Luminescence measurements allow quantification of the tran-
273scriptional output at different time points, and OD600 mea-
274surements quantify bacterial growth to normalize
275luminescence per cell and rule out eventual inhibitory or bac-
276teriostatic effects of the tested compounds.

27714. Congo red enhances bacterial protein secretion through the
278type 3 secretion system [8].

27915. We normally sonicate for 90s at 30% amplification and 10s
280ON/OFF intervals using a digital sonifier, Model 250/450
281(BRANSON, USA). The required sonication time and inter-
282vals can vary for different sonifiers.
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28316. In R. solanacearum, an OD600 ¼ 1 usually corresponds to
284109 CFUs/mL.

28517. It is recommended to randomize the infiltration of the bacterial
286dilutions in different leaves in order to get rid of eventual
287position effects. Infiltrate in the inter-vein areas to avoid a
288mixture of treatments.

28918. For a better HR cell death visualization, the treated leaves can
290be bleached using 100% ethanol in a water bath at 60 �C for
29120 min.

29219. Tomato plants can be vacuum-infiltrated instead using Silwett
293as an adjuvant to facilitate infiltration (80 μL/L). Usually,
29420–30 s of vacuum infiltration is enough per tomato plant,
295but timings might change in other plant species depending on
296the hardness of their leaves. A change in the leaf color to dark
297green indicates proper vacuum infiltration.

29820. We use the mechanic drill with a plastic pestle, but a tissue lyser
299with beads or a classical mortar can also be used.

30021. To ease manipulation, it is advisable to perform dilutions in
30196-well plates using a multichannel pipette by transferring
30210 μL into 90 μL of sterile distilled H2O consecutively. Make
303sure to mix well each dilution.

30422. For colony count, make sure that colonies are well separated.
305Bacterial growth is calculated as recovered CFU/cm2 (area
306depends on the size of the leaf disk puncher).

30723. In order to facilitate plant infection, it is better to stop watering
308them 2 days prior to inoculation.

30924. Wilting symptoms are recorded based on a scale from 0 to 4:
3100 ¼ no wilting, 1 ¼ 25% of the leaves wilted, 2 ¼ 50% of the
311leaves wilted, 3¼ 75% of the leaves wilted, and 4¼ 100% of the
312leaves wilted. It is recommended that the same person carries
313out the whole symptom recording to avoid biases.
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