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Abstract
N-acetylcysteine (NAC) biosynthesized reduced glutathione (GSH) which maintains redox homeostasis in plants under normal and stressful conditions. To justify the effects of NAC on rice production, we measured yield parameters, chlorophyll (Chl) content, minimum Chl fluorescences (Fo), maximum Chl fluorescences (Fm), quantum yield (Fv/Fm), net photosynthesis rate (Pn), photosynthetically active radiation (PAR) and relative water content (RWC). Four treatments, namely, N1G0 {nitrogen (N) with no NAC}, N1G1 (N with NAC}, N0G0 (no N and no NAC) and N0G1 (no N but with NAC) were arranged as completely randomized design with five replications. Nitrogen significantly increased yield and yield parameters of rice plants. Moreover, NAC treatment increased panicle numbers, filled grains per panicle and yield of rice plants. Nitrogen significantly increased Chl content, Chl fluorescence parameters (Fm, Fv/Fm ratio) and Pn in leaves of the rice plant regardless of N treatments. NAC significantly increased RWC in leaves of N-untreated rice plant. In conclusion, this study suggests that NAC might enhance rice yield through modulating physiological functions of rice plants.
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Introduction
Rice is the most important staple food in Asia and approximately 90% of world rice is produced and consumed in Asia (IRRI 2002). In Malaysia, rice is imported from neighbouring countries, especially from Vietnam and Thailand with the amount at about RM501 million per year to fulfill the country’s demand (ASEAN Food Security Information System 2002). Therefore, increasing rice production in Malaysia is in pressure.
	Nitrogen is one of major macronutrients has a vast effect on rice production (De Datta and Buresh 1989). Nitrogen affects meristematic tissues, the metabolically active cells and major constituents of proteins, nucleic acids, vitamins and hormones (Swain and Jagtap 2010). On the other hand, Glutathione (GSH) functions on sulfur metabolism, regulation of growth and development, cell defense, redox signaling, and regulation of gene expression (May et al. 1998) but not only limited to the antioxidant activity of GSH in plants (Jahan et al. 2011; Okuma et al. 2011). N-acetyl-cysteine (NAC) is an acetylated cysteine residue that has an optimal thiol redox state which protects cell from oxidative stress. It maintains the biosynthesis of reduced glutathione in cells (Sen, 2001 Jahan et al. 2014). NAC increases glutathione content and maintains the cellular redox state in cells (Schafer and Buettner 2001), improves oxidative stress (Reid et al. 1994) and promotes a positive redox balance within the cell (Medved et al. 2003). Therefore, NAC is an effective scavenger of free radicals as well as a major contributor in maintaining the cellular glutathione status in cells (Kerksick and Willougbby 2005).
	There is no sufficient research on the effect on NAC on plants. As per our experiement using NAC to Arabidopsis and rice plants we found no bad effect on leaf but increase gree pigment of leaves (Jahan et al. 2014) and reduced plant-pathogen infection (Muranaka et al. 2013). In addition, no information was found on the effects of NAC on yield and yield parameters and physiological parameters of rice plants. In consideration this current fact, this study was considered to find the effects of NAC on rice production in relation to the nitrogen application. We presented that NAC might increase rice yield through varying plant physiological functions which might enhance metabolic functions remain to be identified. 

Methods 
Experimental setup
Experiment was conducted at Gong Badak campus, Universiti Sultan Zainal Abidin, Malaysia. Three rice plants were grown in a pot measuring 30 cm x 25 cm x 35 cm (approx. 20 L). All pot were filled with a soil that was silty clay in texture with 9% sand, 42% silt and 49% clay, soil pH of 5.9, and organic matter of 4.02%. There were four treatments, namely, N1G0 (nitrogen but with no NAC), N1G1 (nitrogen with 100 µM of NAC), N0G0 (no nitrogen and no NAC) and N0G1 (no nitrogen but with 100 µM of NAC), were presented as completely randomized design (CRD) with five replications. Local rice variety of MR 219 was used in this experiment. A 100 µM of NAC solution was prepared using 95% ethanol as surfactant and applied as a foliar spray on leaves of rice plants at 15 days interval. NAC solution was applied until the surfaces of leaves were completely wet. Fertilizers were applied including N at 110 kg/ha (three splits) according to the previous studies (Jahan et al. 2013; Sarwar and Khanif 2005). Proper agronomic procedures were applied according to previous studies (Sarwar et al. 2004).

Determination of plant parameters 
Yield and yield parameters were measured as previously described (Sarwar et al., 2004). A SPAD-502 portable chlorophyll meter (Minolta, Japan) was used to acquire a rapid estimation of leaf in situ Chl content at different growing stages (Chelah et al., 2011). A portable Junior-PAM Chl fluorescence monitoring meter (Walz, Germany) was used to quantify in situ Chl fluorescence in leaves of rice plants according to the manual. Five replicates were employed. Net photosynthesis rate was measured using a CI-340 portable photosynthesis meter (CID Biosciences, Inc.). The relative water content (RWC) was determined according to the previous method (Chelah et al. 2011)

Statistical analysis
Data were analyzed by ANOVA procedure and differences of mean among treatments were determined by LSD and T-test using Minitab-16 and MS Excel software. Differences at P<0.05 were considered significant.

Results
Yield and yield parameters of rice plants
Nitrogen increased yield and yield parameters of rice plants compared than that of N-untreated plants. Application of NAC did not affect tiller numbers of rice plants regardless of N application (Figure 1a). Nevertheless, NAC increased panicle numbers per plant, total grains per panicle and filled grains per panicle but no impact on unfilled panicles in both of N-treated and -untreated plants (Fig. 1b and c). In addition, the treatment of NAC significantly increased rice yield compared than NAC-untreated plants which was observed in both of with or without N-treated plants (Figure 1d). Fresh and dry weight of rice plants were presented in Figure 1e. NAC treatment increased fresh (Figure 1e; open bars) and dry weight (Figure 1e; line graph) in N-treated rice plants but not in N-untreated rice plants. 

Chlorophyll content, Chl fluorescence and FV/FM ratio in leaves of rice plants
Nitrogen significantly increased Chl contents in leaves of rice plants than that in leaves of N-untreated rice plant (Figure 2a). Moreover, NAC significantly increased Chl contents in leaves of rice plants compared to the Chl contents in leaves of NAC-untreated rice plant until plants reached at the panicle initiation stage (Figure 2a). This result suggests that N and NAC both increased Chl content in leaves of rice plants. But Chl content decreased gradually with increasing plant age in leaves of rice plants under N0G0 treatments (Figure 2a). Maximum Chl fluorescences (Fig. 2b) were consistent with Chl content data (Figure 2a). The quantum yield (Fv/Fm ratio; Figure 2c) data supports Chl content data that NAC application increased Fv/Fm ratio in rice plants (Figure 2d). Taken together, these results suggest that NAC might enhance photochemical energy in leaves of rice plants.

Net photosynthesis rate and Relative water content in leaves of rice plants
The net photosynthesis rate and PAR were measured to justify if the application of NAC affects Pn rate and PAR in leaves of rice plants. Figure 3a shows that N significantly increased the Pn rate in leaves of ice plants (N1G0) compared than that in leaves of N-untreated plants (N0G0; open round). Figure 3a also shows that the Pn rate increased at the panicle initiation stage then declined thereafter at the ripening stage except in plants grown under N0G0 treatment (Figure 3a, open round). On the other hand, N0G0 treatment narrowed Pn rate gradually with increasing plant age (Figure 3a, open round). Plants showed similar trend results in case of NAC treatment (Figure 3a, closed round and closed square lines). But the Pn rate was significantly higher in leaves of NAC-treated plants than that in leaves of NAC-untreated plants. These results indicate that both applications of N and NAC induced Pn rate in leaves of rice plants.
	
To explain whether NAC application affects RWC in leaves of the rice plant, RWC was measured in leaves of rice plants at different growing stages. Nitrogen-treated leaves (Figure 3b) accumulated significantly higher RWC than that of leaves of N-untreated plants (Figure 3b). The treatment of NAC did not affect RWC in leaves of N-treated plants (Figure 3b) but affected RWC in N-untreated plants (Figure 3b). In N-untreated plants, NAC treatment significantly increased RWC in leaves compared to NAC-untreated plants (Figure 3b). RWCs in N-untreated plants gradually 
 
 
Figure 1. The effects of NAC on yield and yield parameters
a, NAC-induced tiller numbers at the first tillering (open bars) and 2nd tillering (closed bars). b, NAC-induced panicle numbers per pot in N-treated plant (open bars) and N-untreated plants (close bars). c, NAC-induced total grains (open bars) and filled grains (dotted bars) and unfilled grains per panicle (closed bars). d, NAC-induced yield in N-treated plant (open bars) and N-untreated plants (closed bars). e, NAC-induced fresh weight of plants (open bars) and dry weight of plants (line graph).	
   
Figure 2. The effects of NAC on Chl content, Chl fluorescence and FV/Fm ratio in leaves.
a, NAC-treated chlorophyll content in leaves of rice plants at different growing stages. b, NAC-treated chlorophyll fluorescence (Fm) in leaves of rice plants at different growing stages. c, NAC-treated quantum yields (Fv/Fm ratio) in leaves of rice plants at different growing stages. 
  
Figure 3. The effects of NAC on the photosynthesis rate and relative water content in leaves of rice plants

decreased with increasing plant age irrespective of NAC treatments (Fig. 3b; open round and closed round). In N-treated plants, RWCs were similar at different plant growing stages. This result suggests that NAC might involve in retaining higher water levels in leaves of rice plants.

Conclusion
Nitrogen significantly increased rice yield through increasing chlorophyll parameters, the Pn rate and RWC in levees of rice plants Further research will be needed to justify the effects of NAC application on phytoavailability of other nutrients to sustain rice production. The costing was justified in this study. Furthermore, according to the price of NAC, farmers would be benefitted if NAC could be applied to the plants with micronutrients as a foliar application to reduce detrimental effects of stress conditions as well as to increase NAC-induce rice production.
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Yield (g)	0.34	1.4	1.3	0.81	0.34	1.4	1.3	0.81	N1G0	N1G1	N0G0	N0G1	66.36	71.739999999999995	14.58	21.35	Treatments
Yield (g)

Weight (g)	2.35	1.25	2.0139999999999998	2.036	2.35	1.25	2.0139999999999998	2.036	N1G0	N1G1	N0G0	N0G1	84.679999999999978	104.83	28.18	29.61	8.35	7.26	7.95	8.34	8.35	7.26	7.95	8.34	N1G0	N1G1	N0G0	N0G1	280.36900000000009	382.62950000000001	75.254000000000005	90.59	Treatments
Dry straw weight (g)
Fresh straw weight (g) 

N1G0	1.1000000000000001	1.06	0.55000000000000004	1.1000000000000001	1.06	0.55000000000000004	Secondery tillering	Panicle initiation 	Ripening 	34.5	39.5	26.3	N1G1	0.80800000000000005	1.61	1.28	0.80800000000000005	1.61	1.28	Secondery tillering	Panicle initiation 	Ripening 	35.299999999999997	41.1	25.4	N0G0	1.01	0.6	0.91600000000000004	1.01	0.6	0.91600000000000004	Secondery tillering	Panicle initiation 	Ripening 	24.3	22.5	19.100000000000001	N0G1	0.45	0.15	0.61099999999999999	0.45	0.15	0.61099999999999999	Secondery tillering	Panicle initiation 	Ripening 	30	32.9	21.9	Different plant growing stages

Chlorophyll content (atrb unit)


N1G0	4.5	1	2	4.5	1	2	Secondery tillering	Panicle initiation 	Ripening 	105.33	109	63	N1G1	2.08	3	1.52	2.08	3	1.52	Secondery tillering	Panicle initiation 	Ripening 	109.66	121	73	N0G0	1.52	1	2.081	1.52	1	2.081	Secondery tillering	Panicle initiation 	Ripening 	57.33	50	44.33	N0G1	1.52	2	1.52	1.52	2	1.52	Secondery tillering	Panicle initiation 	Ripening 	82.33	83	61.6	Different plant growth stages
Chl fluorescence (Fm)

N1G0	1.5E-3	1.0999999999999999E-2	1.17E-2	1.5E-3	1.0999999999999999E-2	1.17E-2	Secondery tillering	Panicle initiation 	Ripening 	0.76900000000000002	0.76300000000000001	0.76300000000000001	N1G1	4.0000000000000001E-3	6.1000000000000004E-3	4.1000000000000003E-3	4.0000000000000001E-3	6.1000000000000004E-3	4.1000000000000003E-3	Secondery tillering	Panicle initiation 	Ripening 	0.78300000000000003	0.78300000000000003	0.78	N0G0	1.17E-2	4.1000000000000003E-3	1E-3	5.0000000000000001E-4	1.17E-2	4.1000000000000003E-3	1E-3	5.0000000000000001E-4	Secondery tillering	Panicle initiation 	Ripening 	0.72299999999999998	0.71299999999999997	0.70199999999999996	N0G1	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	Secondery tillering	Panicle initiation 	Ripening 	0.75800000000000001	0.75800000000000001	0.75800000000000001	Different plant growth stages
Quamtum yield (Fv/Fm)

N1G0	0.378	0.32100000000000001	0.251	0.378	0.32100000000000001	0.251	Secondery tillering	Panicle initiation 	Ripening 	9.3000000000000007	9.7000000000000011	5.8	N1G1	0.26400000000000001	0.152	0.152	0.26400000000000001	0.152	0.152	Secondery tillering	Panicle initiation 	Ripening 	10.9	11.3	6.9	N0G0	0.2	0.30499999999999999	0.152	0.2	0.30499999999999999	0.152	Secondery tillering	Panicle initiation 	Ripening 	4.0999999999999996	3.5	2.1	N0G1	0.36	0.36	0.2	0.36	0.36	0.2	Secondery tillering	Panicle initiation 	Ripening 	6.9	7.2	4.3	Different plant growing stages
Pn (µmol/m^2/s)

N1G0	1.06	1.23	1.84	1.06	1.23	1.84	Primary tillerine	Secondary tillering	Panicle initiation	89	89	89	N1G1	3.07	2.95	1.92	3.07	2.95	1.92	Primary tillerine	Secondary tillering	Panicle initiation	91	91	92	N0G0	3.9	2.38	1.42	3.9	2.38	1.42	Primary tillerine	Secondary tillering	Panicle initiation	71	66	54	N0G1	1.34	0.99	1.26	1.34	0.99	1.26	Primary tillerine	Secondary tillering	Panicle initiation	77	73	68	Different plant growing stages
Relative water content (%)

1st tillering	N1G0	N1G1	N0G0	N0G1	24	25	9	9	2nd tillering	N1G0	N1G1	N0G0	N0G1	47	50	22	24	Treatments
Tiller numbers

1	0.56999999999999995	0.56999999999999995	0.56999999999999995	1	0.56999999999999995	0.56999999999999995	0.56999999999999995	N1G0	N1G1	N0G0	N0G1	35.67	43.33	14	20	Treatments

Panicles per pot


Total	5.2	3.8	4	3.5	5.2	3.8	4	3.5	N1G0	N1G1	N0G0	N0G1	123	140	78	94	Filled	4.4000000000000004	3.9	1	2.8	4.4000000000000004	3.9	1	2.8	N1G0	N1G1	N0G0	N0G1	74	99	38	53	Unfilled	6.2	0.61000000000000099	4.9000000000000004	3.6	6.2	0.61000000000000099	4.9000000000000004	3.6	N1G0	N1G1	N0G0	N0G1	49	41	40	41	Treatments
Grains per panicle
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