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Chapter 1 

General Introduction 
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     Waterlogging and flooding cause yield losses for crops in many areas of the 

world and crop losses contribute to food insecurity, especially in the South East Asia. 

Future climate change is predicted to increase flood occurrences in tropical and 

subtropical areas (Patz et al., 2005). Maize, wheat and barley are crops cultivated in 

drained soils and are sensitive to waterlogging, but soil waterlogging causes 20% yield 

loss in irrigated areas and over 40% yield loss in rainfed ecosystems each year (Herzog 

et al., 2016). Waterlogging impedes root growth and function by a deficiency of oxygen 

restricting root respiration. Toxic substances can also increase in anoxic soils, moving 

to the roots and damaging roots or shoots. In reaeration after the period of oxygen 

deficiency, ethanol trapped in tissue can be converted to aldehyde which together with 

reactive oxygen species (ROS) can lead to cell injury (Kirk et al., 2014). Thus, it is 

difficult for most plants to survive in flood-prone environments, but outcomes for 

developing submergence tolerant rice varieties have been reported. The most successful 

example is the discovery and deployment of SUBMERGENCE1 (SUB1) in rice to 

provide submergence tolerance against short-duration floods (Xu et al., 2006; Ismail et 

al., 2013).  

     Rice thrives in waterlogged soils and can survive in submerged areas when 

compared to other species of crops. This is achieved by the continuous gas-filled 
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intercellular spaces from leaves to roots named as aerenchyma which enable internal 

aeration in roots and even some radial oxygen loss to the rhizosphere, leading to avoid 

anoxia stress. Aeration down to the root tips is helped also by hydrophobic layers within 

the exterior of roots (named as radial oxygen loss (ROL) barrier) which prevent oxygen 

loss from mature zones of roots. Accordingly, oxygen is provided to active root tips or 

rhizosphere for respiration and toxins entry to the roots are also prevented in anoxic 

soils (Kirk et al., 2014; Yamauchi et al., 2018). Rice varieties inducing greater root 

porosity and the ROL barrier when in waterlogged conditions were reported (Colmer & 

Voesenek, 2009), however rice can also experiences 1-2 weeks of shoot submergence 

by the excessive rain and seasonal flash floods in rainy season at flooded areas.    

     Submergence stress causes over 20 million hectares of yield losses of rice in East 

Asia countries. In these regions, poverties and food securities are not ensured and other 

crops are not suitable to cultivate because the lands in these area are excessively wet. 

However, rice landraces which have adapted to flood events are a precious genetic 

resource and landraces possessing submergence tolerance have been identified and 

utilized for rice breeding (Ismail & Mackill, 2014). Rice varieties with submergence 

tolerance were developed and spread, providing the profit to the farmers who otherwise 

would suffer from the flood damage (Ismail et al., 2013). Physiological responses to the 
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floods in rice were also reported (Colmer et al., 2014) and several traits related to 

submergence tolerance were identified, however the most significant trait used for rice 

breeding against short-duration flash floods is the shoot dormancy during plant 

submergence.  

     This dormancy, evident as a lack of shoot extension when under water, prevents 

the consumption of nonstructural carbohydrates (NSCs) in the plants which is the 

limiting factor for plant survival during submergence and the landraces possessing the 

mutation which presents the otherwise common shoot elongation response in rice have 

the capacity to recover growth immediately after submergence has receded (Ismail et al., 

2013). This mutation occurs in a transcriptional factor belonging to ethylene response 

factors (ERFs) in which the SUB1 locus is located on the short arm of chromosome 9 

(Xu et al., 2006). SUB1 is strongly induced by submergence and is downregulated when 

plants experience aeration, therefore SUB1 is reported to have no effects to plant growth 

in the case of non-flooded periods. SUB1 provides submergence tolerance for up to 17 

days. Yield differences between the varieties which possess SUB1 locus and 

counterparts which don’t possess SUB1 locus are 1 versus > 3.5 t ha-1. Importantly, 

varieties possessing SUB1 have the same amount and quality of grains compared to 

same varieties lacking SUB1 in submergence environments (Ismail et al., 2013).    
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     Dormancy related to submergence is regulated by SUB1A-1 allele, whereas on the 

other hand SUB1A-2 regulates the elongation event (wild-type phenotype) caused by 

partial submergence. Previous research reported some Indica and all Japonica types 

lack SUB1A. SUB1A shows a single nucleotide polymorphism (SNP) at position 556 

leading to an amino acid substitution from Pro 186 to Ser 186. Molecular markers for 

the marker-assisted breeding was developed using this SNP (Xu et al., 2006; Ismail & 

Mackill, 2014). SUB1A is induced by ethylene accumulation during plant submergence 

and stops the shoot or root growth by inhibiting ethylene-induced Gibberellin (GA) 

responses which promote plant growth. SUB1-A actually increases the accumulation of 

SLR1 or SLRL1 which are the repressors for GA signaling and inhibits GA induced 

elongation (Fukao & Bailey-Serres, 2008).  

     Prolonged periods of submergence (18-24 days) can also occur in the fields of 

South Asia and moreover multiple submergences occur in the same season (Ismail et al., 

2013) but dormancy by SUBA1-1 has a limitation (7-17 days). FR13A which is the 

landrace possessing SUBA1-1 and has submergence tolerance is more tolerant and 

accumulate more NSC than Sub1 derivatives, however varieties possessing only SUB1 

locus just have same NSC concentrations to the original parents (Singh et al., 2014). 

These indicates only SUBA1-1 is not enough to create submergence tolerant varieties 
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but that this breeding goal needs also other genetic factors and FR13A or other 

submergence tolerant landraces have the traits and genes which if combined could 

increase more the submergence tolerance additively.  

     Another trait providing submergence tolerance is the phenotype called “gas films” 

on leaves, which was the focus in this research. Gas films are the thin air (or gas) layer 

around the submerged plant leaves (Figure 1-1a,c) (Setter et al., 1989; Colmer & 

Pedersen, 2008). Although plant leaves are submerged in water, the leaves can perform 

underwater photosynthesis and respiration by exchanging the CO2 or O2 via the gas 

films (Figure 1-1b,d,e) (Pedersen et al., 2009; Winkel et al., 2013; Verboven et al., 

2014). As research related to leaf gas films has been reported, methods for the 

quantification of gas film thickness (Figure 1-2) and of underwater net photosynthesis 

amount (Figure 1-3) were already established (Raskin, 1983; Colmer & Pedersen, 2008; 

Pedersen et al., 2013). However, as previous research relied on physiological methods 

and removing leaf gas films by using dilute detergent to assess the role of this feature, 

genetic factors regulating gas film had not yet been elucidated. Leaf hydrophobicity is 

reported to be essential for gas film formation and retention (Colmer & Pedersen, 2008). 

Here, normal rice leaves possess high hydrophobicity (Figure 1-4) but rice mutants 

known as the dripping wet leaf (drp) mutants have been reported as phenotypes for 
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which leaf hydrophobicity had been lost (Figure 1-5) (Satoh et al., 1983). I 

hypothesized that the gas films of the drp mutants would also be adversely affected 

because of the lost leaf hydrophobicity. In this research, physiological (Chapter 2) and 

molecular genetic analysis (Chapters 3 and 4) using the drp mutants in comparisons 

with the wild-type Kinmaze were performed to understand leaf gas film formation and 

retention without relying on the dilute detergent and moreover to identify the genes 

regulating the leaf hydrophobicity and gas film retention capacity of rice. Also, 

possibility to utilize the gas film phenotype and new genetic knowledge from my 

studies for rice breeding aiming to improve submergence tolerance of rice were also 

discussed in this thesis, in addition to the already achieved SUB1 rice breeding. 
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Fig. 1-1 Photographs and conceptual models of leaves of rice with or without leaf 

gas films. 

(a) Leaves with a hydrophobic surface retain a gas film when partially submerged, a 

feature visible as a silvery surface when light is reflected. (b) Illustration of gas film 
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along the submerged portion of a rice leaf; the thin layer of gas covers the leaf under 

water and connects to the air enabling CO2 and O2 exchange by the leaf portion under 

water. This situation has been previously studied (Raskin & Kende, 1983; Armstrong et 

al., 1992). (c) Leaves with (left) or without (right) gas films when completely 

submerged. Silver appearance owing to light refraction indicates presence of a gas film 

on a submerged leaf (left) whereas when a leaf was brushed with dilute detergent to 

disrupt hydrophobicity no gas film was retained when placed under water. (d) 

Illustration of the enhanced CO2 and O2 exchange between a submerged leaf with gas 

films and the surrounding water. (e) Illustration of the restricted gas exchange of a leaf 

without gas films when completely submerged. This situation using dilute detergent to 

prevent retention of leaf gas films in rice was previously studied (Raskin & Kende, 

1983; Pedersen et al., 2009; Winkel et al., 2013). The benefit of leaf gas films for 

underwater gas exchange was also previously modelled (Verboven et al., 2014). 
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Fig. 1-2 Method to measure gas film volume and thickness of leaves. 

(a) Gas film volume can be measured as the contribution of the external gas layer to 

buoyancy of a submerged leaf. Detached leaf was held in clips and dipped into the water 

and weight of this leaf was measured using a spring balance (this value is shown as 

Weight①). After measuring leaf weight with the gas films present, the same leaf was 

brushed with dilute TritonX and this dilute detergent removes leaf surface hydropobicity 

and so no gas film is retained, and the TritonX-treated leaf was again measured for the 

submerged weight (shown as Weight②). This value will be higher than Weight① 

because this leaf has lost buoyancy after TritonX treatment. Then calculation of “Weight

② - Weight①” leads to the buoyancy which is owing to the gas film. (b) Gas film 

thickness (mm) is calculated as “gas film volume (mm3) divided by leaf surface area 

(mm2)” – two-sided area as the has film forms on both sides of the leaves of rice. As the 

drawing shows, gas film area is double the projected leaf area, as the gas films form on 

both leaf sides. 



17 
 

 

Fig. 1-3 Method to measure underwater net photosynthesis of submerged leaves 

using oxygen electrode to monitor the change of oxygen in a known volume for a 

known leaf area incubated for a known time. 

(a) Leaf blade of submerged rice plant was detatched and a 1.5 cm segment was excised 

and put into a clear glass vial containing an ‘artifical floodwater’ solution (at a known 

pH and including KHCO3 to supply CO2 for underwater photosynthesis). (b) Vials are 

set to the wheel (control vial which didn’t include a leaf segment was also incubated to 

evaluate the starting level of oxygen). (c) Wheel with vials was set in the water tank set 

at 30oC and incubated for approximately 1 hour and 30 mins in strong light (The wheel 

is in a temperature-controlled water tank is to prevent temperature increase from the 

light source and it rotates so as to ensure even exposure of all samples to the light siurce 

as well as for gentle mixing via two glass beads in each vial). (d) After the incubation, 

the change in oxygen within the solution of known volume within the flask is expressed 

as the amount of oxygen produced by the underwater photosynethesis per unit of leaf 

area, with the oxygen measured in the flask by O2 electrode.  
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Fig. 1-4 Hydrophobic leaves of rice leaves. 

Rice leaves show high hydrophobicity. This photo indicates the sphere shape of a 

droplet of water (water stands on the leaf blade with high contact angle between water 

droplet and rice leaf blade which ‘repels’ the water), which is the evidence that rice 

leaves have hydrophobic surfaces. This water droplet will be shed from leaves when the 

leaf is on an angle, which also indicates leaf hydrophobicity. 
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Fig. 1-5 The dripping wet leaf (drp) mutant lost leaf hydrophobicity and is evident 

as a “wet leaves” phenotype. 

Normal rice (Oryza sativa L.) varieties, such as Kinmaze, possesses hydrophobic leaves 

so that water was shed from the leaves, however the drp mutant, which is MNU treated 

mutant (genetic background is Kinmaze), lost leaf hydrophobicity and then displays a 

“wet leaves” phenotype when showered with water. 
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Introduction 

     Floods cause negative effects on plant production systems owing to the low gas 

(CO2 for photosynthesis and O2 for respiration) diffusion in water, which is 10,000 

times lower than in air (Armstrong, 1979). In addition, low light intensity can limit 

photosynthesis by plants when under water (Sand-Jensen, 1989). Many plants can’t 

survive in submerged condition if the flood period is prolonged, on the other hand plant 

leaves in water do perform underwater photosynthesis, albeit slowly, even in such in a 

severe environment (Mommer et al., 2004; Colmer et al., 2011). However, stomata are 

regulated to be closed in water (Mommer & Visser, 2005) so then the resistance against 

CO2 and O2 exchange become higher resulting in the dramatic decrease of the 

underwater photosynthesis or respiration (Pedersen et al., 2009; Colmer et al., 2014). 

     Some plants have the mechanism to enhance underwater photosynthesis by 

utilizing HCO3
- as well as CO2 (Maberly & Madsen, 2002). Another important 

mechanism for plants to maintain photosynthesis when under water is the gas layer 

which is formed around the leaves of some submerged plants (Setter et al., 1989). Many 

aquatic invertebrate animals also possess a gas layer on parts of their bodies which 

enhances their O2 uptake (Vogel, 2006), and in plants such a gas layer has been called a 

gas film (Colmer & Pedersen, 2008). Such body surface gas layers play an important 
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role to aid the insects and plants to survive in water. In the case of plants, stomata of 

leaves possessing a gas film in water can be open resulting in more effective gas 

exchange (Colmer et al., 2011), such as CO2 and O2, through gas film (air layer) and 

into the stomates and this helps retain high underwater photosynthesis and respiration 

(Pedersen et al., 2009; Winkel et al., 2013; Verboven et al., 2014). Gas film also has the 

effect to prevent salt flowing into plant leaves when submerged in salinity water (Teakle 

et al., 2014).  

     Many plants possess hydrophobic leaves and leaf hydrophobicity prevents plant 

leaves from adhering mud and pathogenic bacteria by repelling water on leaves, which 

is represented by ‘the lotus effect’ (Marmur, 2004). This leaf hydrophobicity is also 

important for gas film formation and retention when leaves become submerged (Colmer 

& Pedersen, 2008) but gas films can’t persist on plant leaves permanently and so 

diminish with time under water (Winkel et al., 2014). Some research related to the 

biological significance of gas film are reported, such as mentioned above, however the 

experiments to test the function of leaf gas films relied on the manipulation of leaf 

surface hydrophobicity using dilute detergent in order to remove gas film to compare 

“without gas film” vs “with gas film”. Therefore, in the present research, rice mutants 

were utilized to directly understand gas film formation or retention without the 
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influence from outside elements, such as the need to use dilute detergent as a treatment. 

     Macro-, micro-, and nano-structures of plant leaves determine the leaf 

hydrophobicity (Wagner et al., 2003; Bhushan & Jung, 2006) and epicuticular wax 

platelets are regarded as the most essential factor (Koch & Barthlott, 2009; Herzog et al., 

2017). The dripping wet leaf (drp) mutants, which were created by MNU treatment 

from cv Kinmaze (Oryza sativa L.), are characterized as the loss of leaf hydrophobicity 

phenotype (Satoh et al., 1983). Here I hypothesized that the drp mutants had some 

defect for forming or retaining leaf gas film according to the phenotype of lost leaf 

hydrophobicity and then quantified the leaf hydrophobicity and gas film thickness of the 

drp mutants. Several drp mutants, drp2, drp5 and drp7 were used in this research to 

observe and understand gas film lacking phenotype associated with the underwater 

photosynthesis. Indeed, leaf hydrophobicity and gas films of the drp mutants were lost 

over 1 day of submergence, which was associated with a lack of epicuticular wax 

platelets in the drp mutants. According to the loss of leaf gas film in drp mutants, 

underwater photosynthesis also declined and most importantly the drp7 mutant couldn’t 

survive in paddy field after 3 weeks of transplanting. Moreover, (a) the biological 

significance of leaf gas films as related to submergence tolerance is demonstrated again 

by comparing drp mutants data with previous reports using dilute detergent and (b) the 
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reason why the drp mutants lost leaf hydrophobicity and gas film after 1 day of 

submergence is also discussed in this Chapter.  
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Materials and Methods 

Plant materials 

Rice (Oryza sativa L.) variety Kinmaze, the dripping wet leaf (drp)2, drp5, drp7 mutant 

(Satoh et al., 1983) and the bright green leaf (bgl) mutant from a N-methyl-N-nitrourea 

mutagenized population (Kinmaze background), were provided by the Laboratory of 

Plant Breeding, Kyushu University. The bright green leaf (bgl) mutant from a 

N-methyl-N-nitrourea mutagenized population (Kinmaze background) were provided 

by the Laboratory of Plant Breeding and genetics, Tokyo University. Plants were grown 

in pots of flooded rice paddy soil in trays of deionised water either in a glasshouse 

(June-to-August) or in a controlled-environment room (30/25 °C light/dark periods; 16 

h light period of 100 µmol m-2 s-1 photosynthetically active radiation, PAR) for the 

characterisation of the leaves of Kinmaze, the drp2, drp5, drp7 and bgl mutants. 

 

Leaf hydrophobicity 

Hydrophobicity of the leaf cuticle was assessed using the contact angle of small droplets 

of water, and contact angles > 90° indicate a hydrophobic surface and > 150° indicate 

superhydrophobicity (Koch & Barthlott, 2009). Hydrophobicity of leaf blade segments 

was quantified by measuring the contact angle of a 1 μL water droplet on the adaxial 
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side with a wettability measurement system (LSE-ME3, Nick). Contact angle of each 

sample was calculated by the averaged values of three measurements for 5 seconds. 

Samples were from the youngest fully-expanded leaf of rice at the 7th leaf stage. 

 

Scanning electron microscopy of leaf surfaces 

Surface structures (papillae and epicuticular wax platelets) on the adaxial surface of leaf 

blades were visualised using a scanning electron microscope. Samples were taken 

approximately 1/3 from the tip of the youngest fully-expanded leaf blade of rice at two 

growth stages (see relevant Fig. captions) and were gold-coated by Smart Coater 

(JEOL) for 2 min and viewed with a scanning electron microscope (JCM-6000, JEOL), 

operating at an accelerating voltage of 15 kV under high vacuum mode. 

 

Gas film thickness 

Gas film thickness on submerged leaf blade segments was measured using the buoyancy 

method (Raskin, 1983; Colmer & Pedersen, 2008). The buoyancy of leaf segments (5 

cm in length) taken approximately 1/3 from the tip of the youngest fully-expanded leaf 

was measured in deionised water with the sample mounted on a hook underneath a 

4-digit balance with measurements before and after brushing both surfaces of the leaf 
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segment with 0.1% (v/v) Triton X-100 to remove any gas films. Leaf gas film thickness 

was calculated as gas volume (m3) divided by 2 times the projected area (m2) (Colmer 

& Pedersen, 2008). 

 

Leaf net photosynthesis: under water and in air 

Underwater net photosynthesis was assessed by measuring O2 evolution in a closed 

system according to the previously reported method (Pedersen et al., 2013). In brief, 

leaf blade segments (2.5 cm in length) taken approximately 1/3 from the tip of the 

youngest fully-expanded leaf were inserted into glass bottles contained 25 mL of 

medium, and two glass beads were added to ensure mixing as the bottles rotated inside 

the illuminated water bath at 30 °C; one leaf segment was placed in each bottle. PAR 

inside the glass bottles was 1000 µmol m-2 s-1 (measured using a spherical sensor; 4p 

US-SQS/L, Walz). The incubation medium was based on the general purpose culture 

medium (Smart & Barko, 1985) and contained (in mmol m-3): Ca2+, 0.62; Mg2+, 0.28; 

Cl-, 1.24; SO4
2-, 0.28. Various amounts of KHCO3 were added to the incubation medium, 

and 0.1 M HCl was used to adjust the pH (6.3-8.7), thus converting HCO3
- into free 

CO2 to achieve a range of dissolved CO2 (0.5-2500 mmol m-3), whilst keeping 

HCO3
- constant at 2.0 mol m-3. The dissolved O2 concentration in the incubation 
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medium was set at 50% of air equilibrium applied to prevent increase in O2 above air 

equilibrium levels during measurements that might have led to photorespiration and 

thus decreased net photosynthesis (Colmer & Pedersen, 2008). Following incubations of 

known duration, dissolved O2 concentration in each bottle was measured using a 

calibrated O2 mini-electrode (OX-500, Unisense A/S) connected to a pico-amperemeter 

(PA2000, Unisense A/S). Dissolved O2 concentrations in bottles prepared and incubated 

in the same way, but without leaf segments, served as blanks. The projected area of each 

leaf segment was measured using digital photography and subsequent analysis with 

ImageJ software (Schneider et al., 2012).  

Rates of net photosynthesis in air were measured approximately 1/3 from the tip of the 

youngest fully-expanded leaf blade on the main stem of rice. A LiCor 6400XT 

photosynthesis system was used with external light source at 1000 μmol m-2 s-1 PAR, 

block temperature at 28 °C, flow rate at 500 µmol s-1, CO2 at 800 µmol mol-1 (twice 

atmospheric levels to overcome any stomatal limitations on CO2 entry, as the aim was to 

evaluate the capacity of the photosynthetic machinery in air for benchmarking against 

maximal rates when under water), and relative humidity (RH) of 80%. In some 

experiments net photosynthesis in air was measured with ambient CO2 at 400 µmol 

mol-1 and 46% RH (Kinmaze and drp7 mutant), with flow rate, block temperature and 
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PAR as described earlier in this paragraph. 

SPAD and Leaf thickness 

Relative amount of chlorophyll was measured with a SPAD meter (SPAD-502, Minolta) 

on the 7th leaf. Cross-sections of the 7th leaf of Kinmaze and the drp7 mutant were 

observed under a fluorescence microscope (LSM700, Zeiss) and thickness was 

measured using ImageJ (Schneider et al., 2012).  

 

Environmental Scanning Electron Microscopy (eSEM) 

Adaxial surfaces of the fully expanded 7th leaf never submerged and submerged for 1 

day, of Kinmaze and the drp7 mutant, were observed using an environmental scanning 

electron microscope. Small segments taken 1/3 from the tip of the youngest 

fully-expanded leaf were fixed on a stage covered with carbon tape and set in a Quanta 

200FEG scanning electron microscope (FEI) at the Kobelco Research Institute, Kobe, 

Japan. Sections were viewed at voltage of 7 kv, after temperature and pressure in the 

chamber reached 0.1 °C and 680 Pa, respectively. 
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Field performance and survival 

Field performance of Kinmaze and the drp7 mutant was evaluated in a paddy field at 

the farm facilities of Nagoya University, Japan in June 2015. Ten individual plants each 

of Kinmaze and the drp7 mutant were transplanted, when 4 weeks old, in two lines 

side-by-side where flood water level was 15 cm. Three weeks after transplanting, plant 

survival was scored and survival rate was calculated as “number of live plants/number 

of transplanted seedlings”. Relative changes in chlorophyll content was measured with a 

SPAD meter (SPAD-502, Minolta) on the youngest fully expanded leaf immediately  

after transplanting and at the time of survival scoring. 

 

Drought tolerance 

An experiment was carried out to compare tolerance of a period of water deficit 

(watering was ceased), between the Kinmaze and the drp7 mutant. Twenty individual 

Kinmaze plants and twenty drp7 mutant plants were grown in the same pot in 3 

replicates. After being grown under well-watered condition for 3 weeks, the plants were 

stressed by withholding water for 5 days and then re-watering for 5 days at 26℃ under 

16hours light/8 hours darkness. 
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Water loss  

Water loss of excised leaves of Kinmaze and the drp7 mutant was measured by 

following the decline in fresh mass (FM) with time. The most recent fully-expanded leaf 

was detached from each tiller at the plant booting stage and soaked with the cut end in 

DI water for 2 hours in darkness. Leaves were then blotted gently to remove any excess 

water and weighed on a 5-digit balance after 0.5, 1, 1.5, 2, 2.5 and 3 hours (Chen et al., 

2003). Measurements were performed in a low light environment. The percentage of 

FM loss was calculated based on the initial sample fresh mass. 

 

Susceptibility to rice blast disease  

Rice blast resistance was evaluated as described previously in (Maeda et al., 2016). In 

brief, sterilized and pre-germinated seeds were soaked and grown in glass house at 

28 ℃until plants reached 4.7 leaf stage. The rice blast fungus used in this study was 

Kyu89-246 (MAFF101506, race 003.0) compatible to Kinmaze. Spores (0.5 x 104 

spores/mL) were sprayed onto plants, which were then kept in a dew chamber for 20 

hours at 25 ℃. The rice blast resistance was evaluated by the number of blast lesions 

per unit leaf area at 5 days after inoculation.  
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Results 

Leaf gas films are soon lost from the drp2, drp5 and drp7 mutants when submerged and 

underwater photosynthesis declines 

     Leaf gas film retention upon submergence, and leaf surface hydrophobicity, were 

assessed for Kinmaze and the drp2, drp5 and drp7 mutants (these 3 mutants are 

expressed as “drp2/5/7” in this Results section). All genotypes possessed leaf gas films 

when first submerged, but within one day of submergence the gas films failed to persist 

on the drp2/5/7 mutants (Figure 2-1). Loss of the gas films was associated with a loss of 

leaf surface hydrophobicity (Figure 2-2). Water droplets were repelled from leaves of 

Kinmaze after 1 day of submergence, but not from the drp2/5/7 mutants. Leaf surface 

hydrophobicity was quantified by contact angle measurements which showed that the 

drp2/5/7 mutants had become hydrophilic after 1 day of submergence whereas Kinmaze 

remained hydrophobic (Figure 2-3), and contact angle of the drp2 mutant was the 

lowest amongst the drp mutants. Interestingly, leaves of Kinmaze possess a higher 

density of epicuticular wax platelets than those of the drp2/5/7 mutants (Figure 2-4) and 

the drp2 mutant possess fewer epicuticular wax platelets than the other drp mutants. In 

the drp7 mutant, several younger stages of leaves were observed for the surface 

structures, which also showed fewer wax platelets on leaves of all of the leaf stages 
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(Figure 2-5). These wax platelets contribute to leaf hydrophobicity (Neinhuis & 

Barthlott, 1997; Koch & Barthlott, 2009). Papillae density can also influence leaf 

hydrophobicity (Koch et al., 2009), but this feature was similar for the drp2/5/7 mutants 

and Kinmaze (Figure 2-4,5).  

     Gas film thickness on submerged leaves was maintained for Kinmaze over 4 days 

of submergence, but the drp2/5/7 mutants did not retain gas films within the first day 

following submergence (Figure 2-6). Amongst the three drp mutants, gas film thickness 

of the drp2 mutant was the lowest when leaves were submerged for over 2 days (Figure 

2-6). Kinmaze still possessed gas films over 7 days of submergence (Figure 2-7) 

whereas for the drp2/5/7 mutants the gas films did not persist over 1 day of 

submergence (Figure 2-6,7). Loss of gas films caused a marked reduction in net 

photosynthesis of submerged leaves of the drp2/5/7 mutants, whereas both the gas films 

and net photosynthesis were maintained for Kinmaze (Figure 2-8). Net photosynthesis 

of submerged leaves was lowest in the drp2 mutant, as compared with the other drp 

mutants, when plants had been submerged for 1 or 4 days (Figure 2-8). CO2 response 

curves for underwater net photosynthesis were measured for leaves after 1 day of plant 

submergence and showed substantially higher rates for Kinmaze than the drp7 mutant 

(Figure 2-9). The initial slope of the response curve (i.e. when CO2 concentrations were 



35 
 

12 to 200 mmol m-3) shows that the rate of CO2 entry was 8.2-fold greater in Kinmaze 

than in the drp7 mutant (Figure 2-9). A photosynthesis model (Jassby & Platt, 1976) 

was fitted to each dataset showing that underwater net photosynthesis became 

CO2-saturated at 200 mmol CO2 m
-3 for Kinmaze (with gas films), whereas for the drp7 

mutant (without gas films) it only saturated near 2500 mmol CO2 m
-3. The two curves 

converge when dissolved CO2 was very high, because then enough CO2 can diffuse into 

both leaf types for the underwater net photosynthesis (Figure 2-9). By contrast with the 

situation when submerged, capacity for net photosynthesis in air did not differ between 

Kinmaze and drp7 mutant (Figure 2-10a). Leaf blade chlorophyll content (SPAD 

readings) and tissue thickness also did not differ between Kinmaze and drp7 mutant 

(Figure 2-10b,c). Another dripping wet leaf mutant “drp4” was also used to evaluate 

gas film thickness and underwater net photosynthesis. Gas film thickness on submerged 

leaves of the drp4 mutant was significantly reduced compared with that immediately 

present on leaves of non-submerged plants when first placed under water (Figure 2-11a), 

but interestingly these gas films were not completely collapsed such as the case in the 

drp2/5/7 mutants (Figure 2-6). Accordingly with this gradual reduction of gas films, 

underwater net photosynthesis of submerged leaves of drp4 mutant was not also 

reduced severely (Figure 2-11b) such as the case in the drp2/5/7 mutants (Figure 2-8). 
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There was a strong correlation between gas film thickness and underwater net 

photosynthesis in Kinmaze and all drp mutants (P＜0.0001) (Figure 2-12).  

 

Why did drp mutants lose gas films or water repellency after 1 day of submergence? 

     To understand leaf hydrophobicity and gas film retention more, Kinmaze leaf 

surface structures were observed by environmental scanning electron micrograph 

(eSEM) or SEM, and some leaves were treated by chloroform to remove wax platelets. 

After the chloroform treatment, wax platelets on papilla seemed to be diminished 

dramatically compared with the situation on the leaf cuticle surface (Figure 2-13). I 

hypothesize that loss of leaf hydrophobicity and gas films on the drp mutants after 1 day 

of submergence is caused by the change of papilla structure during the submergence, 

since papilla contribute to leaf hydrophobicity (Koch & Barthlott, 2009). Papilla 

structure of the drp7 mutant seemed to be collapsed after 1 day of submergence whereas 

papilla of Kinmaze remained to be normal (Figure 2-14). However, contact angle of the 

bright green leaf (bgl) mutant, which has no papilla on leaf surface (Yoo et al., 2011) 

(Figure 2-15) was not reduced dramatically after 1 day of submergence (Figure 2-16) 

such as the case in the drp mutants (Figure 2-3). In accord with this slight loss of leaf 

hydrophobicity, gas films also did not diminish after 1 day of submergence in the bgl 
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mutnat (Figure 2-17). By contrast, after 4 days of submergence some places of the leaf 

surface on the drp7 mutant were split (showing cracks) whereas these were not 

observed for the leaf surface of Kinmaze (Figure 2-18,19,20) and also was not observed 

in the bgl mutant which lacks papilla but has wax platelets on the leaves (Figure 2-15). 

These findings imply that the water presumably permeates the split areas of the leaves 

of drp mutants after 1 day of submergence, leading to loss of leaf hydrophobicity and 

gas films. Consistent with the split phenotype of the drp7 mutant after submergence, 

underwater photosynthesis of 1 day submerged leaves of the drp7 mutants was higher 

than Kinmaze when leaves were incubated in a much higher concentration of CO2 (5000 

ppm) (Figure 2-21), implying that after submergence, CO2 dissolved in the water could 

permeate the split leaves of drp mutants which lack the epicuticular wax platelet. These 

data might demonstrate the role of epicuticular wax platelets to protect the leaf surfaces 

from submergence.  

 

Additional characterisation of the drp7 mutant 

     The importance of leaf hydrophobicity for paddy rice was shown by death of the 

drp7 mutant within 3 weeks after transplanting into 15 cm of standing water in a field 

(Figure 2-22), whereas Kinmaze remained green and grew (Figure 2-22,23). The leaves 
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of the drp7 mutant could not maintain emergence above the water and eventually died, 

whereas leaves of Kinmaze maintained air contact and the plants grew (Figure 2-22).  

Since cuticle properties also influence water loss and pathogen infections (Samuels et 

al., 2008), I tested also the responses of the drp7 mutant to water deficit and to rice blast 

disease. The drp7 mutant showed sensitivity to water deficit (Figure 2-24), associated 

with faster leaf water loss (Figure 2-25a) and lower net photosynthesis in air of low 

humidity (46% RH), compared with Kinmaze (Figure 2-25b). The drp7 mutant was 

more susceptible to infection by rice blast, than Kinmaze (Figure 2-26).                           
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Discussion 

     In order to understand the biological significance of leaf gas films, physiological 

analysis for gas film retention was performed using the drp2/5/7 mutant in this research. 

Leaf gas films contribute to plant submergence tolerance as the resistance is lower for 

inwards diffusion of CO2 and O2 into the leaves (Verboven et al., 2014), which aids 

photosynthesis and internal aeration during complete submergence (Pedersen et al., 

2009; Winkel et al., 2013; Winkel et al., 2014). The adaxial and abaxial surfaces of rice 

leaves are similarly hydrophobic and both surfaces possess gas films when submerged 

(Pedersen et al., 2009) the drp7 mutant lost gas films from both leaf sides soon after 

submergence. The CO2 response curve of underwater net photosynthesis by Kinmaze 

and the drp7 mutant at 1 day of submergence showed that at low external concentrations 

the rate of CO2 entry into leaves was 8.2-fold higher for Kinmaze than for the drp7 

mutant (Figure 2-9). This 8.2-fold difference between leaves of Kinmaze (gas films 

present) and the drp7 mutant (gas films absent) compares with the 3-to-5-fold higher 

CO2 entry into leaves with gas films present as compared to those for which gas films 

had been experimentally removed using a dilute detergent (Pedersen et al., 2009; 

Winkel et al., 2013). Importantly, when under water with 100 mmol CO2 m
-3 [a level 

relevant in field situations, (Colmer et al., 2011)] the leaves of Kinmaze had a 4.5-times 
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higher rate of net photosynthesis as compared with those of the drp7 mutant (Figure 

2-9). The present study of the drp2/5/7 mutant, together with previous work which 

experimentally manipulated leaf gas films (Pedersen et al., 2009; Winkel et al., 2013) or 

modelled the function of this leaf trait (Verboven et al., 2014), demonstrates the 

significance of leaf gas film retention for underwater photosynthesis and submergence 

tolerance of rice.  

     Leaf gas films and surface hydrophobicity of the drp2/5/7 mutants were initially 

maintained but then lost over 1 day of submergence (Figure 2-1,2,3,6). Papillae on leaf 

surfaces are considered to be related to leaf hydrophobicity (Koch & Barthlott, 2009) 

but leaf hydrophobicity of the bgl mutant, which possess no papillae on the leaves (Yoo 

et al., 2011) was still remained after 1 day of submergence (Figure 2-16), whereas the 

drp mutants all had papillae but lacked epicuticular wax platelets. On the other hand, 

some leaf surfaces on the drp7 mutant show some splits in the cuticle after submergence 

whereas such physical disruption of the cuticle weren’t observed in the leaf surfaces of 

Kinmaze (Figure 2-18,19,20). These findings imply that the water presumably 

permeates the leaves which lack the epicuticular wax platelets on the leaves and this 

might then cause splits in the cuticle of the drp mutants. In addition to the previous 

reports on the influence of epicuticular wax platelets on leaf hydrophobicity (Marmur, 
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2003; Koch & Barthlott, 2009), these might demonstrate the role of epicuticular wax 

platelets to protect the leaf surfaces from submergence.  

     Although papilla was not associate with the marked loss of leaf hydrophobicity 

and reduced gas film presence (Figure 2-16,17), papillae have been reported to 

contribute to leaf hydrophobicity (Koch & Barthlott, 2009). Our observation of gas 

films initially being present on leaves of the drp7 mutant upon submergence but the loss 

of the gas films during the first day under water, might be explained by the papillae 

providing initial leaf hydrophobicity but with subsequent ingress of water onto the leaf 

surface layer owing to the low abundance of epicuticular wax platelets. In order to 

confirm this hypothesis, future research would need to check whether gas film presence 

and leaf hydrophobicity will be collapsed before submergence or not, using the double 

mutant from crossing between the drp and the bgl mutant. 

     In conclusion, the drp2/5/7 mutants lost gas films and had reduced leaf 

hydrophobicity after submergence, which was related to a lack of epicuticular wax 

platelets. Gas film loss leads to the decline for underwater photosynthesis of the leaves 

and moreover this leads to death of rice plants in the paddy field. Previous research 

reported that wax platelets are important for resistance to drought stress to prevent water 

loss from leaves and to prevent disease infection of leaves (Samuels et al., 2008), as my 
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data also indicated (Figure 2-24,25,26). This research demonstrated the additional 

biological significance that wax platelets are also important for plant submergence 

tolerance. It is interesting that epicuticular wax, which is known to be important 

chemical component for plants to move to the land environment evolutionally (Gulz et 

al., 1994), is also essential for rice to survive in the under water environment again. As 

wax platelet abundance is one of the factors which appear to determine the leaf 

hydrophobicity (Koch & Barthlott, 2009; Herzog et al., 2017), amount of epicuticular 

wax platelets can determine gas film retention. Evaluation of correlation between 

amount of epicuticular wax, leaf hydrophobicity and gas film volumes and retention, 

using various rice genotypes, will promote greater understanding for gas film retention 

in rice.   
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Summary 

One of the factors enabling plants, such as rice, in waterlogging and submergence prone 

areas to survive is hydrophobic leaves and the associated air layer around submerged 

leaves which is called a gas film. Plants possessing leaf gas films can perform 

underwater photosynthesis although they are in water. However, previous research had 

to rely on dilute detergent to observe the contribution of gas films to various 

physiological processes such as photosynthesis and gas entry to the leaves and plant 

body. Here, I hypothesized more physiological understanding for gas film formation or 

retention will be achieved by using dripping wet leaf (drp) mutants lacking leaf 

hydrophobicity, which is an approach not being affected by the outside elements such as 

dilute detergent. The gas films of the drp mutants were lost after 1 day of submergence, 

which was consistent with the loss also of leaf surface hydrophobicity. Loss of gas film 

retention and leaf hydrophobicity was explained by the lack of epicuticular wax 

platelets on the leaf blade surfaces of the drp mutants. According to the gas film loss, 

underwater photosynthesis of the drp mutants had also declined after 1 day of 

submergence and moreover the drp7 mutants couldn’t survive in paddy field. These data 

suggest epicuticular wax platelets as essential for gas film retention and thus to maintain 

underwater photosynthesis for longer periods of submergence. Moreover, additional 

biological significance is that epicuticular wax platelets are important for plants to 

survive in water, as well as the already known importance to the drought or disease 

infection tolerance, which were demonstrated in this research using drp mutants. 
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Fig. 2-1 Gas film presence on the leaf blades of Kinmaze, the drp2, drp5 and drp7 

mutants after 1 day submergence.  

Gas films on the leaf blades of Kinmaze when under water (evident as a silvery sheen 

on the lower half of leaves dipped into water; white triangle shows water level) persist 

initially and after 1 d. Gas films were initially present on the leaf blades of the drp2, 

drp5 and drp7 mutants when under water, but these did not persist beyond the first day 

of plant submergence.  
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Fig. 2-2 Leaf hydrophobicity of Kinmaze, the drp2, drp5 and drp7 mutants after 1 

day of submergence.  

The hydrophobic leaf blade surface is demonstrated by water droplets on Kinmaze and 

initially on the drp2, drp5 and drp7 mutants. The leaf surface remained hydrophobic for 

Kinmaze when submerged, but had become hydrophilic for the drp2, drp5 and drp7 

mutants during the first day under water. 
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Fig. 2-3 Contact angle of water droplet and leaf surface on Kinmaze, the drp2, drp5 

and drp7 mutants. 

(a) Contact angles of water droplet and leaf surface were measured, as indicated by the 

dotted red lines. Contact angles are of a 1 µl water droplet and are the angles (relative to 

the horizontal) at which the water–air interface of the droplet meets the leaf surface. 

Data in (b) are means±SD (n = 4) with each replicate being a leaf blade segment from a 

different plant. 
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Fig. 2-4 Leaf blade surface structure of Kinmaze, the drp2, drp5 and drp7 mutants. 

Scanning electron micrographs of leaf blades show that Kinmaze possesses a greater 

density of epicuticular wax platelets than the drp2, drp5 and drp7 mutants. The 

numerous, small white ‘flecks’ on the leaf surface are the epicuticular wax platelets, 

whereas the larger circular-like structures (top view of a dome-like protrusion) are 

papillae. All measurements were on the adaxial side of leaf 7 and scale bars are 5 µm. 
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Fig. 2-5 Leaf blade surface structure of Kinmaze and the drp7 mutant in several 

leaf stages. 

Scanning electron micrographs of the adaxial surface of the blade (lamina) of leaf 3, 4, 

5 and 7 of Kinmaze and the drp7 mutant. Plants were grown with shoots in air (never 

submerged) and sampled at 7th leaf stage. Scale bar is 5 µm and magnification is the 

same for all eight micrographs. 
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Fig. 2-6 Gas film thickness on leaf blades of Kinmaze, the drp2, drp5 and drp7 

mutants. 

Gas film thickness on leaves of Kinmaze was maintained over 4 d of plant submergence, 

whereas these films collapse on leaves of the drp2, drp5 and drp7 mutants. 

Measurements were on leaf 7. Data are means ± SD (n = 4) with each replicate being a 

leaf blade segment from a different plant. 
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Fig. 2-7 Gas film thickness on leaf blades of Kinmaze, the drp2, drp5 and drp7 

mutants at 7 days of submergence. 

Gas film thickness on leaves of Kinmaze was still maintained over 7 days of plant 

submergence, whereas these films collapse on leaves of the drp2, drp5 and drp7 

mutants. Measurements were on leaf 7. Data are means ± SD (n = 4) with each replicate 

being a leaf blade segment from a different plant. 
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Fig. 2-8 Underwater net photosynthesis (PN) by leaf blades of Kinmaze, drp2, drp5 

and drp7 mutants, as influenced by time of plant submergence. 

Loss of leaf gas films had adverse consequences for underwater PN by the drp2, drp5 

and drp7 mutants, whereas underwater PN was maintained in Kinmaze over 4 days of 

plant submergence. Measurements were on leaf 7. Data are means±SD (n = 5 for 

drp2/5/7 and 10 for Kinmaze) with each replicate being a leaf blade segment from a 

different plant. 
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Fig. 2-9 Response of underwater net photosynthesis (PN) to increasing dissolved 

CO2 concentrations for leaf blades of Kinmaze and the drp7 mutant, at 1 d of 

submergence. Kinmaze had retained gas films, whereas these had not persisted on 

the drp7 mutant.  

Underwater PN of Kinmaze was CO2 saturated at 200 mmol m-3 in the water, whereas 

the drp7 mutant required approximately 10-fold higher external dissolved CO2. Indeed, 

the resistance to CO2 entry was 8.2-fold higher for the drp7 mutant than for Kinmaze 

with 12 to 200 mmol m-3 in the water. Measurements were on leaf 7. Data are 

means±SD (n = 4; SD bars are not visible when smaller than the symbols) with each 

replicate being a leaf blade segment from a different plant.  
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Fig. 2-10 Net photosynthesis (PN) in air, chlorophyll content (SPAD reading) and 

leaf thickness of Kinmaze and the drp7 mutant. 

(a) PN in air, (b), SPAD readings and (c) Leaf blade (lamina) thickness were measured 

approximately 1/3 from the tip of the youngest fully-expanded leaf (leaf 7) of 4 weeks 

old plants. PN was measured with CO2 at 800 mmol/mol (twice atmospheric levels to 

overcome any stomatal limitations on CO2 entry, as the aim was to evaluate the capacity 

of the photosynthetic machinery), relative humidity of 80% and 28 ℃. None of the 

three parameters differed between Kinmaze and the drp7 mutant (P > 0.05; t-test). Data 

are means ± S.D. (n = 3, 5 or 7 for PN, SPAD reading and leaf thickness, respectively). 
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Fig. 2-11 Gas film thickness and underwater net photosynthesis (PN) for leaf blades 

of the drp4 mutant. 

(a) Gas film thickness on leaves of the drp4 mutant was reduced after 1 day of plant 

submergence, however these films had not collapsed to the same extent as was the case 

in the drp2, drp5 and drp7 mutants (see Figures 2-6,7). (b) Accordingly underwater PN 

was only marginally reduced, whereas it had declined much more markedly in the drp2, 

drp5 and drp7 mutants (see Figure 2-8). Measurements were on leaf 7. Data are 

means±SD (n = 4) with each replicate being a leaf blade segment from a different plant. 
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Fig. 2-12 Scatter diagram between gas film thickness and underwater net 

photosynthesis (PN) for leaf blades of Kinmaze, the drp2, drp5 and drp7 mutants.  

Gas film thickness of Kinmaze and the drp2/4/5/7 mutant were measured at the initial 

time of submergence and then after 1 day of submergence (Figures 2-6,11a). 

Underwater PN of Kinmaze and the drp2/4/5/7 mutants (CO2 concentration in the 

solution at 200 mmol m-3) were also measured at the initial time of submergence and 

then after 1 day of submergence (Figures 2-8). Kinmaze leaves which retained the gas 

film at 1 day of submergence had high PN whereas leaves of the drp2/5/7 mutants which 

lost gas films at 1 day of submergence has lower PN than Kinmaze. Leaves of the drp4 

mutant which maintained a gas film (thickness reduce only by half) after 1 day of 

submergence has higher PN than the drp2/5/7 mutants.



62 
 

 

Fig. 2-13 Leaf blade surface structure of Kinmaze after brushing with water 

(control), brushing with chloroform treatment, or brushing with chloroform and 

then with 1 day of submergence. 

Leaf blade surface structure of Kinmaze was observed by environmental scanning 

electron micrographs (eSEM) after (a) brushing the leaf blade with water (control), (b) 

brushing the leaf blade with chloroform, or (c) brushing the leaf blade with chloroform 

and then submerged for 1 day. All measurements were on the adaxial side of leaf 7. 

White arrow indicates water and scale bars are 5 µm. 
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Fig. 2-14 Leaf blade surface structure of Kinmaze and the drp7 mutant after 1 day 

of submergence. 

Kinmaze and two independent drp7 mutant lines (drp#1 and drp#2) were submerged for 

1 day and papilla structure of these leaf blades were observed by eSEM. The numerous, 

small white ‘flecks’ on the leaf surface are the epicuticular wax platelets, whereas the 

larger circular-like structures (top view of a dome-like protrusion) are papillae. All 

measurements were on the adaxial side of leaf 7. White arrow indicates water and scale 

bars are 5 µm. 
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Fig. 2-15 Leaf blade surface structure of Kinmaze and the bgl mutant at the time of 

submergence and then after 4 days of submergence. 

Scanning electron micrographs of leaf blades show that Kinmaze possesses a high 

density of epicuticular wax platelets and papillae. On the other hand, the bgl mutant also 

possesses high density of epicuticular wax platelets but lacks papilla on leaf surface. All 

measurements were on the adaxial side of leaf 7 and scale bars are 5 µm. 

. 
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Fig. 2-16 Contact angle of water droplet and leaf surface on Kinmaze and the bgl 

mutant.  

(a) The hydrophobic leaf blade surface is demonstrated by water droplets on Kinmaze 

and the bgl mutant. The leaf surface after 1 day of submergence remained hydrophobic 

not only in Kinmaze but also in the bgl mutant. (b) Contact angles are of a 1 µl water 

droplet and are the angles (relative to the horizontal) at which the water–air interface of 

the droplet meets the leaf surface. Data in (b) are means±SD (n = 4) with each replicate 

being a leaf blade segment from a different plant.  

. 
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Fig. 2-17 Gas film presence on the leaf blades of Kinmaze and the bgl mutant after 

1 day submergence.  

Gas films on the leaf blades of Kinmaze and the bgl mutant when under water (evident 

as a silvery sheen on the lower half of leaves dipped into water; white triangle shows 

water level) were present initially and persist after 1 day of submergence. 
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Fig. 2-18 Leaf blade surface structure of Kinmaze and the drp7 mutant after 4 days 

of submergence.  

Scanning electron micrographs of leaf blades show that leaf surface structure of the 

drp7 mutant was cracked (showing splits in the surface) after 4 days of submergence 

whereas leaf surface of Kinmaze remained to be normal after 4 days of submergence. 

All measurements were on the adaxial side of leaf 7 and scale bars are 5 µm. 
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Fig. 2-19 Leaf blade surface structure of Kinmaze after 4 days of submergence.  

Scanning electron micrographs of leaf blades show that leaf surface structures of 

Kinmaze were normal after 4 days of submergence. These 9 panels are from same 

observation in Figure 2-18 of Kinmaze but observed using different places of the leaf 

blade. All measurements were on the adaxial side of leaf 7 and scale bars are 5 µm. 
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Fig. 2-20 Leaf blade surface structure of the drp7 mutant after 4 days of 

submergence.  

Scanning electron micrographs of leaf blades show that leaf surface structures of the 

drp7 mutant were cracked (i.e. some splits in the surface) after 4 days of submergence. 

Theses 9 panels are from same observation in Figure 2-18 of the drp7 mutant but 

observed using different places of the leaf blade. All measurements were on the adaxial 

side of leaf 7 and scale bars are 5 µm. 
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Fig. 2-21 Underwater net photosynthesis (PN) on leaf blades of Kinmaze and the 

drp7 mutant after 1 day of submergence, at high concentration of dissolved CO2 

(5000 mmol m-3). 

Underwater PN was higher in the 1 day submerged leaves of the drp7 mutant than in 

Kinmaze when measured at high CO2 concentration (5000 mmol m-3), which is different 

result from the data in Figure 2-8,12 (concentration of dissolved CO2 was 200 mmol 

m-3). Data are means±SD (n = 5) with each replicate being a leaf blade segment from a 

different plant. 
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Fig. 2-22 Leaves with hydrophobic surfaces are of importance to maintain 

air-contact of rice shoots in a paddy field.  

Rice variety Kinmaze and the mutant drp7 were transplanted into a paddy field with 

15 cm water during the wet season (June) (photographed immediately after 

transplanting). Within a few days after transplanting, leaves of the drp7 mutant came 

into contact with the water and could not emerge and these perished within 3 weeks, 

whereas the water-repellent leaves of Kinmaze remained in air-contact and grew (right 

panel).. 
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Fig. 2-23 Leaves with hydrophobic surfaces are of importance to maintain 

air-contact of rice shoots in a paddy field. 

(a) The survival rate of Kinmaze and the drp7 mutant after transplanting was quantified. 

(b) SPAD readings indicate leaf chlorophyll contents of Kinmaze had not changed 

during the 3 weeks after transplanting, whereas the dead leaves of the drp7 mutant 

appeared brown (SPAD readings had declined to very low values) and the leaves were 

flaccid. Data in means ± s.d., n = 5 for survival and SPAD readings. **** indicates 

significant differences (P < 0.0001, t-test). 
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Fig. 2-24 Responses to water deficit of Kinmaze and the drp7 mutant.  

Kinmaze and drp7 mutant plants were each grown in 3 replicate pots, with 20 individual 

plants of each genotype in each pot. After being grown under well-watered condition for 

3 weeks, the plants were stressed by withholding water for 5 days and then re-watering 

for 5 days at 26 ℃ under 16 hours light/8 hours darkness. (a) Kinmaze and the drp7 

mutant in flooded soil (left panel), when exposed to 5 days of water deficit (middle 

panel) and 5 days after re-watering (right panel). (b) Survival rate of Kinmaze and the 

drp7 mutant after the above water deficit and re-watered periods. Values are means ± 

S.D. (n = 10). **** indicates significant difference (P < 0.0001, Sidak-test). 



74 
 

 

Fig. 2-25 Responses to water deficit of Kinmaze and the drp7 mutant. 

(a) Water loss of excised leaves of Kinmaze and the drp7 mutant was measured by 

following the decline in fresh mass (FM) with time. The most recent fully-expanded leaf 

was detached from each tiller at the plant booting stage and it was soaked in DI water 

for 2 h in darkness. Leaf was then blotted gently to remove any excess water and 

weighed on a 5-digit balance (Chen et al., 2003). Values are means ± S.D. (n = 10, each 

replicate being a leaf from a different plant). (b) Net photosynthesis (PN) in air of 

Kinmaze and the drp7 mutant when measured at relatively low (i.e., 46%) relative 

humidity, with CO2 at 400 mmol/mol and at 28 ℃. Values are means ± s.d. (n = 3, each 

replicate being a leaf from a different plant). In (a), 2-way ANOVA showed significant 

effects of genotype as well as time and also with a significant genotype × time 

interaction (* P < 0.05; **** P < 0.001). In (b), significant differences (Tukey test): *, P 

< 0.05.  
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Fig. 2-26 Susceptibility to rice blast disease for Kinmaze and the drp7 mutant.  

Rice blast resistance was evaluated as described previously in (Maeda et al., 2016). In 

brief, sterilized and pre-germinated seeds were soaked and plants were grown in a 

glasshouse at 28 ℃ until 4.7 leaf stage. The rice blast fungus used in this study was 

Kyu89-246 (MAFF101506, race 003.0) compatible to Kinmaze. Spores (0.5 x 104 

spores/mL) were sprayed onto plants, which were then kept in a dew chamber for 20 

hours at 25 ℃. The rice blast resistance was evaluated by the number of blast lesions 

per unit leaf area at 5 days after inoculation. (a) Examples of lesions and (b) quantified 

as number of blast lesions per mm2. Data are means ± s.d. (n = 8); ** significant 

difference, P < 0.01; t-test. 



76 
 



77 
 

 

 

 

 

Chapter 3 

Identification of Leaf Gas Film 1 (LGF1),  

which is the candidate gene for the drp7 mutant 
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Introduction 

Water limits global agricultural production; too little or too much destroys 

crops. Floods alone can cause yield losses worth $US 7.8 billion each year (FAO, 2015). 

Even rice (Oryza sativa), a wetland crop which grows in shallow standing water and 

feeds a large proportion of the world population, frequently suffers damage or loss in 

flood-prone regions (Ismail et al., 2013). Inundation by water impedes shoot gas 

exchange, which slows CO2 entry and restricts photosynthesis during the day and slows 

O2 uptake resulting in tissue hypoxia during the night (Pedersen et al., 2009; Colmer et 

al., 2014). A mechanism to enhance tissue gas exchange with water, evident both for 

aquatic invertebrate animals and plants, is hydrophobic body surfaces that retain a thin 

layer of gas; for plants this trait has been referred to as ‘leaf gas films’ (Pedersen et al., 

2009; Pedersen & Colmer, 2012). The surface of rice leaves is hydrophobic and the 

leaves initially retain gas films when submerged, but the gas layer can diminish with 

time under water and result in reduced photosynthesis (Winkel et al., 2014) and a lower 

O2 status (Winkel et al., 2013). 

Research on the physiological roles of leaf gas films has previously relied on 

experimental removal of surface hydrophobicity using a dilute detergent so that gas 

films were not formed during submergence (Raskin & Kende, 1983; Colmer & 
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Pedersen, 2008; Pedersen et al., 2009). However, a molecular genetic approach using a 

rice mutant with diminished capacity to retain leaf gas films will enable elucidation of 

the genetic regulation of this leaf trait and improve knowledge of the physiological 

function in plant submergence tolerance. 

Leaf hydrophobicity has been studied in detail for some species [e.g. sacred 

lotus, (Barthlott & Neinhuis, 1997)] and it results from various macro-, micro- and 

nano-structures of the surface, respectively plicate leaves, papillae and epicuticular 

waxes (Marmur, 2003; Koch & Barthlott, 2009) although the epicuticular wax platelets 

are considered to be of particular importance (Koch & Barthlott, 2009; Herzog et al., 

2017). Synthesis of epicuticular waxes involves fatty acyl-CoA elongation which 

produces very long-chain fatty acyl-CoAs and these enter either the primary alcohols 

pathway (Samuels et al., 2008) or the alkane pathway (Kunst & Samuels, 2003). 

Primary alcohols and very long-chain fatty acids are components in wax esters 

(Heilmann et al., 2012). In Arabidopsis, the alkane pathway continues to ketones 

(Rashotte et al., 2001; Greer et al., 2007), but this is not shown in wax synthesis 

pathway for rice. In the primary alcohol pathway, several fatty acyl reductase (FAR) 

genes have been identified. These include ECERIFERUM4 (CER4), which encodes an 

alcohol-forming fatty acylcoenzyme A reductase involved in cuticular wax production 
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in Arabidopsis to produce C26 and C28 primary alcohols from the respective very 

long-chain fatty acyl-CoA (same C number), which was identified using a cer4 mutant 

that had decreased primary alcohols and increased VLCFAs (Rowland et al., 2006). In 

rice, OsHSD1 encodes a hydroxysteroid dehydrogenase (HSD) that influences leaf wax 

composition, which was suggested to occur via interactive effects of OsHSD1 on 

expression of CER genes (Zhang et al., 2016). Leaf surface hydrophobicity was lost in 

an oshsd1 mutant (Zhang et al., 2016), but the influence on leaf gas films, underwater 

photosynthesis and submergence tolerance were not evaluated. The importance of leaf 

hydrophobicity and gas films for underwater photosynthesis and submergence tolerance 

of rice (Pedersen et al., 2009; Winkel et al., 2013; Colmer et al., 2014) and some other 

species (Colmer & Pedersen, 2008; Colmer et al., 2011) promoted the present study to 

identify a gene conferring leaf gas film retention in rice 

The present study used the drp7 mutant, gas films of which were lost over 1 

day of submergence (Chapter 2), for gene mapping and a gene complementation test. 

Discovery of the gene determining leaf gas film retention, Leaf Gas Film 1 (LGF1), 

demonstrated that LGF1 determines leaf wax composition, epicuticular wax platelet 

abundance, surface hydrophobicity, and thus gas film retention and underwater 

photosynthesis for leaves of rice. 
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Materials and methods 

Gene mapping, transcript abundance and complementation test 

In order to map the drp7candidate gene, F2 plants of crosses between the drp7 mutant 

(Japonica) and Kasalath (Indica) were used. A total of 5,300 individual plants of the F2 

population were used in positional cloning of LGF1. Genomic DNA was extracted from 

each plant of the F2 population by using the modified TPS method (Thomson & Henry, 

1995; Nagai et al., 2012). The purified DNA samples were then genotyped using 

molecular markers. PCR-based markers, including simple sequence repeat (SSR) 

markers (https://www.ricebase.org), cleaved amplified polymorphic sequence (CAPS) 

markers (for this study, CAPs markers were designed using dCAPS Finder 2.0 

(http://helix.wustl.edu/dcaps/dcaps.htmL), and SNPs, which were identified by 

comparing the genomic DNA sequences of each parent, were used for mapping. To 

confirm the coding sequences of each gene in the candidate region, I designed the 

sequence primers (Table 3-1) and amplified the genomic regions using genomic DNA 

from the drp7 mutant. Amplified DNA fragments were electrophoresed and purified 

using Wizard SV Gel and PCR Clean-up System Kit (Promega). Sequencing of DNA 

fragments was performed using ABI3730xl capillary DNA sequencer (Applied 

Biosystems). Sequences of candidate genes were compared with annotated sequences 
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on RAP-DB (http://rapdb.dna.affrc.go.jp) and TIGR (http://rice.plantbiology.msu.edu) 

by using ATSQ software (Genetyx). Total RNA was isolated from roots, youngest 

fully-expanded leaf sheath and leaf blade and expanding leaf blade of Kinmaze and the 

drp7 mutant grown in a glasshouse for 2 months, using the RNeasy Plant Mini Kit 

(QIAGEN). First-strand cDNA was generated using Omniscript RT kit (QIAGEN). 

Real-time quantitative PCR analysis was carried out using StepOnePlus (Thermo 

Fisher). The cDNAs of interest were specifically amplified with the following primers: 

LGF1-RT-F (5’- TCAGCAAGAAGATCCTCGAG) and LGF1-RT-R (5’- 

CATGGCTGCGGATGGTCTTG). As a control for qRT-PCR, Ubiquitin was amplified 

with the primers Ubi-F (5‘- AATTCCAATCCTTTCTTGCCTC) and Ubi-R (5’- 

TGTCAATCGTATCGGAGAAC). Each 20 µL reaction mixture contained 1 x SYBR 

Fast qPCR Mix, 0.4 µM gene-specific primers and 1 x ROX reference dye. Reactions 

were performed according to the manufacturer’s instructions. The relative mRNA 

expression levels were normalised against Ubiquitin gene expression levels. Full length 

coding sequence of LGF1 [OsHSD1 (LOC_Os11g30560)] was amplified using cDNA. 

The primers were designed on the basis of the information on TIGR 

(http://rice.plantbiology.msu.edu). The coding sequence was ligated into 

pCAMBIA1380 containing rice ubiquitin promoter using DNA ligation kit (Takara), 
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following the manufacturer’s protocol. The construction was transformed into 

Agrobacterium tumefaciens strain EHA105 by electroporation (Hood et al., 1986). 

Generation of transgenic rice plants used Agrobacterium-mediated transformation of 

rice calli by the previously reported method (Hiei et al. 1994). The transformed plants 

(T0 plants) were used in experiments.  

 

Leaf cuticular wax composition 

Total cuticular wax mixtures were extracted by immersing leaf blades into chloroform 

for 60 sec at 60 °C (Zhou et al., 2013). The solution was completely evaporated under a 

stream of N2 gas, and the residue was re-dissolved in chloroform. Wax identification 

and quantification were performed using published methods with minor modification 

(Greer et al., 2007). In TLC analyses, the total wax was separated on silica gel with 

hexane/diethyl ether/acetate (90:7.5:1, v/v/v) and each wax compound was scraped off 

from the silica gel after being visualised by staining with primuline and UV light. 

n-tetracosane (C24 alkane) was added to the silica gel as an internal standard, and 

extracted with chloroform. The solution was evaporated under a stream of N2 gas, and 

the residues were incubated with BSTFA-TMCS and pyridine for 1 h at 80 °C. BSTFA 

and pyridine were then removed under a stream of N2 gas. The samples were dissolved 
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in hexane and analysed for wax components identification by GC-MS (GCMSTQ-8030; 

Shimadzu) equipped with a Rxi-5HT column (length, 30 m; internal diameter 0.25 mm; 

film 0.25 μm; RESTEK), and for wax quantification by GC-FID (GC2014; Shimadzu) 

equipped with a DB-5 column (length 30 m; internal diameter 0.25 mm; film 0.25 μm; 

Agilent). For the GC-MS and GC-FID, the carrier gas was He, the injection port was at 

320 °C, and column temperature was: 50 °C for 2 min, increased to 200 °C at a rate of 

40 °C per min and held for 2 min, after which it was raised to 320 °C at a rate of 3 °C 

per min and held for 40 min. Wax quantities were determined by comparing FID peak 

areas against internal standards. The data were expressed per unit of surface area 

extracted for each sample. 
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Results 

Identification of a gene determining leaf hydrophobicity and gas film retention 

 To identify the gene responsible for the drp7 mutant phenotype of leaf gas film 

loss, I crossed the drp7 mutant with Kasalath (O. sativa L., Indica), and scored the F1 

and F2 progenies for the dripping wet leaf phenotype. All F1 plants were water repellent 

and for the F2 population of 5,300 individuals the segregation ratio was 3:1 for water 

repellent:dripping wet leaf phenotypes, indicating a recessive mutation of a single gene, 

according to Mendelian inheritance. I used positional cloning with the 5,300 F2 plants to 

identify a candidate region of 221 kb on chromosome 11, between markers RM26764 

and RM26774 (Figure 3-1a). Further high-resolution mapping using dCAPS and 

sequencing reduced the candidate region to 154 kb (Figure 3-1b) which contained 18 

annotated genes in TIGR (http://rice.plantbiology.msu.edu) (Figure 3-1c). Genomic 

DNA sequence analysis indicated a single nucleotide substitution in 

LOC_Os11g30560.1 (Figure 3-1d) of an ‘A’ in Kinmaze to ‘T’ in the drp7 mutant at the 

3’-splicing site in the third intron of the OsHSD1 gene which is a member of the 

short-chain dehydrogenase reductase (SDR) family (Figure 3-1e). Moreover, cDNA 

sequence analysis indicated that this single nucleotide substitution resulted in a 

premature stop codon in OsHSD1 of the drp7 mutant, as well as a 29 bp upstream 
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extension of the fourth exon (Figure 3-1e). This premature stop codon would 

presumably yield a truncated protein product (Figure 3-2), possibly resulting in loss of 

the predicted catalytic residues and thus the loss of function in the mutant (i.e. loss of 

leaf gas films). 

 The present mutation differs to those reported for other rice wax mutants 

(Rowland et al., 2006; Yu et al., 2008; Islam et al., 2009; Park et al., 2010; Chen et al., 

2011; Qin et al., 2011; Mao et al., 2012; Zhou et al., 2013; Zhu & Xiong, 2013) and is a 

different allele of OsHSD1 to that recently identified by Zhang et al. (2016) to encode a 

hydroxysteroid dehydrogenase involved in wax synthesis. The importance of leaf gas 

films for submergence tolerance of rice (Pedersen et al., 2009) and the loss of capacity 

for gas film retention in the drp7 mutant (Figure 2-1,6,7), prompted us to name the new 

allele discovered here, Leaf Gas Film 1 (LGF1). Consistent with its role in determining 

leaf cuticle wax composition, LGF1 was preferentially expressed in the expanding leaf 

blade of Kinmaze (Figure 3-3,4). By contrast, the drp7 mutant showed little expression 

of LGF1. This result suggests the drp7 mutant is a null mutant of LGF1.  

 

Verification of the function of LGF1/OsHSD1 by a complementation test 

The function of LGF1 was verified by a complementation test by generating 
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transgenic lines of rice with LGF1 cDNA from Kinmaze driven by the 

Ubiquitin-promotor in the drp7 mutant (pUb::LGF1/drp7), as well as a vector control 

lines also in the drp7 mutant (pUb(VC)/drp7). T0 plants were raised in seedling trays in 

a glasshouse and tested for the dripping wet leaf phenotype as done above for the 

mapping population. T0 plants displaying the non-dripping wet leaf characteristic (i.e. 

with water-repellent leaves), as well as a random selection of T0 vector control lines, 

were sampled for further measurements as described below. Gas film retention (Figure 

3-5), leaf surface hydrophobicity (Figure 3-6) and density of epicuticular wax platelets 

(Figure 3-7) were all restored in the complementation lines expressing LGF1, but not in 

the vector control lines. Moreover, thickness of the gas film (Figure 3-8a) and the rate of 

underwater net photosynthesis (Figure 3-8b) were both also restored in the LGF1 

complementation lines, as compared with the vector control lines. By contrast with the 

enhanced photosynthesis when under water, when in air the leaves of the two lines did 

not differ in net photosynthesis (Figure 3-9). 

 

LGF1/OsHSD1 influences leaf wax chemistry 

Leaf wax components were evaluated using GC-MS (Figure 3-10) and GC-FID 

(Figure 3-11,12,13). The drp7 mutant contained significantly less C30 primary alcohol, 
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but more C30 aldehyde, than Kinmaze (Figure 3-11); verified by measurements also of 

younger plants (Figure 3-12). Importantly, no other wax components differed between 

the drp7 mutant and Kinmaze except for C24 primary alcohol (Figure 3-11,12). The 

pUb::LGF1/drp7 complementation lines, when compared with its vector control lines, 

showed more C30 primary alcohol and relatively low amounts of C30 aldehyde (Figure 

3-13). These wax composition results (Figure 3-11,12,13), together with the 

observations of epicuticular wax platelet abundances (Figure 2-4,5 and 3-7), provide 

evidence that LGF1 determines the balance between C30 primary alcohol and C30 

aldehyde and that the C30 primary alcohol is required for formation of abundant 

epicuticular wax platelets, increasing leaf surface hydrophobicity and gas film retention 

during submergence. 
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Discussion 

 Hydrophobic leaves with gas film retention are of importance for rice crops. 

Our study identified LGF1/OsHSD1, the gene determining this leaf trait. Hydrophobic 

body surfaces that retain a thin layer of gas when submerged are a mechanism to 

enhance gas exchange with water, evident both for aquatic invertebrate animals and for 

some plants (Thorpe & Crisp, 1947; Hebets & Chapman, 2000; Pedersen & Colmer, 

2012). The molecular genetic mechanism of leaf gas film retention had not, however, 

been elucidated. As discussed below, the LGF1 allele of OsHSD1 determines the 

amount of C30 primary alcohol and therefore the C30 primary alcohol-to-aldehyde ratio, 

of importance for formation of abundant epicuticular wax platelets on leaves of rice, 

which in turn strongly affects surface hydrophobicity, gas film retention, and 

underwater photosynthesis during submergence. 

 Most interestingly, LGF1/OsHSD1 is not a CER-like gene of which seven are 

known for rice (Figure 3-14). The influence of OsHSD1 on leaf wax composition has 

been suggested to occur via interactive effects of OsHSD1 on expression of CER genes 

(Zhang et al., 2016). LGF1/OsHSD1 encodes a hydroxysteroid dehydrogenase (HSD), 

being one member of a HSD gene subfamily (Figure 3-14) (Zhang et al., 2016). LGF1 

and OsHSD1 encode the same gene, however the two mutant alleles differ for the drp7 
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(present study) and the oshsd1 (Zhang et al., 2016) mutants. Moreover, the leaf wax 

composition of the drp7 mutant showed specific changes in levels of only two C30 wax 

components (verified also for the LGF1 complementation lines in the drp7 background), 

whereas the oshsd1 mutant showed changes in levels of several other wax components 

(Zhang et al., 2016). The differences in wax composition between the two mutants 

could result from the substantial differences in the mutation events; the predicted 

truncated protein in the drp7 mutant (stop codon in the fourth exon) versus the larger 

predicted protein due to an amino acid deletion and an amino acid substitution in the 

oshsd1 mutant. In addition, the expression level of LGF1 in the drp7 mutant was 

substantially lower in various tissues than in Kinmaze (Figure 3-4), indicating that the 

drp7 mutant has a putative null allele. Thus, the drp7 mutant differs markedly to the 

oshsd1 mutant which showed lower expression of OsHSD1 but had the same enzymatic 

activity as its wildtype (Zhang et al., 2016). Moreover, although leaf hydrophobicity 

and wax platelet abundance was studied for the oshsd1 mutant (Zhang et al., 2016), gas 

film retention was not evaluated, so the present data on the drp7 mutant extends 

knowledge of the LGF1/OsHSD1 gene and also provides a comprehensive phenotypic 

analysis of these leaf surface properties (Figure 2-2,3,4,5) as associated with leaf gas 

film retention and photosynthesis when submerged (Figure 2-6,7,8).  
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The finding that LGF1 specifically controls abundance of C30 primary alcohol 

(Figure 3-11,12,13) is a new insight on wax biosynthesis in rice. The specific increases 

in C30 aldehyde abundance and decrease in C30 primary alcohol for the drp7 mutant, 

and the recovery back to the wildtype levels in the LGF1 complementation lines (Figure 

3-11,12,13), leads us to propose two hypotheses on the role of the LGF1 protein based 

on current knowledge of wax biosynthesis (Samuels et al., 2008) of which the relevant 

components are summarised in Figure 3-15. The LGF1 protein is hypothesised to be 

involved in conversion of C30 aldehyde to C30 primary alcohol (Hypothesis 1) or of 

C30 very long chain fatty acyl-CoA to C30 primary alcohol (Hypothesis 2). In the case 

of Hypothesis 1, if there is conversion of C30 aldehyde to the C30 primary alcohol [for 

this possibility in other organisms see (Kunst & Samuels, 2003; Zhou et al., 2014)] then 

inhibition of this reaction would result in accumulation of the C30 aldehyde and a 

deficit of the C30 primary alcohol. In the case of Hypothesis 2, if conversion of the C30 

very long chain fatty acyl-CoA directly to the primary alcohol is diminished [for this 

conversion in other organisms see (Samuels et al., 2008; Wang et al., 2015)] then the 

flux along the alternative pathway to C30 aldehyde would predominate. Thus, either of 

these two cases are consistent with the observed changes in the C30 wax components as 

found here for the drp7 mutant and the LGF1 complementation lines (Figure 
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3-11,12,13).  

In conclusion, LGF1/OsHSD1 controls C30 primary alcohol synthesis and the 

resulting C30 primary alcohol-to-aldehyde ratio influences abundance of epicuticular 

wax platelets which determines leaf hydrophobicity and confers retention of gas films 

on submerged leaves. This trait is essential for rice survival even in paddy field 

conditions (Figure 2-22,23) and contributes to submergence tolerance. Discovery of 

LGF1 provides an opportunity to, in the future, better understand variation amongst rice 

genotypes for leaf gas film retention [e.g. Winkel et al. (2014)] and to possibly identify 

alleles that confer higher LGF1/OsHSD1 expression (and protein abundance) and/or 

higher activity of the enzyme, which could be related to epicuticular wax platelet 

abundance the duration of gas film retention on leaves during submergence. If any 

allelic variation in LGF1/OsHSD1, either natural or induced, is associated with leaf gas 

film retention this could be a future breeding target in addition to Sub1 (Ismail et al., 

2013) for further improvement of rice submergence tolerance and yield stability of rice 

crops in flood-prone areas. 
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Summary 

Floods impede gas (O2 and CO2) exchange between plants and the environment. A 

mechanism to enhance plant gas exchange under water is gas films on hydrophobic 

leaves, however the genetic regulation is unknown. We used the drp7 mutant which 

does not retain gas films on leaves and Kinmaze, in gene discovery for this trait. Leaf 

Gas Film 1 (LGF1) was identified as the gene determining leaf gas films. LGF1 

regulates C30 primary alcohol synthesis, necessary for abundant epicuticular wax 

platelets, leaf hydrophobicity and gas films on submerged leaves. Gene function was 

verified by a complementation test of LGF1 expressed in the drp7 mutant background, 

which restored C30 primary alcohol synthesis, wax platelet abundance, leaf 

hydrophobicity, gas film retention, and underwater photosynthesis. Discovery of LGF1 

provides an opportunity to better understand variation amongst rice genotypes for gas 

film retention ability and to target various alleles in breeding for improved submergence 

tolerance for yield stability in flood-prone areas. 
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Fig. 3-1 Identification of Leaf Gas Film 1 (LGF1) which determines leaf gas film 

retention in rice 

(a) The gene associated with gas film loss in the drp7 mutant was rough-mapped to the 

long-arm of chromosome 11. (b–d) The physical map of the candidate region on 

chromosome 11 (numbers above the red arrow indicate number of recombinants) (b) 

and the candidate region (c) contains 18 annotated genes (TIGR), with the candidate 

gene identified as OsHSD1 by genomic DNA sequence comparison of Kinmaze and the 

drp7 mutant (d). (e) Gene structure and sequence showing the mutation site at the 3’- 

splicing site in the third intron of OsHSD1 in the drp7 mutant (single nucleotide 

polymorphism of ‘T’ in drp7 vs ‘A’ in Kinmaze) resulted in a stop codon (indicated with 

*) as well as a 29 bp upstream extension of the fourth exon. The resulting truncated 

mRNA presumably explains the loss-of-function mutation (i.e. loss of leaf gas films) 

and so I named this allele Leaf Gas Film 1 (LGF1). 
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Fig. 3-2 Sequence comparison of OsHSD1 between Kinmaze and the drp7 mutant 
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(a) Comparison of genomic sequence from exon 3 to exon 4 between Kinmaze and the 

drp7 mutant. A single nucleotide polymorphism (SNP) in the end of 3rd intron caused 29 

bp-extended sequence of the 4th exon in the drp7 mutant. (b) cDNA sequence analysis 

of OsHSD1 between 3rd and 4th exon of Kinmaze and the drp7 mutant. The drp7 mutant 

possessed a 29 bp additional sequence between 3rd and 4th exons. (c) Comparison of the 

predicted protein sequences of OsHSD1 between Kinmaze and the drp7 mutant. Red 

line shows the predicted Rossmann fold NAD(P)-binding domain. The N, S and YxxxK 

motif indicates the predicted critical catalytic residues 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The drp7 mutant possesses the 

truncated conserved domain in the sequence resulting from frame shift by a 29 

bp-extension of the 4th exon. 
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Fig. 3-3 Schematic diagram of a rice plant showing the organs from which RNA 

was extracted to assess LGF1 expression (transcript abundances). 

Total RNAs were extracted from roots, youngest fully-expanded leaf blade (lamina) and 

leaf sheath, and expanding leaf blade of Kinmaze and the drp7 mutant when plants were 

2 months old. Plants were raised in pots, with roots in potting mix (flooded and 

topped-up with water every 3 or 4 days), in a greenhouse during summer. 
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Fig. 3-4 The expression level (transcript abundance) of LGF1 in roots, youngest 

fully expanded leaf sheath and leaf blade, and expanding leaf blade of Kinmaze 

and the drp7 mutant. 

Values are means±SD (n = 3), with each replicate being from a different plant. Ubiquitin 

(LOC_Os04g53620) was used as an internal control for normalization. Expression level 

in the expanding leaf blade of Kinmaze was used for reference expression level. See 

Figure 3-3 for diagram showing these organs and Table 3-1 for data on primers. 
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Fig. 3-5 Complementation test of LGF1 expressed in the drp7 mutant background. 

(a) Leaf gas films were not retained on leaves of the vector control lines pUb(VC) in the 

drp7 background, (b) whereas gas film persistence was restored for the pUb::LGF1 

complementation lines (Kinmaze LGF1 in drp7 background) as evident after 1 d of 

submergence. When present, gas films are evident as a silvery sheen on the lower half 

of leaves dipped into water; the white triangle shows the water level. Measurements 

were on the adaxial side of leaf 7 of first-generation (T0) plants (each replicate used an 

individual T0 plant from an independent transformation event). 
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Fig. 3-6 Complementation test of LGF1 expressed in the drp7 mutant background. 

(a, b) The leaf blade surface is initially hydrophobic on the vector control pUb(VC) 

lines and the pUb::LGF1 complementation lines, as demonstrated by the water droplet 

test. (c, d) Within 1 d of plant submergence, the leaf surface of the vector control 

pUb(VC) lines had become hydrophilic, but leaves remained hydrophobic for the 

pUb::LGF1 complementation lines. (a–d) Contact angles of water droplet and leaf 

surface were measured, as indicated by the dotted red lines. Contact angles are of a 1 μl 

water droplet (side views in the figure; the top views used larger drops of water) and are 

the angles (relative to the horizontal) at which the water–air interface of the droplet 

meets the leaf surface. Data in (a)–(d) are means±SD (n = 4) with each replicate being a 

leaf blade segment from a different plant. The greater mean contact angle of water 

droplets on the pUb::LGF1 complementation lines was significant (P < 0.0001; t-test) 

when compared with the vector control pUb(VC) line. 
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Fig. 3-7 Complementation test of LGF1 expressed in the drp7 mutant background. 

(a, b) Scanning electron micrographs of leaf blades showed a relatively low density of 

epicuticular wax platelets for the vector control pUb(VC) line, but that epicuticular wax 

platelet density had increased for the pUb::LGF1 complementation lines. The numerous, 

small white ‘flecks’ on the leaf surface are the epicuticular wax platelets, whereas the 

larger circular-like structures (top view of a dome-like protrusion) are papillae (labelled 

‘p’). Measurements were on the adaxial side of leaf 7 of first-generation (T0) plants 

(each replicate used an individual T0 plant from an independent transformation event) 

and scale bars are 5µm. 
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Fig. 3-8 Complementation test of LGF1 expressed in the drp7 mutant background. 

(a) Leaf gas film persistence was restored for the pUb::LGF1 complementation lines 

(Kinmaze LGF1 in drp7 background) as demonstrated by measurements of gas film 

thickness after 1 d of submergence. (b) Restoration of leaf gas films had a positive 

effect on underwater net photosynthesis (PN) by the pUb::LGF1 complementation lines 

as compared with the vector control pUb(VC) lines (drp7 background). Measurements 

were on the youngest fully expanded leaf of first-generation (T0) plants (each replicate 

used an individual T0 plant from an independent transformation event). Data are 

means±SD (n = 4 in both (a) and (b)) with each replicate being a leaf segment from a 

different plant. Significant difference (t-test): ****, P < 0.0001. 
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Fig. 3-9 Net photosynthesis (PN) in air by intact leaf blades of the pUb::LGF1 

complementation line (Kinmaze LGF1 in drp7 background) and the vector control 

pUb(VC) line (drp7 background). 

Measurements were on the youngest fully-expanded leaf of first generation (T0) plants 

(each replicate used an individual T0 plant from an independent transformation event) 

and were taken at 400 mmol mol-1 CO2, relative humidity of 80% and 28 °C, 

approximately 1/3 from the tip of the youngest fully expanded leaf of 4 week old plants. 

Data are means ± s.d., n = 3. P > 0.05; t-test. 
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Fig. 3-10 Main components of leaf waxes of Kinmaze and the drp7 mutant. 

(a) 0.8 mg of total leaf waxes were separated by TLC. (b) Overlay of GC-MS 

chromatograms of fatty acid TMS esters and primary alcohol TMS ethers (black; upper 

chromatogram), and aldehydes (blue; lower chromatogram). In our GC conditions, C26 

to C32 fatty acids (FA) and corresponding aldehydes show similar retention times (pale 

blue boxes). To separate those peaks clearly, I first performed TLC analysis. Each wax 

compound was scraped off from the silica gel, and extracted with chloroform. Then 

each wax compound was qualified (identified) and quantified by GC-MS and GC-FID, 

respectively.
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Fig. 3-11 Cuticular wax composition for leaf blades of Kinmaze and the drp7 

mutant. 

Leaf wax composition shows an altered balance between C30 aldehyde and C30 

primary alcohol in the drp7 mutant. Measurements were on leaf 13, using GC-flame 

ionization detection analyses. Values are means±SD (n = 3) with each replicate being 

leaf blade segments from a different plant. Significant differences (multiple t-tests): **, 

P < 0.01; ***, P < 0.001. Wax composition was also measured for younger plants and 

again showed an altered balance between C30 aldehyde and C30 primary alcohols in the 

drp7 mutant (Figure 3-12). 
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Fig. 3-12 Wax composition for leaf blades of Kinmaze and the drp7 mutant (plants 

here are 8 weeks younger than those used in Figure 3-11). 

Wax composition was determined for leaf 7 of 4 weeks old plants, using GC-FID. Leaf 

wax composition also shows an altered balance between C30 aldehyde and C30 primary 

alcohol in the drp7 mutant. Values are means ± s.d. (n = 3, each replicate being a leaf 

blade from a different plant). * significant difference, P < 0.05; t-test. 
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Fig. 3-13 Wax composition for leaf blades of the pUb::LGF1 complementation lines 

(Kinmaze LGF1 in drp7 background) and the vector control pUb(VC) lines (drp7 

background). 

Leaf wax composition shows an altered balance between C30 aldehyde and C30 

primary alcohol in pUb(VC) lines and restoration of composition in the pUb::LGF1 

complementation lines. Measurements were on leaves of firstgeneration (T0) plants 

(each replicate used an individual T0 plant from an independent transformation event). 

Values are means±SD (n = 3) with each replicate being leaf blade segments from a 

different plant. Significant differences (multiple t-tests): **, P < 0.01; ***, P < 0.001.  
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Fig. 3-14 Phylogenetic analysis of SDR (FAR) and HSD gene families in 
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Arabidopsis and rice. 

The analysis involved 412 SDR sequences in Arabidopsis (188) and rice (224) based on 

a previous report (Moummou et al., 2012) and sequences obtained from TAIR 

(http://www.arabidopsis.org) and Rice Genome Annotation Project 

(http://rice.plantbiology.msu.edu). Red squares indicate positions of LGF1 and 

CER4/FAR3/G7 which was isolated as a fatty alcohol synthesis enzyme of Arabidopsis 

(Rowland et al., 2006). Colored regions indicate SDRs classification based on 

Moummou et al. (2012). SDR domain was selected from each sequence to make 

alignment with ClustalW algorithm. The phylogenetic tree was constructed using the 

Neighbor-Joining method in MEGA7 (Kumar et al., 2016). The optimal tree with the 

sum of branch length = 77.30998957 is shown. The distances were computed using the 

p-distance method and Pairwise deletion method. 

. 
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Fig. 3-15 Simplified summary scheme of wax synthesis pathways in rice (based on 

the scheme for Arabidopsis previously presented (Samuels et al., 2008) and other 

information as described in this caption) and with possible involvement of LGF1 

(LGF1/OsHSD1) indicated. 

Paths (1) and (2) within the scheme refer to the hypothesized actions of LGF1 as 

discussed in the main text. 



119 
 

Table 3-1. Primers used in this study. RM, SNP and dCAPS markers were used for 

identifying the drp7 candidate region; primers for sequencing (SQ1-32) were used for 

comparing genes in candidate region between Kinmaze and the drp7 mutant; Ubi and 

LGF1-RT markers were used for the gene expression analysis; LGF1ox marker was used for 

making the vector to make complementation lines. 

Primer 

name 
Forward  Reverse 

Primer type 

/usage 

RM26764  ccttccatttggagtccatgc  acccaaacgtatggatgagacc  SSR 

RM26774  aagcttgtctagatccaccattgc  tgcttctttacataccacgtcagg  SSR 

SNP‐1  ccgtcccacacgaggaggagct  tgaacgctaggggcgatccatcg  Sequence   

dCAPS‐1  caaaaattcagtgaacatatgtaaaactataag ttctttggagatttgaattcaaacctctag  dCAPS/XbaⅠ 

dCAPS‐2  caaacttttctttaactagtcgatct  cacaaacacgatcgaaaatc  dCAPS/HinfI 

dCAPS‐3  ccaaacacatttgcatctttcag  ttctttggagatttgaattcaaacctctag  dCAPS/BamHI 

SQ1  aggagaaggatcagccgacgag  catgatcacaagcaccccaaaggt  Sequence   

SQ2  cccacagagccacttcccggtg  ggccagatgttaatgttcagctccga  Sequence   

SQ3  aggagaaggatcagccgacgag  catgatcacaagcaccccaaaggt    Sequence   

SQ4  ggttatgcagttgagcactgcct  cgtcacgaagactttggaacacacct  Sequence   

SQ5  gtcctggcgtggcgactgagag  cgcgtacaaggatgaaccgttcgt  Sequence   

SQ6  cgtgatctgtgaccagctgcac    tcccttaacggtttcgatggtggt    Sequence   

SQ7  ctgcagtgtgtctcctcccttgga    gaatgcggctctggcgacaacag  Sequence   

SQ8  ctgcagtgtgtctcctcccttgga  actccatctgttcacacgggtgag  Sequence   

SQ9  tggagtgagaaatggggctagagg  aggtggcaaaagacaggccgga  Sequence   

SQ10  ccatctggtcgcctctttcc  caattttctccccacttgtgca  Sequence   

SQ11  tgggttttccactcatgtgcgag  ctccacatgctcagacccct  Sequence   

SQ12  taggggtctgagcatgtgga  gaatgcggctctggcgacaacag    Sequence   

SQ13  gagaaggacagcgagacggg  gaagaaattcgcatgaccctg  Sequence   

SQ14  gggtgagtgaaaacttgccttggga  ccgaggactacatgaggacccaccag  Sequence   

SQ15  caggatgttggcgcgctctggat  ttcgccgcttgcgctctaactt  Sequence   

SQ16  cgcgccatcctcggttccagga  ccttgaggctcacgccacagtg  Sequence   

SQ17  ggaggcagagtgcggactcctc  gacttccgaggcaacccacgac  Sequence   

SQ18  ctcagtggggcagcggaaggca  aagaagcgggtccgcaagat  Sequence   

SQ19  tcgtgaaggactgtctgggtcg    tgaaattgccacctgtgtgat  Sequence   

SQ20  cgccagatctcccttcatgca  gactccgacaacacgtcctt  Sequence   

SQ21  acatgcgctaattatgcaacgctgac  tgttcggtcaagttgatggttgg  Sequence   

SQ22  cctcctcgtcatccatgcagtcac    gcaacatttgcttggagggcac  Sequence   
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SQ23  agcaaatagtttgagaccgacac      acgcactacagaagtggatgg    Sequence   

SQ24  gcctctatagccgtctcatcgtgtcg  atctctctcgcgtcgaaggct    Sequence   

SQ25  acgctaagaatagcgggacgct  tgccatctttcttgtcacctgagca    Sequence   

SQ26  acgctaagaatagcgggacgct  aataccagcttgttttggtccag  Sequence   

SQ27  tgtctcagtagaagctggacc  tgccatctttcttgtcacctgagca    Sequence   

SQ28  cctcgttcgatttcctggtgcag  cctcactccagtggcgatcaaacc  Sequence   

SQ29  actccaaagtggatcggtccca    aggcgcgtattacgacctcagac    Sequence   

SQ30  actccaaagtggatcggtccca    aatctgccctgcgtaggaaagtgcga  Sequence   

SQ31  acgtaccgtttatgccgcaa  tcatggccaaaccactgatgga  Sequence   

SQ32  tccatcagtggtttggccatgat  aggcgcgtattacgacctcagac  Sequence   

Ubi  aattccaatcctttcttgcctc  tgtcaatcgtatcggagaac  Expression analysis 

LGF1‐RT  tcagcaagaagatcctcgag  catggctgcggatggtcttg  Expression analysis 

LGF1ox  atcggacttatggctaaggaggcgttcg  tgcaagcttttagctagcggcgatggcatg 
Overexpression 

analysis 
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Chapter 4 

Identification of OsGL1-1/WSL2,  

which is the candidate gene for the drp2 mutant 
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Introduction 

     One of the factors which enable plants to survive when submerged in a water 

environment is the thin gas layer around the leaves, which is called a gas film (Colmer 

& Pedersen, 2008). There are several reports that gas films are related to submergence 

tolerance, based on experiments using physiological methods (Colmer et al., 2011) and 

the physiological significance of this feature was also discussed in this research 

(Chapter 2). The gas films on leaves are related to the leaf surface properties. Wax 

crystals which form on the cuticle layer which covers the plant epidermal outer cell 

walls are an important leaf surface feature. This surface structure provides water 

repellency on the leaves (Koch & Barthlott, 2009; Herzog et al., 2017) and leaf 

hydrophobicity is quantified by measuring contact angles between a water droplet and 

the leaf surface (Adam, 1963; Brewer and Smith, 1997). In plants, the contact angle of 

water droplets on leaves of Lotus is over 150° and this higher water repellency is 

defined as superhydrophobicity, which prevents mud adhering to Lotus leaves and 

reduces infections from pathogenic bacteria (Neinhuis and Barthlott, 1997). Leaf 

hydrophobicity is also essential for gas film formation and retention, actually research 

using wheat demonstrated the positive correlation between leaf hydrophobicity and gas 

film thickness, that is, superhydrophobic leaves had a thicker gas film whereas non 
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superhydrophobic leaves had a thinner gas film (Konnerup et al., 2017). In spite of 

these physiological analysis for gas film formation and retention, the genetic and 

molecular mechanism to regulate gas film is not yet reported except for research 

presented earlier in my thesis on the positional cloning for a gene influencing this trait 

in the drp7 mutant (Chapter 3). 

     Wax platelets provide plant leaves with water repellency and wax synthesis 

pathway is reported by the research using wax deficient mutants of Arabidopsis. Fatty 

acid synthesis is the first step for epicuticular wax production. Small carbon chain 

number (C2 to C4) of fatty acid is synthesized by KASⅢ in plastid (Clough et al., 

1992) and elongation of fatty acid (C4 to C16) occurs by the function of KASⅠ 

(Shimakata et a.l, 1982). In this latter step, two carbons are added and elongated up to 

C18 fatty acids by KASⅡ (Shimakata et al., 1982). C16 or C18 fatty acyl-CoA is 

transfer to endoplasmic reticulum (ER) and is elongated again by KCS1, KCR1, PAS2 

and CER10 (Bach et al., 2008; Zheng et al., 2005; Beaudoin et al., 2009; Millar et al., 

1999) to the very long chain fatty acids (VLCFAs) which possess over 24 carbon chains. 

Some VLCFAs are transformed to the next wax components by 2 kinds of synthesis 

pathways, one is called primary alcohol pathway and another is alkane pathway. In 

primary alcohol pathway, VLCFA-CoA is transformed to same carbon chain number of 
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primary alcohol by CER4 (Rowland et al., 2006) and wax esters are synthesized from 

the binding between VLCFAs and primary alcohols by WSD1 (Li et al., 2008). In 

alkane pathway, VLCFAs are transformed to the same chain number of aldehydes by 

CER1 (Kunst et al., 2003; Bourdenx et al., 2011) and moreover, some of aldehydes are 

transformed to alkanes by CER3/WAX2 (Aarts et al., 1995; Chen et al., 2003), in this 

pathway one carbon chain is reduced to the original alkanes.  

     In rice, many wax deficient mutants were also identified and wax synthesis 

pathway in rice was predicted by corresponding to the homolog genes reported in 

Arabidopsis. WDA1/OsGL1-5 is supposed to be related to fatty acid elongation (Jung et 

al., 2006). LGF1/OsHSD1 is suggested to be related to primary alcohol pathway 

(Chapter 3) and OsGL1-6 is also predicted to be related to alkane pathway (Zhou et al., 

2013). In these wax synthesis pathway of rice, OsGL1-1/WSL2 which is considered to 

relate fatty acid elongation step (Qin et al., 2011; Mao et al., 2012) is the homolog for 

Glossy1 (GL1) identified from maize wax deficient mutant (Sturaro et al., 2005). GL1 is 

also homolog for WAX2/YRE/CER3/FLP identified from Arabidopsis wax deficient 

mutant, which is essential for fatty acid elongation (Chen et al., 2003; Rowland et al., 

2007). In the wsl2 mutant, wax component analysis was performed by GC-MS and wax 

platelets were demonstrated to be important for drought tolerance (Mao et al., 2012). In 
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the osgl1-1 mutant, defect of epicuticular wax on the mutant leaves were confirmed by 

SEM and wax platelets were demonstrated to be also important for leaf hydrophobicity 

(Qin et al., 2011). In spite of these biological significances for epicuticular wax platelets, 

gas film phenotype was not checked in both of the research papers using osgl1-1/ wsl2 

mutant. 

     In this research, the molecular mechanism to regulate leaf gas films was 

elucidated by the positional cloning and complementation test for the drp2 mutant. 

Indeed, taking a similar approach as used for gene identification work on drp7 in 

Chapter 3, in the present Chapter OsGL1-1/WSL2 was identified as a candidate gene of 

the drp2 mutant and loss of leaf hydrophobicity and gas film retention after 1 day of 

submergence in the drp2 mutant was recovered in a OsGL1-1/WSL2 complementation 

lines (drp2 genetic background). Moreover, (a) suggestion to understand the specific 

wax component for gas film formation or retention and (b) possibility of the breeding 

using gas film phenotype will be discussed in this Chapter. 
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Materials and Methods 

Gene mapping and identification of the drp2 candidate gene 

In order to map the drp2 candidate gene, F2 plants of crosses between the drp2 mutant 

(Japonica) and Kasalath (Indica) were used. A total of 2,000 individual plants of the F2 

population were used in positional cloning of drp2 candidate gene. Genomic DNA was 

extracted from each plant of the F2 population by using the modified TPS method 

(Thomson & Henry, 1995; Nagai et al., 2012). The purified DNA samples were then 

genotyped using molecular markers. PCR-based markers, including simple sequence 

repeat (SSR) markers (https://www.ricebase.org) and derived cleaved amplified 

polymorphic sequence (dCAPS) markers (for this study, dCAPs markers were designed 

using dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.htmL) were used for 

mapping (Table 4-1). To confirm the coding sequences of OsGL1-1/WSL2 in the 

candidate region, which was reported as wax synthesis gene for rice leaf (Qin et al., 

2011; Mao et al., 2012), I designed the sequence primers (Table 4-2) and amplified the 

genomic regions using genomic DNA from the drp2 mutant. Amplified DNA fragments 

were electrophoresed and purified using Wizard SV Gel and PCR Clean-up System Kit 

(Promega). Sequencing of DNA fragments was performed using ABI3730xl capillary 

DNA sequencer (Applied Biosystems). Sequences of candidate genes were compared 
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with annotated sequences on RAP-DB (http://rapdb.dna.affrc.go.jp) and TIGR 

(http://rice.plantbiology.msu.edu) by using ATSQ software (Genetyx). 

 

Complementation test for the drp2 mutant 

BAC clone containing OsGL1-1/WSL2 region (OsJNBb0057D06) was selected from the 

BAC library (constructed by the GUGI BAC/ EST Resource Center). BAC clone 

(OsJNBb0057D06) partially digested by Sau3AI was ligated into binary vector 

pYLTAC7 (provided by RIKEN) digested by BamHI and was cloned following the 

previously reported method (Liu et al., 1999). This sub clone includes 26.9 kb upstream 

to the OsGL1-1/WSL2 transcriptional start point and 3.0 kb downstream to the end of 

3’-UTR, which was confirmed no other genes are containing in this sub clone segment 

by the end sequencing of pYLTAC7. This binary vector was transformed into 

Agrobacterium tumefaciens strain EHA105 by electroporation (Hood et al., 1986). 

Agrobacterium-mediated transformation of rice calli (Hiei et al. 1994) was used for 

transformation of this binary vector to the drp2 mutant. Control plants were generated 

by the transformation of empty vector to the drp2 mutant. All transgenic plants were 

grown within a closed greenhouse. Gas film presence, leaf hydrophobicity, epicuticular 

wax presence and gas film thickness were evaluated for the complementation test. 
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Results  

Identification of the drp2 candidate gene, which also regulate gas film retention  

     To identify the gene responsible for the drp2 mutant phenotype of leaf gas film 

loss, I crossed the drp2 mutant with Kasalath (O. sativa L., Indica), and scored the F1 

and F2 progenies for the dripping wet leaf phenotype. All F1 plants were water repellent 

and for the F2 population of 2,000 individuals the segregation ratio was 3:1 for water 

repellent:dripping wet leaf phenotypes, indicating a recessive mutation of a single gene. 

I used positional cloning with the 2,000 F2 plants to identify a candidate region of 1134 

kb on chromosome 9, between markers RM5652 and RM24338 (Figure 4-1a). Further 

high-resolution mapping using dCAPS reduced the candidate region to 556 kb (Figure 

4-1b) which contained 86 annotated genes in TIGR (http://rice.plantbiology.msu.edu) 

(Figure 4-1c). Genomic DNA sequence analysis indicated a single nucleotide 

substitution in LOC_Os09g25850.1 of an ‘C’ in Kinmaze to ‘G’ in the drp2 mutant at 

the 10th exon of the OsGL1-1/WSL2 gene which is a homologue of WAX2/GL1 in 

Arabidopsis/Zea mays involved in synthesis of leaf cuticular wax (Qin et al., 2011. and 

Mao et al., 2012) (Figure 4-1d). This one point mutation of Genomic DNA leads to 

amino acid substitution from histidine (H) in Kinmaze to aspartic acid (D) in the drp2 

mutant (Figure 4-1d), possibly resulting in loss of the predicted catalytic residues and 
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thus the loss of function in the mutant (i.e. loss of leaf gas films). The present mutation 

is a different allele of Wax crystal Sparse Leaf 2 (WSL2) but a same allele of 

Glossy1-like gene family in rice (OsGL1-1) (Qin et al., 2011; Mao et al., 2012). 

Consistent with its role in determining leaf cuticle wax composition, OsGL1-1/WSL2 

was preferentially expressed in leaf blade, leaf sheath and panicle (Qin et al., 2011; Mao 

et al., 2012) and WSL2 was localized in ER by intracellular observation (Qin et al., 

2011). These previous reports on OsGL1-1/WSL2 by Qin et al. (2011) and Mao et al. 

(2012) had not evaluated the leaf gas film phenotype using the osgl1-1 or wel2 mutants. 

Then the importance of leaf gas films for submergence tolerance of rice (Pedersen et al., 

2009) and the loss of capacity for gas film retention in the drp2 mutant (Figure 2-1,3) 

prompted me to proceed with the complementation test for the lost gas films phenotype 

of the drp2 mutant.  

 

Verification of the function of OsGL1-1/WSL2 for gas film retention by a 

complementation test 

     The function of OsGL1-1/WSL2 was verified by a complementation test by 

generating transgenic lines of rice with Sub clone-1 which is the genomic segment 

including only OsGL1-1/WSL2 gene from Nipponbare (Figure 4-1c) in the drp2 mutant 
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(Sub clone-1/drp2), as well as a vector control lines also in the drp2 mutant (VC/drp2). 

T0 plants were raised in seedling trays in a glasshouse and tested for the dripping wet 

leaf phenotype as done above for the mapping population. T0 plants displaying the 

non-dripping wet leaf characteristic (i.e. with water-repellent leaves), as well as a 

random selection of T0 vector control lines, were sampled for further measurements as 

described below. Gas film retention (Figure 4-2), leaf surface hydrophobicity (Figure 

4-3), contact angle measurements (Figure 4-4) and density of epicuticular wax platelets 

(Figure 4-5) were all restored in the Sub clone-1 complementation lines, but not in the 

vector control lines. Moreover, thickness of the gas film (Figure 4-6) was also restored 

in the Sub clone-1 complementation lines, as compared with the vector control lines. 
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Discussion 

     The gene related to gas film retention was identified as OsGL1-1/WSL2 using the 

drp2 mutant and positional cloning and complementation test experiments. In previous 

research which identified OsGL1-1/WSL2, the defect of leaf hydrophobicity and drought 

resistance was confirmed using the osgl1-1 and wsl2 mutant, but gas film phenotype 

was not evaluated (Qin et al., 2011; Mao et al., 2012). Research for gas film previously 

relied on the dilute detergent to make plant leaves hydrophilic (Colmer & Pedersen, 

2008; Colmer et al., 2011), however this present research succeeded in demonstrating 

significant correlation between epicuticular wax platelet and gas film retention in 

molecular genetics approach, as also was the case with the report using the drp7 mutant 

which identified Leaf Gas Film 1 (LGF1) (Chapter 3). 

    The allele of the drp2 mutant was different from the wsl2 mutant but consistent 

with the osgl1-1 mutant. OsGL1-1/WSL2 which is supposed to be involved in fatty 

acyl-CoA elongation step and reported to possess a short-chain 

dehydrogenase/reductase domain at C-terminus region, including His residue which 

plays important role for catalytic activity of OsGL1-1/WSL2 (Qin et al., 2011). The His 

residue at the C-terminus region of OsGL1-1/WSL2 was predicted to substitute to Asp 

in the drp2 mutant, which might lead the loss of gas film retention in the drp2 mutant. 
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As in the case of other wax synthesis genes, WSL2 was also localized in ER and 

supposed to synthesize fatty acyl CoA (Mao et al., 2012). After the production of very 

long chain fatty acids (VLCFAs), some of which are transformed to primary alcohols 

(primary alcohol pathway) (Samuels et al., 2008) or aldehydes and alkane (alkane 

pathway) (Kunsut & Samuels, 2003), these are transported to the outer walls by ABC 

transporter (Bird et al., 2007) and LTP (Kader, 1996) then crystallization of secreted 

wax occurs outside of the cuticle layer to form the so-called ‘epicuticular wax platelets’. 

    OsGL1-1/WSL2 is thought to function in the upstream part of the wax synthesis 

pathways, such as the elongation step of VLCFAs, actually most of the wax components, 

such as VLCFAs, primary alcohols, aldehydes and alkanes were markedly declined in 

the wsl2 mutant (Mao et al., 2012). On the other hand, only amount of C30 primary 

alcohol was declined whereas C30 aldehyde was increased in the drp7 mutant, from 

which Leaf Gas Film1 (LGF1) related to gas film retention of rice leaves was identified 

(Chapter 3). It is suggested that OsGL1-1/WSL2 regulates gas film retention by its 

action upstream to that of LGF1 in the wax synthesis pathway of rice. Other numerous 

wax deficient mutants of rice have been reported and these mutants have defects in each 

of the various parts of the wax synthesis pathway, therefore wax components defects 

differ between respective mutants (Jung et al., 2006; Yu et al., 2008; Shi et al., 2011; 
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Zhou et al., 2013; Zhou et al., 2015; Wang et al., 2016). The present research 

demonstrates on the importance of epicuticular wax platelet to gas film retention. By 

observing gas film retention using other wax deficient rice mutants, it is likely possible 

to understand further relationship between wax platelets and other properties of the 

waxes and gas film retention, such as specific wax components or balance between 

components needed for gas film retention. As modern wax extraction from plant leaves 

relied on the methods using chloroform, however, it might be difficult to extract 

epicuticular wax platelets only from leaf surfaces using this method because chloroform 

not only washes the leaf surface but might permeate into cuticle layer, causing to extract 

intracuticular wax as well as epicuticular wax. Previous research demonstrates the 

importance to use ‘sticky tape’ to sample the epicuticular wax platelets only from leaf 

surfaces initially and then extract wax attached on the tape (Buschhaus & Jetter, 2011). 

Moreover, in qualifying fatty acid and aldehyde using GS-MS, both retention times 

were almost same (Figure 3-10b). To detect these wax components respectively, it is 

effective to separate total wax extracted by chloroform, using thin layer chromatography 

(TLC) method before qualifying wax by GS-MS (Figure 3-10a). These improvements 

for wax extraction and detection might also help better understanding for precise 

epicuticular wax platelet components related to gas film retention in rice.  
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    Many kinds of wild rice or varieties, as well as wax-deficient mutants can also be 

resources for understanding further various aspects of leaf gas film formation or 

retention. In searching for rice which possess thick gas film around the leaves or longer 

gas film retention, the factors which increase gas film performance (e.g. wax amount or 

specific wax components) might be also elucidated by opposite strategy using wax 

deficient rice mutants. Furthermore, these natural variations related to a superior gas 

film phenotype will be available for the rice breeding. Sub1A is the major gene used in 

worldwide rice breeding for flash flood tolerance (Ismail & Mackill, 2014). The 

mechanism to enhance submergence tolerance by Sub1A is that by blocking ethylene 

signaling shoot elongation is reduced and so carbohydrates are conserved and survival 

and recovery ability is enhanced (Xu et al., 2006; Ismail et al., 2013). Rice breeding 

focusing on retention of leaf gas films could be an additional approach to improve rice 

submergence tolerance. On the other hand, increased epicuticular wax on plant leaves 

might decrease absorption of natural light for photosynthesis by reflecting more of the 

light. Gas films is certainly essential for rice to survive even in shallow water conditions 

(Chapter 2), however the breeding for improving gas film retention needs to note and 

test for the potential tradeoff between underwater photosynthesis and photosynthesis in 

air. 
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Summary 

Physiological and molecular genetic research in Chapters 2 and 3 reveal that leaf gas 

films are essential for rice to survive in paddy fields and that Leaf gas film1 (LGF1) was 

identified as the candidate gene of the drp7 mutant responsible for the leaf 

hydrophobicity and gas film retention. It was a novel report to identify a gene regulating 

gas film retention, however molecular basis for gas films is still poorly documented. In 

this Chapter 4, a gene responsible for the loss of gas film in the drp2 mutant was also 

attempted to be identified. OsGL1-1/WSL2, reported as the gene responsible for leaf 

hydrophobicity and drought resistance, was identified as a candidate gene for the drp2 

mutant by the positional cloning using F2 population between the drp2 mutant and 

Kasalath. Complementation test transferring the Sub clone from the digested BAC clone 

(including only OsGL1-1/WSL2) to the drp2 mutant showed the recoveries for loss of 

gas film, leaf hydrophobicity and epicuticular wax platelets in the drp2 mutant. In 

conclusion, OsGL1-1/WSL2 was identified as regulating gas film retention, which 

influences submergence tolerance in rice.   
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Fig. 4-1 Identification of OsGL1-1/WSL2 which determines leaf gas film retention 

in rice.  

(a) The gene associated with gas film loss in the drp2 mutant was rough-mapped to the 

long-arm of chromosome 9. (b-d) The physical map of the candidate region on 

chromosome 9 (numbers below the DNA markers indicate number of recombinants) (b) 

and the candidate region (c) contains 86 annotated genes (TIGR), with the candidate 

gene identified as OsGL1-1/WSL2 by genomic DNA sequence comparison of Kinmaze 

and the drp2 mutant (d). Gene structure shows the mutation site at the 10th exon of 

OsGL1-1/WSL2 in the drp2 mutant (single nucleotide polymorphism of ‘G’ in drp2 vs 

‘C’ in Kinmaze), leading to the amino acid substitution from histidine in Kinmaze to 

aspartic acid in the drp2 mutant (* indicates a stop codon). To perform complementation 

test for the drp2 mutant, sub clone including only OsGL1-1/WSL2 was gained by 

digestion from BAC clone (OsJNBb0057D06), and which is named as Sub clone-1(c).  



147 
 

 

Fig. 4-2 Complementation test (gas film presence) of OSGL1-1/WSL2 expressed in 

the drp2 mutant background. 

Leaf gas films were not retained on leaves of the vector control lines (VC) in the drp2 

background, whereas gas film persistence after 1 day of submergence was restored for 

the Sub clone-1 complementation lines (Nipponbare OSGL1-1/WSL2 in drp2 

background), evident as a silvery sheen on the lower half of leaves dipped into water; 

the white triangle shows the water level. Measurements were on the adaxial side of leaf 

7 of first-generation (T0) plants (each replicate used an individual T0 plant from an 

independent transformation event).  
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Fig. 4-3 Complementation test (leaf hydrophobicity) of OSGL1-1/WSL2 expressed 

in the drp2 mutant background. 

The leaf blade surface is initially hydrophobic on the vector control (VC) lines and the 

Sub clone-1 complementation lines, as demonstrated by the water droplet test. Within 1 

d of plant submergence, the leaf surface of the vector control (VC) lines had become 

hydrophilic, but leaves restored hydrophobicity for the Sub clone-1 complementation 

lines. Measurements were on the adaxial side of leaf 7 of first-generation (T0) plants 

(each replicate used an individual T0 plant from an independent transformation event). 
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Fig. 4-4 Complementation test (contact angle) of OSGL1-1/WSL2 expressed in the 

drp2 mutant background. 

(a) Contact angles of water droplet and leaf surface were measured for the vector 

control (VC) lines and the Sub clone-1 complementation lines (genetic background of 

both lines are the drp2 mutant), as indicated by the dotted red lines. Measurements were 

on the adaxial side of leaf 7 of first-generation (T0) plants (each replicate used an 

individual T0 plant from an independent transformation event). (b) Contact angles are of 

a 1 µl water droplet and are the angles (relative to the horizontal) at which the water–air 

interface of the droplet meets the leaf surface. Data are means±SD (n = 4) with each 

replicate being a leaf blade segment from a different plant. 
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Fig. 4-5 Complementation test (leaf surface structure) of OSGL1-1/WSL2 expressed 

in the drp2 mutant background. 

Scanning electron micrographs of leaf blades showed a relatively low density of 

epicuticular wax platelets for the vector control (VC) line, but that epicuticular wax 

platelet density had restored for the Sub clone-1 complementation lines. The numerous, 

small white ‘flecks’ on the leaf surface are the epicuticular wax platelets, whereas the 

larger circular-like structures (top view of a dome-like protrusion) are papillae. 

Measurements were on the adaxial and abaxial side of leaf 7 of first-generation (T0) 

plants (each replicate used an individual T0 plant from an independent transformation 

event). 
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Fig. 4-6 Complementation test (gas film thickness) of OSGL1-1/WSL2 expressed in 

the drp2 mutant background. 

Leaf gas film persistence was restored for the Sub clone-1 complementation lines as 

demonstrated by measurements of gas film thickness after 1 d of submergence. 

Measurements were on the youngest fully expanded leaf of first-generation (T0) plants 

(each replicate used an individual T0 plant from an independent transformation event). 

Data are means±SD (n = 4) with each replicate being a leaf segment from a different 

plant. 
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Chapter 5 

General discussion 
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     In this thesis, leaf hydrophobicity is demonstrated to be essential for retaining gas 

film on submerged leaves, which enhances underwater photosynthesis and moreover 

aids rice to survive in paddy field (Chapter 2). Previous research has also highlighted 

the importance of leaf gas films for the CO2 and O2 exchanges with water to perform 

underwater photosynthesis or respiration (Pedersen et al., 2009; Winkel et al., 2013; 

Verboven et al., 2014), however genetic regulation of gas film formation or retention 

was not elucidated. Previous physiological research needed to rely on the use of dilute 

detergent to remove gas films in order to observe the contribution of the gas films to 

various physiological processes but a genetic approach for gas film retention was 

conducted in this research by using the drp mutants which were reported to have a wet 

leaf phenotype and so I hypothesized that gas films had been adversely affected in drp 

mutants. As a result, the genes related to gas film retention were identified as LGF1 and 

OsGL1-1/WSL2 from the drp7 and drp2 mutants, respectively (Chapters 3 and 4) and 

this was the first report to reveal the genes regulating the leaf gas film phenotype.  

     In particular, Chapter 2 reveals that Kinmaze retained leaf gas films over 7 days 

of submergence whereas the drp2/5/7 mutants lost leaf gas films after 1 day of 

submergence which is associated with the loss of leaf hydrophobicity. Kinmaze 

possessed a high density of epicuticular wax platelets on both leaf surfaces and papilla 
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but the drp2/5/7 mutants had few wax platelets. Loss of leaf gas films in the drp2/5/7 

mutants lead to less underwater photosynthesis than for Kinmaze leaves and importantly 

the drp7 mutant couldn’t survive in paddy field, as leaves which had contact with water 

then did not subsequently grow and emerge. These data and phenotypic observations 

suggested the importance of leaf gas films for rice survival in waterlogged condition. 

Previous reports revealed epicuticular wax platelets play an important role for drought 

tolerance by preventing water loss from the cuticule and for disease tolerance by 

protecting leaves from the infection of pathogenic bacterium (Samuels et al., 2008), 

which was also demonstrated in this research using the drp7 mutant. Moreover this 

research provides another more novel biological significance for the epicuticular wax 

platelets for leaf hydrophobicity, gas film retention and to be essential so that rice could 

survive in the waterlogged condition such as a paddy field. 

     In Chapter 3, the candidate gene of the drp7 mutant was identified for 

understanding the molecular mechanism to regulate gas film retention. Positional 

cloning using F2 populations between the drp7 mutant and Kasalath, as well as the 

subsequent complementation test, revealed Leaf Gas Film1 (LGF1) regulates the gas 

film retention in rice. To confirm the wax components which are required for the gas 

film retention, analyses of leaf extracts were performed by GC-MS and GC-FID, 
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comparing Kinmaze with the drp7 mutant or pUb::LGF1/drp7 with pUb (VC)/ drp7, 

and revealed that the balances between the amount of C30 primary alcohol and C30 

aldehyde were important to deposit epicuticular wax platelets on rice leaves. In wax 

synthesis pathway of Arabidopsis, CER4 is reported to act in the primary alcohol 

pathway, which catalyzes the C26 or C28 fatty acyl-CoA to same carbon chain numbers 

of primary alcohol (Rowland et al., 2006). Complementation test result showed the 

restoration of the balance between C30 primary alcohol and C30 aldehyde in the pUb 

(VC)/ drp7 and this implies that LGF1 might be involved in the primary alcohol 

pathway such as the CER4 gene in Arabidopsis. LGF1 is the firstly identified gene to 

regulate gas film retention, as well as this provides the new insight for wax synthesis in 

rice to be possibly involved in the synthesis of C30 primary alcohol.  

     Chapter 4 also reveals another gene to regulate gas film retention by the 

positional cloning using F2 populations between the drp2 mutant and Kasalath. 

OsGL1-1/WSL2, which was reported to be involved in wax synthesis of rice and related 

to the leaf hydrophobicity and drought tolerance (Qin et al., 2011; Mao et al., 2012), 

was identified as the candidate gene for the lost gas film retention of the drp2 mutant. 

Actually, complementation test for the drp2 mutant indicated that the loss of 

epicuticular wax platelets was recovered in the sub clone-1/drp2 (complementation lines 
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with sub clone including only OsGL1-1/WSL2 was transferred to the drp2 mutant), 

demonstrating again the importance of epicuticular wax platelets to the gas film 

retention in a molecular genetic approach, with physiological consequences for leaf 

photosynthesis when submerged.  

     In summary, previous physiological research has been performed to understand 

mechanisms by which plants can survive in waterlogged or submerged conditions, such 

as the research focusing on aerenchyma, root ROL barriers (Yamauchi et al., 2018), leaf 

gas films, and on shoot dormancy versus elongation growth when rice is submerged (Xu 

et al., 2006; Ismail et al., 2013). The genetic basis was understood for the shoot 

elongation responses amongst the above traits, and this knowledge enabled the 

successful breeding of SUB1 rice (Ismail et al., 2013). The genetic basis of the other 

traits had not been established, so that deployment as a breeding trait had not proceeded. 

However, although SUB1 rice shows substantial submergence tolerance, the level of 

tolerance might sometimes not be enough to confer submergence tolerance in severely 

flooded areas (Singh et al., 2014), so additional traits and breeding is needed. My 

research revealed the causal genes regulating leaf gas film retention (LGF1 and 

OsGL1-1/WSL2) and so might open the door for the use of these genes, and/or 

discovery of the other genes to make leaf gas films thicker or more persistent for longer 
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retention when submerged and thus further enhance tolerance. Future approach should 

not only use the rice mutants but also explore the use of natural variations in these genes 

or other regulators of leaf gas film retention, to create more submergence tolerant rice 

varieties by adding to the SUB1 breeding. If highly submergence tolerant rice varieties 

can be made, this would help farmers in flood-prone areas such as occur in the East or 

South East Asia countries. 
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