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Abstract 
 
Rice (Oryza sativa L.) cultivars ‘Taichung shen 10’ (‘TCS10’) and ‘IR1552’ were hydroponically grown 

under different light conditions to investigate the effect of light quality on their biomass, transpiration, water-
use efficiency (WUE), carbon isotope discrimination (Δ), seed nitrogen (N) contribution and nitrogen uptake 
ability from the hydroponic nutrient solutions. Light emitting diode (LED) lighting systems were used to 
control light quality. Different light treatments were applied to the rice seedlings including red (R), green (G), 
and blue light (B), with red + blue light (RB) as control. The photon flux density was set at 105 μmol m-2 s-1. 
WUE and Δ were combined to evaluate whole-plant WUE. Improved whole-plant WUE was observed for 
both cultivars under R and RB light due to lower transpiration rates than under B light. Green light also 
improved Δ in both rice seedling cultivars. Seed N contribution of both cultivars was stable across all light 
treatments, while improved N uptake ability was observed under B and RB light. In addition, N uptake in 
‘IR1552’ rice seedling cultivars did not respond as favourably to green light as ‘TCS10’ cultivars. 

 
Keywords: carbon isotope discrimination; light quality; nitrogen uptake; rice seedling; water-use 

efficiency 
 
 
Introduction 
 
Optimization of lighting environment is one major challenge to promote availability for plant 

production in green house or plant factory (Rehman et al., 2017; Zou et al, 2020). Lighting environment, 
including the light spectrum, intensity, and photoperiod, regulates plant morphogenesis, plant photosynthetic 
differentiation and growth (Hughes, 1981). Among the spectral range of photosynthetically active radiation 
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(400 - 700 nm), red and blue light plays a large role in plant growth because these wavelengths are the principal 
energy sources for plant photosynthesis (McCree, 1971; Yang et al., 2017). Recently, green light has also been 
reported to contribute to photosynthesis in plants (Smith et al., 2017). For optimization of lighting 
environment, light-emitting diodes (LEDs) provide light within the required narrow spectrum for plant 
photosynthesis, morphogenesis, and growth (Rehman et al., 2017), and allows an evaluation of the spectrum 
composition necessary to provide optimal plant production conditions (Zou et al., 2020). Different spectral 
light induces distinct morphogenetic and photosynthetic responses that vary depending on plant species 
and/or cultivars (Chen et al., 2014; Clavijo-Herrera et al., 2018). At a gaseous exchange level, red, blue, and 
green light serves as an environmental signal to mediate CO2 assimilation and water transpiration via regulation 
of stomatal opening (Inoue and Kinoshita, 2017; Smith et al., 2017). 

Water‐use efficiency (WUE), defined as the ratio of dry matter or yield produced to water transpired or 
irrigated, is considered an important attribute for growth (Farquhar et al., 1982; Farquhar et al., 1989). On 
shorter-time scales, transpiration and/or photosynthesis rates in leaves respond to the light spectrum 
composition of the growing environment, and the intrinsic WUE dynamics (the ratio of net CO2 assimilation 
rate to H2O transpiration rate) also depends on light quality (Lee et al., 2007; Yang et al., 2016; Lanoue et al., 
2017; Yang et al., 2017; Liu et al., 2018). On longer-time scales, whole-plant WUE (the ratio of plant biomass 
to amount of water used during the plant’s entire growth cycle) is regulated by various combinations of red and 
blue light (Clavijo-Herrera et al., 2018; Pennisi et al., 2019). Carbon isotope discrimination (Δ), derived from 
the carbon isotope composition (δ13C), is an alternative screening technique for WUE and is highly correlated 
with transpiration efficiency. It has been demonstrated to be a simple but reliable method to determine WUE 
(Farquhar et al., 1989; Durand et al., 2020). The advantages of Δ includes ease and speed of measurements and 
that it integrates data over of the entire growth period (Condon et al., 1987). 

Nitrogen-use efficiency, defined as the dry matter or grain yield produced per unit of N applied, is 
determined from two plant physiological components, namely efficiency of N uptake and N utilization (Xu et 
al., 2012). Root architecture and nitrate reductase activity are both related to the plant root’s ability to obtain 
N from soil, nutrient solution, or growth medium, and are regulated by blue light (Sasakawa and Yamamoto, 
1979; Lin and Sauter, 2018). Several studies have reported N uptake dynamics of plants grown under various 
ratios of red and blue light (Shi et al., 1999; Clavijo-Herrera et al., 2018; Pennisi et al., 2019). Green light also 
promotes enzyme activity which promotes N uptake and assimilation (Bian et al., 2018). The red: far-red light 
ratio also influences nitrogen content in leaves (Frak et al., 2002). Dalal et al. (2013) suggested that inherent 
differences in the nitrogen isotope composition (δ15N) of different N sources (such as soil and fertilizer) can be 
used to estimate the relative contribution of each N source to the total crop N uptake. A stable nitrogen isotope 
approach is considered a useful phenotyping tool for evaluation of N uptake in plants (Hu and Guy, 2020). 

Our previous research found that light quality may mediate the photosynthetic potential and nitrogen 
uptake/metabolism in ‘Taichung shen 10’ (‘TCS10’) and ‘IR1552’ rice seedlings (Chen et al., 2014), thus we 
assume that light quality might control whole-plant WUE and N uptake in seedlings of these two cultivars. 
Increasingly, plant factories grow intensively farmed vegetables and fruits produced under artificial lights, 
especially in areas with high population densities and limited agricultural land. In this follow-up study, we 
investigate the effect of light quality on WUE and N uptake of rice seedlings using a stable isotope approach. 
The outcome of this study will contribute to further efficiencies for the provision of high-quality seedlings and 
will enable increased plant health and crop yields for intensively farmed produce. 

 
 
Materials and Methods 
 
Plant and growth conditions 
Seeds from two rice (Oryza sativa L.) cultivars (‘TCS10’ and ‘IR1552’) were sterilized with 2% sodium 

hypochlorite for 20 mins, washed extensively with distilled water, and germinated in Petri dishes on wet filter 
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paper at 37 °C in the dark. After 48 hours of incubation, 30 uniformly germinated seeds were selected and 
cultivated in a 150 ml beaker containing half-strength Kimura B nutrient solution (pH 4.7) which was 
prepared according to our previous study (Chen et al., 2014). Nutrient solutions were replaced every 3 days. 
Hydroponically grown rice seedlings were raised in growth chambers under LED lights at 30 °C day/ 25 °C 
night temperatures with a 12-hour photoperiod. Hydroponically grown seedlings were collected on day 14 
after reaching stage V2 or V3 according to Counce et al. (2000). The shoots and roots of the seedlings were 
separated and freeze-dried before analysis. 

 
Light treatments 
The LED light system, designed by GRE Technology (Taipei, Taiwan), was electronically controlled to 

mediate the light spectrum composition. Spectral distributions of blue (peak at 460 nm), red (peak at 630 nm), 
and green (peak at 530 nm) light were measured using a spectro-radiometer (LI-COR1800, Lincoln, NE, USA) 
in the 300-800 nm range. Light treatments for rice seedlings consisted of red LED (R), green LED (G), blue 
LED (B), and a mixture of red plus blue LED (R:B = 4:1 by photon flux density; RB). Photosynthetic photon 
flux density (PPFD) was uniformly set at 105 μmol m-2 s-1. 

 
Measurements 
The same initial starting volume of nutrient solution was used in each hydroponic beaker, and the water 

loss from each beaker recorded before each nutrient solution top-up. Control beakers (without seedlings) were 
placed under each light source to determine evaporation rates. The volume of transpired water from seedlings 
over 3 days was calculated by the difference in volume between beakers with and without rice seedlings.  

The dry matter content (DM) of the lyophilized shoots and roots were weighed, and the seedling 
biomass (BM) was calculated as the total weight of dry matter in seedlings, including the shoot and roots. Total 
water transpiration (T) in seedlings was determined by the amount of transpired water from each beaker during 
the 14-day experiment. Water-use efficiency (WUE), defined as the ratio of biomass in seedlings to total water 
transpiration was calculated as the following equation (Sinclair et al., 1984): 

WUE (mg DM g-1 H2O) = BM (mg DM per beaker) ⁄ T (g H2O per beaker) (1) 
Lyophilized shoots and seeds of both cultivars were ground to a fine, homogeneous powder by a 

Tissuelyser homogenizer (Qiagen Ltd, Germany). The relative carbon and nitrogen isotopic ratios (δ13C and 
δ15N values), and % C and % N of the rice seedlings (shoot part) were measured. δ15N values and % N of nutrient 
sources; KNO3, (NH4)2SO4, and Ca (NO3)2 used to manufacture the nutrient solution were also determined. 
Samples were analyzed in duplicate at the Stable Isotope Laboratory, GNS Science, New Zealand, using a VG 
Isoprime (Isoprime Ltd, UK) isotope ratio mass spectrometer, interfaced to a EuroVector elemental analyser 
(EuroVector Ltd, Italy) in continuous flow mode (EA-IRMS). Results were expressed in conventional delta 
notation (δ), defined as ‰, according to the following equation (Peterson and Fry, 1987): 

δ(‰) = [(Rsample-Rstandard)/Rstandard ] ×1000(‰) (2) 
where Rsample and Rstandard are the fractions of heavy to light isotopes in the sample and standard, 

respectively. The raw isotope data were corrected for linearity and stretching using working reference materials 
(leucine, cane sugar, caffeine, beet sugar, Buffalo River sediment, San Joaquin soil) calibrated to international 
standards (IAEA-N1, IAEA-N2, IAEA-CH6 and IAEA-CH7) and were reported relative to Vienna Pee Dee 
Belemnite for carbon (VPDB) and atmospheric air for nitrogen. Carbon isotope discrimination (Δ) was 
calculated as the following equation: 

Δ (‰) = [(δ13Cair - δ13Csample)/(1000 + δ13Csample)] × 1000(‰) (3) 
where δ13Cair = −8.4 ‰ (Dombrosky, 2020). 
δ15N values of rice seedling shoots and nutrient solution were compared with a similar study (Dalal et 

al., 2013). The δ15N values of different nutrient sources are listed in Table 1. The δ15N value of the nutrient 
solution (δ15NNS) was calculated from the molecular formula of the nutrient solution and the δ15N value of 
three contributing nitrogen sources (KNO3, (NH4)2SO4, and Ca(NO3)2). Total seedling N (NT) was calculated 
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from % N of seedling and shoot biomass. N content of rice seedlings derived from rice seed (Nseed) and the 
nutrient solution (NNS) were evaluated from δ15N using models as the following equations: 

Nseed (mg N per beaker) = NT × (δ15Nsample - δ15NNS)/(δ15Nseed - δ15NNS) (4) 
NNS (mg N per beaker) = NT × (δ15Nseed-δ15Nsample)/(δ15Nseed - δ15NNS) (5) 

 
Table 1. δ15N and N content (% N) of two rice cultivar seedlings and three nitrogenous fertilizer sources 
used to manufacture the nutrient solution, and the estimated δ15N value of the nutrient solution used in 
this study 

Nitrogen source δ15N (‰) % N 

‘TCS10’ seed 4.7 1.4 

‘IR1552’ seed 8.9 2.2 

KNO3 3.1 13.8 

(NH4)2SO4 -9.4 21.5 

Ca(NO3)2 -1.0 11.9 

Nutrient solution (NS) -4.3 - 
δ15N value of nutrient solution (NS) was calculated from the formula of the nutrient solution and δ15N values of three 
contributing nitrogen sources. 

 
Statistical analysis 
All measurements were evaluated for significance using an analysis of variance (ANOVA) followed by a 

least significant difference (LSD) test at the p < 0.05 level. All statistical analyses were conducted using proc 
GLM from SAS 9.3 (SAS Institute, Cary, NC, USA). A correlation analysis was conducted to relate BM, T, 
WUE and Δ followed by a Pearson correlation analysis using proc CORR from SAS 9.3. 

 
 
Results 
 
Biomass, transpiration of water, and water-use efficiency 
BM, T, and WUE in both cultivar seedlings under different light quality are presented in Figure 1. BM 

is the total shoot and root dry matter from the 14-day-old seedlings (Figure 1A). BM of ‘TCS10’ seedlings 
collected from under different LED lighting environments ranged from 254 to 262 mg DM per beaker, and 
the difference among all treatments was insignificant. ‘IR1552’ seedlings grown under B had the most biomass 
out of all the other LED light types, with 209 mg DM per beaker. 

Seedling T was calculated from water lost through transpiration every 3 days in each beaker (Figure 1B). 
T in ‘TCS10’ seedlings responded to different LED light quality. The highest T in ‘TCS10’ seedlings was 174.7 
g H2O per beaker under B, the second highest was 159.0 g H2O per beaker under RB, and the lowest was 132.7 
and 144.0 g H2O per beaker under R and G, respectively. The highest T for ‘IR1552’ seedlings was 70.3 g H2O 
per beaker, under B. 

WUE was calculated from total biomass and water transpiration from each beaker (Figure 1C). WUE 
of ‘TCS10’ seedlings collected from R was 5.00 mg DM g-1 H2O, significantly higher (p < 0.05) than B and RB. 
The highest WUE in ‘IR1552’ seedlings was 7.12 mg DM g-1 H2O under R, and the lowest WUE, 3.93 mg DM 
g-1 H2O, was determined from seedlings grown under B. 

 
Carbon isotope discrimination 
Carbon isotope discrimination (Δ), calculated from δ13C of seedlings (Table 2) and atmospheric CO2 

(defined as -8.4 ‰), also responded to different light quality (Figure 2). Δ of both cultivars showed a similar 
response to different light quality. Δ of both cultivars collected from B (24.1 and 26.0‰ for ‘TCS10’ and 
‘IR1552’, respectively) were significantly higher (p < 0.05) than other light treatments, and the next highest 
was under RB (23.5‰ and 24.8‰). The lowest Δ for both cultivars were observed under R and G. 
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Figure 1. (A) Biomass (BM), (B) transpiration (T), and (C) water-use efficiency (WUE) in ‘TCS10’ and 
‘IR1552’ rice cultivars under different light quality 
Values represent the mean of three replicate samples. The values followed by the different letters show statistically 
significant differences according to LSD (p < 0.05). RB -mixture of red plus blue, R - red; G - green; B - blue. 

 
Table 2. δ13C, % N, and δ15N values of rice cultivar seedlings ‘TCS10’ and ‘IR1552’ under different light 
quality 

Cultivar Light quality δ13C (‰) δ15N (‰) % N 

‘TCS10’ 

RB -30.8 ± 0.0 -0.9 ± 0.1 4.5 ± 0.1 

R -30.4 ± 0.1 -0.6 ± 0.2 4.4 ± 0.0 

G -30.2 ± 0.0 -0.9 ± 0.1 4.4 ± 0.1 

B -31.4 ± 0.1 -1.0 ± 0.1 4.4 ± 0.0 

‘IR1552’ 

RB -32.0 ± 0.2 3.8 ± 0.2 6.0 ± 0.1 

R -31.5 ± 0.1 4.2 ± 0.3 5.5 ± 0.1 

G -31.5 ± 0.2 4.2 ± 0.2 5.5 ± 0.0 

B -33.2 ± 0.1 2.3 ± 0.3 6.1 ± 0.1 
Each value represents mean ± SE (n = 3); RB -mixture of red plus blue, R - red; G - green; B - blue. 

 
Relationships between Δ and BM, T, and WUE for both cultivars collected from different light quality 

were analyzed (Figure 3). Δ was significantly correlated with biomass (r = 0.647, p < 0.05) for cultivar ‘IR1552’, 
but uncorrelated for ‘TCS10’ (Figure 3A). However, there was a strong positive relationship between Δ and T 
in ‘TCS10’ (r = 0.851, p < 0.001) and ‘IR1552’ (r = 0.836, p < 0.001) (Figure 3B). Moreover, Δ was negatively 
correlated with WUE for both cultivars (r = -0.785, p < 0.01) (Figure 3C). 
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Figure 2. Carbon isotope discrimination (Δ) in ‘TCS10’ and ‘IR1552’ rice cultivars under different light 
quality 
Values represent the mean of three replicate samples. The values followed by the different letters show statistically 
significant differences according to LSD (p < 0.05). RB -mixture of red plus blue, R - red; G - green; B - blue. 

 

 
Figure 3. Relationships between Δ and (A) biomass (BM), (B) transpiration (T), (C) and water-use 
efficiency (WUE) for ‘TCS10’ and ‘IR1552’ rice cultivars under different light quality 

 
Seed N contribution and nutrient solution N 
Mean % N and δ15N values in both cultivar seedlings collected from different light quality are listed in 

Table 2. Both seed N contribution (Nseed) and nutrient solution N (NNS) usage are calculated from % N and 
δ15N values according to Dalal et al. (2013) and are plotted in Figure 4. Nseed for seedlings raised under different 
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light types were similar for both cultivars and ranged from 4.2 to 4.6 mg N per beaker, and 6.4 to 6.7 mg N per 
beaker for ‘TCS10’ and ‘IR1552’, respectively (Figure 4A). Less NNS was used by the ‘TSC10’ cultivar under R 
(6.7 mg N per beaker) than under other light types (7.2 to 7.3 mg N per beaker). Furthermore, the highest NNS 
used by the ‘IR1552’ cultivar was 6.4 mg N per beaker under B, followed by 4.1 mg N per beaker under RB, the 
lowest amount was 3.7 and 3.7 mg N per beaker, respectively under R and G (Figure 4B). 

 

 
Figure 4. Seed N contribution to seedling (Nseed) and nutrient solution N (NNS) of ‘TCS10’ and ‘IR1552’ 
rice cultivars under different light quality 
Values represent the mean of three replicate samples. The values followed by the different letters show statistically 
significant differences according to LSD (p < 0.05). RB -mixture of red plus blue, R - red; G - green; B - blue. 

 
 
Discussion 
 
Stomatal responsiveness mediates both CO2 uptake and H2O transpiration in leaves and results in 

different WUE dynamics (Lawson and Blatt, 2014). Red light provides the energy source for the 
photosynthetic reaction which mediates stomatal opening, whereas blue light is directly absorbed by 
phototropins which trigger signaling pathways to regulate stomatal opening and control gaseous exchange 
(Inoue and Kinoshita, 2017). Over different time scales, WUE can be determined by photosynthesis and 
transpiration in leaves or be evaluated from the ratio of total biomass or yield produced divided by the amount 
of water used during crop life cycle (Farquhar et al., 1982; Farquhar et al., 1989). Previous studies have reported 
that water transpiration in leaves of Cyclocarya paliurus (Lee et al., 2007), Withania somnifera (Liu et al., 
2018), purple cabbage (Yang et al., 2016), tomato (Solanum lycopersicum) (Lanoue et al., 2017) and tobacco 
(Nicotiana tabacum) (Yang et al., 2017) was significantly increased under B light, while photosynthesis rates 
did not increase with higher transpiration rates. Meanwhile, intrinsic WUE was found to significantly increase 
at the leaf level due to lower transpiration under red light (Lee et al., 2007; Lanoue et al., 2017). 

In this study, inherent δ13C differences were observed for both rice cultivars grown under different light 
conditions (Table 1). The results suggested that Δ presented a negative correlation to whole-plant WUE 
(Figure 3) and was considered an effective tool for screening WUE dynamics (Condon., 1987; Farquhar et al., 
1989; Durand et al., 2020). Likewise, various Δ responses to different light treatments in seedlings were 
observed (Figure 2). Seedling BM was similar among all light treatments, while lower T was measured under 
red light (Figure 1). Therefore, whole-plant WUE in seedlings was enhanced under red light LED (Figures 1 
and 2). Moreover, T and Δ in seedlings of both cultivars grown under R+B were lower than B. Results from 
this study were similar to previous studies which demonstrated whole-plant WUE in lettuce (Lactuca sativa) 
(Clavijo-Herrera et al., 2018) and sweet basil (Ocimum basilicum) (Pennisi et al., 2019) was increased under 
red-enriched environments. 
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Green light which is adsorbed less by photosynthetic pigments from plant tissue, as well as blue and red 
light, serve as an environmental signal to optimize stoma aperture and to fine-tune photosynthesis and 
transpiration in plants (Smith et al., 2017). In this study, a lower seedling T was determined under green light, 
and it also caused improved whole-plant WUE (Figures 1 and 2). Previous studies in Cyclocarya paliurus (Liu 
et al., 2018), purple cabbage (Yang et al., 2016), tobacco (Yang et al., 2017), and tomato (Lanoue et al., 2017) 
also indicated that transpiration rates in leaves were significantly inhibited under green light. Several studies 
have shown that enhanced whole-plant WUE was accompanied by lower transpiration rates and/or inhibited 
stomatal conductance (Lee et al., 2007; Lanoue et al., 2017; Clavijo-Herrera et al., 2018; Pennisi et al., 2019). 
Consequently, lower transpiration rates equate to better whole-plant WUE, including where WUE (Figure 1) 
and Δ (Figure 2) of seedlings grown under R and G might be caused by light-regulated stomatal opening. The 
correlation between Δ and T also suggested that improved whole-plant WUE arose from lower transpiration 
rates rather than higher biomass accumulation (Figure 3). 

Nitrogen use in plants is determined from N uptake, translocation, assimilation, and sequential 
remobilization, and is governed by several genetic and environmental factors and their interactions (Xu et al., 
2012). Light quality, a key environmental factor, also regulates nitrogen use in plant. Previous studies of rice 
reported that blue light more effectively induced nitrate reductase activity and mediated development of 
adventitious roots, but red light was found to increase nitrate uptake only slightly (Sasakawa and Yamamoto, 
1979; Lin and Sauter, 2018). Recent research on lettuce revealed green light induced nitrate reductase, nitrite 
reductase, glutamine synthetase, and glutamate synthase activities (Bian et al., 2018). 

δ15N can be used to evaluate nitrogen uptake (Dalal et al., 2013) and/or assimilation (Hu and Guy, 
2020). In this study, Nseed and seedling NNS was evaluated according to the inherent δ15N differences in the seed, 
nutrient solution (Table 1), and seedlings (Table 2). Seed N contribution (Nseed) was extremely stable for both 
cultivars (Figure 4). Total N of ‘TCS10’ and ‘IR1552’ seeds was 8.4 and 10.5 mg per beaker, respectively. 
Therefore, ‘TCS10’ and ‘IR1552’ seeds provided between 61-64 and 50-55% respectively of the N required for 
shoot development during the 14-day experiment. Conversely, NNS of both cultivars was reduced under R 
compared to B (Figure 4). Furthermore, enhanced NNS under RB seen in this research suggested more N uptake 
in seedlings, consistent with previous studies in tobacco (Shi et al., 1999) and sweet basil (Pennisi et al., 2019). 
However, Clavijo-Herrera et al. (2018) indicated that light quality was ineffective in regulating nitrogen uptake 
in lettuce. In this study, root biomass from neither of the two rice cultivars grown under RB increased under B 
light (data not shown), therefore the increase of N uptake under R+B light might be attributed to nitrate 
activity regulation and root architecture (Sasakawa and Yamamoto, 1979; Lin and Sauter, 2018). Additionally, 
‘TCS10’ and ‘IR1552’ seedlings showed a divergent response for N uptake under green light in this study which 
may reflect an opposing sensitivity to green light (Figure 4). 

 
 

Conclusions 
 
Our study showed blue light promoted water transpiration, leading to a decline in WUE and effectively 

promoting N uptake in rice seedlings. Red light successfully inhibited water transpiration, and green light also 
mediated WUE similar to R light. There are significant implications from this research for the burgeoning 
plant factory industry where crops are grown continually all year using indoor farming techniques and artificial 
light. We propose that by supplementing growing conditions with moderate exposure to mono-spectral light, 
improved water-use efficiency (less transpiration) and higher nitrogen uptake can be promoted in plants. In 
this study, we also demonstrated that stable C and N isotope techniques can estimate water use and nitrogen 
uptake in two rice cultivars (‘IR1552’ and ‘TCS10’ seedlings) to assess crop physiology. Δ values can be a useful 
tool to evaluate whole-plant WUE, while higher δ15N values reflect increased nutrient uptake efficiency of 
fertilizers, providing a measure of efficiency and sustainability. 
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