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Abstract

Seed germination is a critical and challenging process in the propagation of Oryza coarctata, a wild halophytic
rice species. This protocol outlines the seed germination procedure for O. coarctata. All steps required for optimal
germination and seedling establishment of O. coarctata in both sterile and soil-based systems are described in
detail. Additionally, the protocol includes an analysis of the primary hormones, abscisic acid (ABA) and

gibberellin (GA), involved in regulating seed dormancy and germination.

Key features

e This protocol provides detailed instructions for germinating Oryza coarctata and improving its germination
rate.

e The protocol enables the successful vegetative and reproductive growth of O. coarctata in soil.

e Additionally, the protocol outlines the analysis of hormones (abscisic acid and gibberellin) that play key

roles in the germination process.
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Protocol for germination, seedling development, and hormone analysis of Oryza coarctata seeds. Step-
by-step instructions include germinating seeds on filter papers or sterile growing medium; the established
seedlings can be grown in controlled environments or a greenhouse. Extraction and analysis of endogenous key

hormones offer insights into their roles in controlling dormancy and germination.

Background

Oryza coarctata is a perennial wild species of rice and the only halophytic species in the genus Oryza (family
Poaceae) [1]. It has unique morphological features such as thicker waxy succulent leaves and salt glands,
allowing the plant to survive under harsh environmental conditions such as high salinity and submersion [2].
Additionally, O. coarctata leaves have a unique leaf anatomical feature exhibited by C4 plants, the Kranz
anatomy (enlarged bundle sheath cells encircling vascular bundles) [3,4]. O. coarctata is primarily found in
coastal areas across Southeast Asian countries [1]. O. coarctata offers a wealth of genetic resources for rice
breeding research, making it a good model system for investigating mechanisms of salinity and submersion
tolerance in rice [5,6]. The germination rate of wild rice seeds is very low, posing significant challenges for
research on its conservation. The low germination rate of wild rice seeds leads to inconsistent seedling
emergence, causing a reduction in their yield [7]. Dormancy is a limiting factor for the breeding of wild rice,
which is regulated by several plant hormones, mainly abscisic acid and gibberellin.

Biotic and abiotic stresses significantly challenge environmental stability and influence the survival of living

organisms, including plants. For instance, salinity stress poses significant challenges to global agriculture,
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affecting production yield, which is essential for human consumption. In addition, salt stress affects around 6%
of the world’s cultivable land, making it a significant threat to food security [8,9]. Salt accumulation has various
effects, including reduced plant expansion, accelerated wilting, and disrupted photosynthesis. While changing
climate intensifies these obstacles, addressing approaches to agriculture, such as genetic engineering to improve
crop resilience in response to climatic stresses, is imperative [10,11]. Amongst various climatic stresses, salt
concentration remarkably affects rice (Oryza sativa), one of the essential crops. Under these circumstances, the
wild rice relative, O. coarctata, has become increasingly significant due to its resistance under salt stress
compared to O. sativa. Moreover, cultivation efforts are directed toward producing saline-tolerant crops [12,13].
Therefore, the salt-tolerant characteristics of O. coarctata establish resources for cultivation programs intended
to improve the adaptability of rice varieties to high salt levels, thus promoting food stability in regions affected
by elevated salinity [4]. Additionally, O. coarctata is a promising candidate for neo-domestication.

Despite its potential as a promising crop for nutritional security, the germination of O. coarctata under
experimental and laboratory conditions is challenging. Seed germination is controlled by phytohormones such
as gibberellins (GAs) and abscisic acid (ABA) [14]. These hormones are also of particular significance given
their role in the regulation of growth and development as well as responses to environmental stresses [15]. For
instance, ABA controls plant development from germination to seed dormancy and modulates plant responses
to challenging abiotic stresses [16,17]. Apart from their role in inducing seed germination, GAs modulate stem
elongation, flower development, fruit ripening, and leaf senescence [18]. The quantitative analysis of these
phytohormones is frequently required in both basic plant research and agricultural studies.

Taken together, developing a fast, reproducible, and efficient germination protocol for O. coarctata is crucial for
both fundamental research and breeding programs. Establishing this protocol is critical for studying and
investigating O. coarctata characteristics, such as biological traits and genetic features, to enhance crop resilience
against elevated salt levels in multiple regions worldwide. In this protocol, we outline detailed steps for seed
germination and seedling development of O. coarctata. Additionally, we determine the content of key hormones,
offering new insights into their roles in controlling dormancy, germination, seedling establishment, and

responses to environmental stresses.

Materials and reagents

Biological materials

1. Oryza coarctata seeds; original seeds were obtained from the International Rice Research Institute (IRRI),
Philippines. For germination tests, seeds were harvested in our laboratory from plants that were grown at King

Abdullah University of Science and Technology (KAUST) greenhouse facility

Reagents

1. Commercial bleach, sodium hypochlorite solution (NaClO) Sigma-Aldrich, CAS number: 7681-52-9)
2. Murashige and Skoog basal medium (MS) (Sigma-Aldrich, catalog number: M5519)

3. Sucrose (Sigma-Aldrich, CAS number: 57-50-1)

4. Agar (Sigma-Aldrich, CAS number: 9002-18-0)

5. LC-grade methanol (VWR, CAS number: 67-56-1)

6. LC-grade water (VWR, CAS number: 7732-18-5)
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7. LC-grade acetonitrile (Fisher Chemical™, CAS number: 75-05-8)
8. Formic acid (Thermo Scientific™, CAS number: 64-18-6)

9. Gibberellin A1 (GA1) (Sigma-Aldrich, CAS number: 545-97-1)
10. Abscisic acid (ABA) (Sigma-Aldrich, CAS number: 21293-29-8)

Solutions

1. 1% NaClO (100 mL) (see Recipes)

2. 0.5x MS media (100 mL) (see Recipes)

3. 50% acetonitrile:water (see Recipes)

4. Abscisic acid (ABA) stock solution (1 mg/mL) (see Recipes)

5. Gibberellin A1 (GA1) stock solution (1 mg/mL) (see Recipes)

6. Water containing 0.1% formic acid (1,000 mL) (see Recipes)

7. Acetonitrile containing 0.1% formic acid (1,000 mL) (see Recipes)

Recipes

1. 1% NacClO (100 mL)

Reagent Final concentration Quantity or Volume
NacClO (5% w/v) 1% (w/v) 20 mL
Water (ddH,0) - 100 mL"

*Note: Water should be added in increments to reach 100 mL final volume. This solution can be prepared and stored

protected from light at room temperature for up to one month.

2. 0.5 x MS media (100 mL)

Reagent Final concentration Quantity or Volume
Sucrose 2% (w/v) 2g

MS powder 0.22% (w/v) 0.22¢g

Water (ddH,O0) n/a 100 mL~

Adjust pH to 5.8 with 3N HCI or 3N KOH. Add agar to 0.8% and autoclave at 121 °C for 15 min. The medium
should be freshly prepared.
*Note: Water should be added in increments to reach 100 mL final volume.

3. 50% acetonitrile:water

Reagent Final concentration Quantity or Volume
LC-grade water 50% 50 mL

LC-grade acetonitrile 50% 50 mL

Total n/a 100 mL’

*Note: This solution can be prepared and stored protected from light at room temperature for up to three months.

4. Abscisic acid (ABA) stock solution (1 mg/mL)

Reagent Final concentration Quantity or Volume
Abscisic acid 1 mg/mL 1 mg
LC-grade methanol - 1 mL’
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*Note: Working solution (10 ug/mL) from this stock can be prepared and stored protected from light at — 20 °C for up

to six months.

5. Gibberellin A1 (GA1) stock solution (1 mg/mL)

Reagent Final concentration Quantity or Volume
Gibberellin A1l 1 mg/mL 1 mg
LC-grade methanol - 1 mL’

*Note: Working solution (10 ug/mL) from this stock can be prepared and stored protected from light at —20 °C for up
to six months.

6. Water containing 0.1% formic acid (1,000 mL)

Reagent Final concentration Quantity or Volume
Formic acid 0.1% 1 mL
LC-grade water 100% Up to 1,000 mL*

*Note: Water should be added in increments to reach 1000 mL final volume. This solution should be freshly prepared

before analysis.

7. Acetonitrile containing 0.1% formic acid (1,000 mL)

Reagent Final concentration Quantity or Volume
Formic acid 0.1% 1 mL
LC-grade acetonitrile 100% Up to 1,000 mL*

*Note: Acetonitrile should be added in increments to reach 1,000 mL final solution.

This solution should be freshly prepared before analysis.

Laboratory supplies

. Sterile deionized water, room temperature

. 50 mL tubes (Falcon™, catalog number: 14-432-22)

. Filter paper (Whatman®, Grade 1, model number: WHA1001090)

. Parafilm (Fisher Scientific, catalog number: S37440)

. Laminar flow hood (AIREGARD ES Horizontal Laminar Flow, model number: NU-201/E)

. Petri dishes (Fisherbrand™, catalog number: AS4052)

. Tissue culture boxes (e.g., Magenta Vessel with cover) (Sigma-Aldrich, model number: C0542)
. 5” diameter round black pots (with holes at the base for drainage)

. Mixture of soil (Stender) and local sand (3:1)

10. 0.2 um filter (Target2™ PTFE Syringe Filters, Thermo Scientific™, catalog number: F2504-4)

© 0 N O U1 A W N -

11. Steel beads (3.2 mm chrome-steel beads, BioSpec Products, Inc., catalog number: 11079132c)

12. 2 mL safe-lock microcentrifuge tubes (Eppendorf, catalog number: 0030123620)

13. 1.5 mL safe-lock microcentrifuge tubes (Eppendorf, catalog number: 0030123611)

14. Autosampler vials (LC screw-thread vials with caps and inserts, VWR®, catalog number: 82030-974A)

15. HPLC column (Hypersil GOLD C,4 Selectivity, 150 X 4.6 mm; 3 um; Thermo Scientific™, catalog number:
25003-154630)
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Equipment

1. pH meter (Fisherbrand™ accumet™ AB150 pH benchtop meter, catalog number: 13-636-AB150)

2. 30 °C incubator (Fisherbrand™ Isotemp™ Incubator, catalog number: 15-103-0515)

3. Culture room/growth chamber (e.g., Conviron, BioChambers, or Percival) [with controlled LED light and
humidity controller with humidity range from 60% to 90% relative humidity (RH) and temperature range from
10 °C to 40 °C]

4. Weighing balance (Sartorius M-Power Analytical Balance, model number: AZ214)

5. Tissue grinder (Mixer Mill, RETSCH®, model number: 20.746.0001)

6. Vortexer (VWR® Fixed Speed Vortex Mixer, catalog number: 10153-834)

7. Sonicator (Bransonic® Ultrasonic Cleaner, model: 5510)

8. Centrifuge (Eppendorf™ 5424R Microcentrifuge, catalog number: 05-401-205)

9. Vacuum centrifugal concentrator (Eppendorf® Concentrator Plus, catalog number: 5305000568)

10. Liquid chromatography system (Thermo Scientific, model: Vanquish™ Duo UHPLC System)

11. Mass spectrometer system (Thermo Scientific, model: TSQ Altis™ triple quadrupole)

Software and datasets

1. Statistical software for data analysis software (Microsoft Excel, Microsoft Corporation, v. 2410, 2024)
2. LC-MS/MS software (Xcalibur 4.1, Thermo Fisher Scientific Inc., USA)

Procedure

A. Seed germination

1. Before germination, remove the husks from the seeds.

2. Put the de-husked seeds in a 50 mL Falcon tube.

3. Proceed to sterilize them with 1% bleach solution on a vortex shaker (100 rpm) for 5 min.

4. Thoroughly rinse the seeds with 40 mL of sterile water at least five times. See General Note 1.

5. Prepare magenta boxes containing 0.5 X MS media for section B or a Petri dish by placing two filter papers
inside with 5 mL of sterile water for section C. For submerged germination, see General Note 2. The
germination can be scored daily for one week. For dormant or non-germinated seeds, continue scoring for 12

days. The germination process requires a constant humid environment with temperature control for 7-10 days.
B. Growing O. coarctata in controlled environments

1. Place 5-8 disinfected seeds on magenta boxes (tissue culture boxes) containing 0.5 X MS media.

2. Keep the boxes at 30 °C in the dark for 24-48 h.

3. Transfer the box containing germinated seeds to a controlled environment for growth.

4. Maintain a day/night temperature of 28/22 °C with a 12/12 h photoperiod, 200 umol photons m~2 s~!, and
85% relative humidity (RH). The germination and seedling establishment can be scored for 7-10 days.
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C. Growing O. coarctata in the greenhouse

. Transfer 5-8 disinfected seeds onto the filter papers.
. Seal the petri dish with parafilm to maintain seed moisture.
. Incubate the Petri dish at 30 °C for 24-48 h in the dark.

. Transfer the plates containing germinated seeds to a controlled environment for growth.

2 o1

. Maintain a day/night temperature of 28/22 °C with a 12/12 h photoperiod and 200 umol photons m~2 s
. Fill 5” diameter pots with a mixture of sand and soil (3:1).

. Plant two seedlings per pot.

0 N O U~ W

. Transfer the pots containing seedlings to the greenhouse chamber. The temperature in our greenhouse ranges
from 25 to 29 °C during the day and 22 to 25 °C at night. RH varies from 60% to 90%. The greenhouse is
supplemented with artificial lights from 6 am to 7 pm. The entire reproductive growth is reached within three
months.

9. After two weeks in the greenhouse, plants can also be retransferred to a shade house.

10. The plants can be irrigated on a daily basis and fertilized weekly with nitrogen, phosphorus, and potassium
(NPK) fertilizer (20:20:20, Folicat Plantifol) at 2 g/L water.

D. Seed harvesting and storage

1. Seed collection: Harvest the seeds when they begin to turn brown, typically about two weeks after flowering.
2. Preparation: Place the collected seeds into tubes or suitable containers.

3. Storage: Store the seeds in a tightly sealed container at a cold temperature (around 4 °C) to preserve their
viability. After the seed reaches maturity, wild rice goes into a dormant state. To break dormancy, seeds need

to be kept in low temperatures for a few months.

E. Extraction and analysis of endogenous GA and ABA by LC/MS

. Aliquot (50 mg) seeds in safe-lock 2.0 mL Eppendorf tubes.

. Grind and homogenize seeds for 1 min at a frequency of 25 Hz.

. Add 1.5 mL of LC-grade methanol to each tube.

. Vortex samples at 1,000 rpm for 1 min.

. Sonicate the samples at 40 kHz for 15 min.

. Centrifuge samples at 10,000 X g for 10 min at room temperature.
. Transfer the supernatant to a new 1.5 mL Eppendorf tube.

. Dry the supernatant by vacuum concentration for 1.5 h.

O 00 N O U A W N =

. Resuspend the dry extracts in 120 uL of 50% acetonitrile:water followed by 1 min sonication at 40 kHz.

10. Filter the solution through a 0.22 um filter into a LC glass vial.

11. Analyze samples by LC-MS/MS. See General Note 3.

12. Include standards for LC-MS/MS analysis in the running sequence. Dilute the standard hormones with
methanol to 10 pg/mL (working solution) from the stock solution of 1 mg/mL ABA and the stock solution of 1
mg/mL GAL.
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Data analysis

Germination rate estimation is based on scoring the percentage of germinated seeds every 24 h for 7 days. Use
the following formula: Germination % = seeds germinated/total seeds X 100. Microsoft Excel or any other
software can be used. Consider that radicle protrusion is the germination event.

The obtained LC/MS raw chromatograms from phytohormone analysis can be manually inspected using Xcalibur
4.1 (Thermo Fisher Scientific Inc., USA) or any other software. The retention time and peak areas can be
recorded. For absolute quantification of endogenous hormones, use isotope-labeled standards as internal

references during analysis [19].

Validation of protocol

In this protocol, we detail a rapid and efficient method for the germination of Oryza coarctata seeds. The protocol
is validated through the figures and results demonstrating the functionality of the experimental setup. Using
this method, radicle emergence was observed within 24-48 h and allowed us to obtain established seedlings in
10 days (Figure 1). Additionally, we analyzed the tolerance of O. coarctata seeds to submersion in water. We

observed that seedling vigor was not affected.

Figure 1. Representative photographs of Oryza coarctata seeds at different days of germination initiation.
Photographs were taken for dry seeds (A), 2 days after germination (B), and 10 days after sowing (C and D).

Germination after submersion in water for 7 days is shown in (E).

Scoring the seed germination rate after the radical emergence, which is defined as the first sign of seed
germination, revealed that around 40% of seeds successfully germinate after two days (Figure 2). Seeds are

scored every day until seed germination rate reaches over 80% after five days.
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Figure 2. Germination percentage of Oryza coarctata scored five days after sowing. Data are shown as

mean * SE (n = 10). In each replicate, 10 seeds were subjected to germination.

Optimizing the yield of O. coarctata depends on precise harvest timing, ideally during the green, milky stage
(the stage when the grains are being filled) or approximately two weeks after flowering. The flowering period

for O. coarctata typically spans under our growth conditions from December to January (Figure 3).

Figure 3. Representative photographs of Oryza coarctata plants vegetatively grown in the greenhouse.
Photographs of two-week-old (A), one-month-old (B), and three-month-old (C-E) plants.

Simultaneous determination of GA and ABA from dry seeds was achieved by liquid chromatography—tandem
mass spectrometry (LC-MS/MS) method. The extraction method with a single solvent (methanol) allows the
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detection of both hormones without the solid—phase extraction (SPE) pretreatment method. The
chromatographic separation was carried out on a reversed-phase (C;3) column, using acetonitrile/water
containing 0.1% formic acid as mobile phases. Both phytohormones were eluted within 10 min. The full mass
spectrum of ABA showed that [M —H]~ ion was the most intensive at m/z 263.20 with a retention time of 9.67
min (Figure 4A). Multiple reaction monitoring (MRM) transitions (precursor ion/ product ion) are
263.20/153.10 and 263.20/219.10 (Figure 4B).
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Figure 4. Typical LC chromatogram (A) and negative ion MS/MS spectrum (B) from LC-ESI-MS/MS
analysis of abscisic acid (ABA) standard solution (upper panel) and Oryza coarctata seed extract (lower
panel). The MRM transition for ABA, 263.20— 219.10, 153.10. The chemical structure of ABA is shown.

The full mass spectrum of GA1 showed that the [M—H]~ ion was the most intensive at m/z 347.20 with a
retention time of 8.47 min (Figure 5A). MRM transitions are 347.20/259.10 and 347.20/273.00 (Figure 5B).

In conclusion, we have developed an efficient protocol for seed germination and seedling development of the

wild rice species (Oryza coarctata) under sterile conditions for tissue culture and other agricultural applications.

A 100, 847 B 100, 259.10
2 1 GA1 Standard g - 273.00
2 60— 3 60—
< @od < 7
o 40 | o 40
i~ -
5 207 l 3 205
| ]
0 - 0
100 s.?s 100, 259.10
80 {|| 80~
60 60
| Seed extract 1
407 I 404 273.00
20 , | 'L A 205
E VAL )'"-.___.._A.-\"\._.J"‘\-*-__-""".:"L-'J A MMM E
LY S e I e e 0 T T T ™ AN RN LA LAAN Rl T
8.0 8.5 9.0 259,099 259.100 259,272,999 273.000 273.001
Time (min) miz miz

Figure 5. Typical LC chromatogram (A) and negative ion MS/MS spectrum (B) from LC-ESI-MS/MS

analysis of gibberellin A1 (GA1) standard solution (upper panel) and Oryza coarctata seed extract (lower
panel). The MRM transitions for GA1, 347.20— 273.00, 259.10. The chemical structure of GA1 is shown.
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General notes and troubleshooting

General notes

1. Perform steps in a laminar flow hood under sterile conditions.

2. For the submerged germination, place the seeds in a sterile tube filled to 90% capacity with sterile water,
positioning them diagonally. Incubate the tubes in a 30 °C incubator for 24-48 h in the dark. Transfer the tubes
containing germinated seeds to a controlled environment for growth. Maintain a day/night temperature of
28/22 °C with a 12/12 h photoperiod and 200 umol photons m~2 s~

3. The LC-MS analysis was performed following our previous studies [20,21]. Chromatographic separation was
carried out on a C18 HPLC column maintained at 35 °C. Mobile phases consist of water containing 0.1% formic
acid (A) and acetonitrile containing 0.1% formic acid (B). The gradient program was as follows: 0-10 min, 15%
B to 100% B; 10-15 min, 100% B; 15-17 min, 15% B at 0.5 mL/min flow rate. The MS parameters were as
follows: negative ion, 3000 V; sheath gas, 40 Arb; aux gas, 15 Arb; collision energy of 20 eV; ion transfer tube
temperature, 350 °C; vaporizer temperature, 350 °C; cycle time, 1 s; Q1/Q3 resolution (FWHM), 0.4; CID gas
(mTorr), 2; and chromatographic peak width (s), 6.

Troubleshooting

Problem 1: No germinations after three days.

Possible cause: Seeds are dormant.

Solution: Wait for at least seven days. Sometimes, seeds need more time to start germination (up to 10 days in
the dark).

Problem 2: Fungal growth in culture boxes.

Possible cause: Contamination during seed sterilization or media preparation.

Solution: Discard the culture boxes and begin again under controlled sterile conditions. Perform steps in a
laminar flow hood under sterile conditions.

Problem 3: No detection of ABA or GA signal from tissues but clear signal for standard.

Possible cause: The endogenous level is below the detection level.

Solution: Start extraction with ~100 mg of dry tissues.
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