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[Abstract] Phtheirospermum japonicum is a facultative root parasitic plant in the Orobanchaceae family
used as a model parasitic plant. Facultative root parasites form an invasive organ called haustorium on
the lateral parts of their roots. To functionally characterize parasitic abilities, quantification of haustorium
numbers is required. However, this task is quite laborious and time consuming. Here we describe an
efficient protocol to induce haustorium in vitro by haustorium-inducing chemicals and host root exudate
treatments in P. japonicum.
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[Background] Parasitic plants have evolved to obtain nutrients from other plants. Some of parasitic
plants cause significant damage to agriculture by infecting commercial crops (Spallek et al., 2013).
Obligate parasitic plants require hosts to complete their lifecycle, while facultative parasitic plants can
survive without hosts as autotrophic organisms but shift to heterotrophic by infection if host plants are
nearby (Westwood et al., 2010). The common characteristic of all parasitic plants is a specialized organ
called haustorium, which connects parasite with host by establishing vascular bridges (Saucet and
Shirasu, 2016; Yoshida et al., 2016). Obligate root parasites form terminal haustoria that are derived
from enlarged root tips, while facultative root parasites form lateral haustoria, which develop at the lateral
side of the parasite roots without affecting the root meristem. Therefore, several lateral haustoria can
form in a root. The early stage of haustorium development is characterized by enlarged root tissues
caused by a combination of cell expansion and cell division. Several host-derived substances that are
able to induce haustorium formation in vitro were previously identified. Such substances are called
haustorium-inducing factors (HIF). Among them, the most active HIF is DMBQ (2,6-Dimethoxy-1,4-
benzoquinone), initially isolated from sorghum root extracts (Chang and Lynn, 1986). Phtheirospermum
japonicum, a facultative parasitic plant in the Orobanchaceae, is an ideal model to study the molecular
mechanisms of the parasitism, because of its short life cycle, small size, and simple genetics as a selfing
plant (Ishida et al., 2011; Cui et al., 2016). In addition, genetic manipulation of P. japonicum is now
feasible (Ishida et al., 2011) and its large-scale transcriptome information is also available (Ishida et al.,
2016). Here we report an efficient in vitro method for haustorium induction to investigate functionality of

haustorium-related genes in P. japonicum. This method presents a step-by-step protocol for haustorium
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induction in vitro by DMBQ treatment or by contact with host exudates. This technique is useful to

understand the genetic factors that trigger haustorium formation in parasitic plants.

Materials and Reagents
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Falcon 50 ml conical centrifuge tube (e.g., Corning, Falcon®, catalog number: 352070)

Filter paper, No. 2, @9 cm (Advantec, catalog number: 00021090)

Sterilized plastic plate dish with diameter of 100 mm (e.g., BioLite 100 TC Dish, Fisher
Scientific, catalog number: 12-556-002)

Manufacturer: Thermo Fisher Scientific, Thermo Scientific™, catalog number: 130182.
Eppendorf® microcentrifuge tube (1.5 ml) (e.g., Fisher Scientific, catalog number: 05-408-129)
Surgical tape (or Parafilm) (e.g., 3M, catalog number: 1530-1)

Kitchen aluminium foil

Sterilized square plastic plate dish 140 x 100 x 14.5 mm (Eiken Chemical, catalog number:
AW2000 703077)

Microscope slides (e.g., Fisher Scientific, catalog number: 12-549-3)

Microscope coverslips Lx W x D: 22 x 70 x 1.0 mm (e.qg., Fisher Scientific, catalog number: 10-
016-24)

Gloves

Rice seeds (Oryza sativa japonica variety Nipponbare)

Phtheirospermum japonicum seeds

Commercial hypochlorite solution (Kao Japan) (approx. 6% sodium hypochloride)

Potassium hydroxide (KOH) (Sigma-Aldrich, catalog number: 484016)

Tween 20 (Sigma-Aldrich, catalog number: P9416)

Water (Milli-Q grade)

Propidium iodide (Sigma-Aldrich, catalog number: P4170)

Murashige and Skoog salts (Pre-mixed) (Wako Pure Chemical Industries, catalog number: 392-
00591)

Sucrose (Merck Millipore, catalog number: 107687)

Myo-inositol (Sigma-Aldrich, catalog number: 17508)

2,6-dimethoxy-1,4-benzoquinone (DMBQ) (Sigma-Aldrich, catalog number: 428566)

Agar (Merck Millipore, catalog number: 101614)

Dimethyl sulfoxide (DMSO) (Wako Pure Chemical Industries, catalog number: 041-29351)
Chloral hydrate (Sigma-Aldrich, catalog number: V000554)

Glycerol (Sigma-Aldrich, catalog number: G5516)

GM media (see Recipes)

DMBQ stock solution (10 mM) (see Recipes)

Chloral hydrate solution (see Recipes)
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Equipment

Rice husker (Fujiwara Scientific, model: Testing rice husker)

Tube rotator (e.g., TITEC, model: RT-50, catalog number: 0000165-000)
Laminar flow hood (e.g., YAMATO SCIENTIFIC, model: CCV-1300E)
Plant growth chamber (e.g., NKsystem, model: LPH-411SP)
Daylight-white fluorescent lamp (NEC LIGHTING, model: FLAOSEX-N-HG)
Microscope (Leica Microsystems, model: TCS-SP5 II)

N o o s~ DN

Vortex shaker (e.g., Scientific Industries, model: Vortex-Genie2, catalog number; G560-SI-0246
2)

Surgical scalpel handle (e.g., Swann-Morton, catalog number: 0933)

®

Surgical scalpel blade number 11 (e.g., Swann-Morton, catalog number: 0303)

10. Stainless steel forceps (e.g., Sigma-Aldrich, catalog number: F4142-1EA)

11. Semi-analytical balance (e.g., Shimadzu, model: AUW220D)

12. Water bath (e.g., Fisher Scientific, model: Fisher Scientific™ Isotemp™ General Purpose Deluxe
Water Bath, catalog number: S28124)

13. Light stereo microscope (e.g., Carl Zeiss, model: Stemi-2000)

14. Light microscope (e.g., Olympus, model: BX53-P)

15. Autoclave (e.g., Hirayama, model: HG series)

Procedure

1. Rice seed germination

a. Remove the seed coats from rice seeds by a rice husker.

Note: If the rice husker is not available, it is possible to remove the seed coat one by one
by carefully pinching the seed’s awn with forceps or hands and pushing it down.

b. Place the coat-removed seeds in a 50 ml plastic tube.

Note: Maximum of ~20-30 seeds per tube.

c. To surface sterilize the rice seeds, immerse them in 50% (v/v) commercial hypochlorite
solution (~3% sodium hypochlorite in final solution) with 0.1% (v/v) Tween 20. Shake the
seeds using a vortex set at maximum speed for 5 min and place the plastic tube in a tube
rotator for 25 min set to 10-20 rpm.

d. From this step, the procedures should be done in a sterile laminar flow hood, wash the
seeds with sterilized deionized water (Milli-Q grade) for five times.

e. Transfer the surface-sterilized seeds on a sheet of moistened filter paper placed in a plastic
Petri dish (@100 mm). For 50 seeds use 12-15 ml of sterilized water to moisten the filter

paper.
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f. Place the seeds in a growth chamber set at 26 °C under 16 h light and 8 h dark condition

for 1 week with a light intensity of approximately 701 mol/m?/sec illuminated by the daylight-
white fluorescence lamp (FL4A0SEX-N-FL, NEC, Japan).

Figure 1. Rice root exudate treatment. A. One-week-old rice roots excised by scalpel were
immobilized into agar block. The agar block was cut into small blocks (~2 x ~4 cm), each one
contained around 20-25 mg of excised rice root. It was placed on P. japonicum plants maintained
in vertical position for 2 weeks. B. Enlarged picture of (A). C. P. japonicum root without
haustorium induction treatment; D and E. Induced haustoria (pointed by white arrows) formed
along P. japonicum roots; F. Root tissues were cleared with chloral hydrate solution and
observed under a microscope. G and H. The haustorium formed in a transgenic P. japonicum
roots harbouring the construct ProPjYUC3:3xVENUS-N7-Pro35S:RFP, the merged filter(G) and
YFEP filter (H) photographs were taken under confocal Leica TCS-SP5 Il microscopy. For details,

see the reference Ishida et al. (2016). The white bars represent 1 cm and black bars 2.5 mm.
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2. P. japonicum seed germination

a.
b.

Place the seeds in a 1.5 ml plastic tube (maximum of ~100 seeds per tube).

Sterilize the surface of seeds by immersing in 10% (v/v) commercial hypochlorite solution
(~0.6% sodium hypochlorite in final solution). Place the tube in a vortex shaker set at
maximum speed for 1 min. Replace the solution with new bleach solution and keep in a
vortex shaker for 9 min.

From this step, the procedures should be done in a sterile laminar flow hood, wash the
seeds with sterile-deionized water for five times.

Immerse the seeds in sterile-deionized water. Keep them in darkness at 4 °C for overnight.
Use the 1 ml tip to sow seed one by one on the top of a square plate dish containing GM
media, around 12-15 seeds per plate. Seal the square plates with a surgical tape and cover
it with aluminium foil. Keep the seeds in darkness for three more days to stimulate
germination.

Remove partially the aluminium foil, keeping the root parts covered.

Place the square dish vertically in a growth chamber set at 25 °C under 16 h light and 8 h
dark condition for 2 weeks.

Note: It is important to let the parasitic plant to grow vertically to avoid the root to penetrate

the agar media.

3. Haustorium induced by rice root exudate

a.

o

S @

Excise the roots from 1-week-old rice seedlings, using sterilized forceps and scalpel on
sterilized plate dish (&9 cm).

Measure the root fresh weight. For 180 mg of fresh weight root tissues, 20-25 excised roots
are necessary.

In a sterilized plate dish (@9 cm), 180 mg of fresh weight rice roots and 5 ml water from the
plate where rice seeds were germinated were placed.

Using sterilized scalpel, cut the roots into small pieces (around ~1-3 mm of length).

Add 20 ml of 0.8% (w/v) agar, warmed in a water bath set at 60 °C.

Mix well until the root pieces are evenly distributed across the agar.

Let the agar to solidify for 30 min.

Cut the agar block to approximately ~2 x ~4 cm and place them on the parasitic plant roots
growing on GM media. The size of agar block should be enough to cover the parasitic roots.
(Figures 1A and 1B)

Note: When using transgenic roots, they are transferred to a plate dish (&9 cm) filled with
30 ml of 0.8% (w/v) agar with antibiotic cefotaxime (300 pg/ml). The agar block containing
chopped rice roots and exudates should be put on the transgenic roots.

The haustorium will be formed within 24 h (Figures 1D to 1F). Examples of transgenic roots

forming haustoria are shown (Figures 1G to 1H).
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j- Remove the agar containing rice roots and count the haustorium number under a
stereomicroscope.

4. Haustorium induced by DMBQ

a. Dilute the 10 mM DMBQ stock solution to 10 uM DMBQ working solution in sterile-deionized
water.

b. Drop 7 ml (per plate) of 10 uM DMBQ solution on the top of the roots of 1-week-old P.
japonicum grown in vertical position in a square plate. Seal the plate with a surgical tape (or
Parafilm).

Cover the root part with aluminium foil.

d. Place the plates horizontally in a growth chamber set at 26 °C under 16 h light and 8 h dark
condition, keeping the root part covered with aluminium foil.

e. Haustoria will be formed along the parasite roots within 24 h. Count haustorium number
under the stereomicroscope (Figure 2).

Note: P. japonicum roots are very sensitive to injury. If tissue damage is caused during the

procedure, the percentage of formed haustorium might be altered.

Figure 2. DMBQ-induced haustorium. A. Two-week-old P. japonicum growing in the absence
of DMBQ; B. P. japonicum treated with 10 uM DMBQ); C and D. Enlarged pictures of (B). DMBQ-
induced haustoria (pointed by white arrows) formed along P. japonicum roots. E to G. Transgenic

P. japonicum roots photographs taken under confocal Leica TCS-SP5 Il microscopy. A root
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transformed with the construct ProPjYUC3:3xVENUS-N7-Pro35S:RFP (Ishida et al., 2016) was
observed under differential interference contrast filter and YFP filters. The merged picture (E)
and the picture under YFP filter (F). Tissue carrying the construct CYCB1;2 pro::YFP was
stained with 400 pg/ml propidium iodide to highlight root cell morphology. For details see the
reference Ishida et al. (2011). Note that the haustoria developed in a rounded form with this
method, which is distinct from the agar-based method described in Figure 1. The white bars

represent 1 mm and the yellow bars 2.5 mm.

5. Clarification of root tissues with chloral hydrate*
a. Immerse the root tissues in chloral hydrate solution overnight at room temperature.
b. To examine the haustorium under microscope, place them on glass slide soaked in choral
hydrate solution with the slide cover on top.
*Note: Chloral hydrate is a harmful reagent. Always use gloves to manipulate it and dispose of

it into an appropriate container.

Data analysis

For accurate results we recommend performing at least three independent experiments, using 10
to 15 plants in each repetition. The plants with injured roots should be excluded from the analysis.
Observe the presence or absence of the haustorium in individual plant under a stereomicroscope
and calculate the percentage of plants with the haustorium. Alternatively, count the number of
formed haustoria per plant and analyse the average data for each repetition.

In the case of transformed transgenic roots, inspect the presence of haustorium under a
stereomicroscope and determine the percentage of individual transgenic root with parasitic organ.
Calculate the average haustoria per plant for each biological experiment.

Notes

The injured root compromised their ability to develop haustorium in P. japonicum. Thus, only healthy

roots should be considered for data analysis.

Recipes

1. GM media
1x Murashige and Skoog salts (Pre-mixed)
1% (w/v) sucrose
0.01% (w/v) Myo-inaositol
0.06% (w/v) 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate
0.8% (w/v) agar
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Adjust pH to 5.7 with 1 N KOH

Sterilize it by autoclaving

For each square plate 100 ml of GM media was poured

The plates containing the media were stored at 4 °C for maximum 3-4 days
DMBQ stock solution (10 mM)

a. Dissolve 16.8 mg of 2,6-dimethoxy-1,4-benzoquinone in 10 ml of dimethyl sulfoxide (DMSO)
b. Aliquot the DMBQ solution in 1.5 ml of sterilized plastic tube

c. Protect from light by covering with aluminium foil

d. Store under -20 °C until the moment of use

Chloral hydrate solution

8 g chloral hydrate

1 ml glycerol

2 ml deionized water

Store at room temperature until the moment of use
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