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Abstract: A split plot factorial 2 × 3 experiment was designed to examine and characterize 
the relationships among secondary metabolites (total phenolics, TP; total flavonoids, TF), 
carbohydrate content, C/N ratio, protein synthesis and L–phenylalanine ammonia lyase 
(PAL; EC 4.3.1.5) activity in the Malaysian medicinal herb Labisia pumila (Blume) Fern-
Vill. under different CO2 concentrations (400 = ambient and 1,200 µmol mol−1 CO2) and 
three levels of nitrogen fertilization (0, 90 and 270 kg N ha−1) for 15 weeks. The interaction 
between CO2 and nitrogen levels imposed a significant impact on plant secondary 
metabolite production, protein, PAL activity and fructose levels. Highest TP and TF were 
recorded under 1,200 µmol mol−1 CO2 when N fertilizer was not applied; lowest values 
were obtained at 400 µmol mol−1 CO2 fertilized with the highest N level. Concurrently, 
fructose contents increased tremendously. Increase in fructose content might also enhance 
erythose-4-phosphate production (substrate for lignin and phenolic compounds), which 
shares a common precursor transdalolase in the pentose phosphate pathway. PAL activity 
was noted to be highest under 1,200 µmol mol−1 CO2 + 0 kg N ha−1 coinciding with 
subsequent recording of the lowest protein content. The results implied that the increase in 
plant secondary metabolites production under the tested conditions might be due to 
diversion of phenylalanine for protein synthesis to production of secondary metabolites. It 
was also found that the sucrose to starch ratio was also high under high levels of nitrogen 
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fertilization, indicating an enhanced sucrose phosphate synthase activity (SPS; EC 
2.4.1.14) under such condition. 
 
Keywords: CO2 enrichment; total phenolics; total flavonoids; carbon-to-nitrogen ratio; 
total non structurable carbohydrates; total soluble sugar and starch profiling; Kacip 
Fatimah 

Abbreviations: TP, total phenolics; TF, total flavonoid; PAL, Phenyll alanine lyase; N, 
nitrogen; C/N, Carbon to nitrogen ratio; SPS, Sucrose phosphate synthase; ROS, Reactive 
oxygen species; CNB, carbon nutrient balance; GDB, Growth differentiation balance; 
TNC, Total non structurable carbohydrate; CBSM, Carbon based secondary metabolites. 

 

1. Introduction  

Labisia pumila (Blume) Fern-Vill., locally known as Kacip Fatimah, Selusoh Fatimah or Akar 
Kacip Fatimah, is a sub-herbaceous plant with creeping stems from the family Myrsinaceae that is 
found widespread in Indochina and throughout the Malaysian forest [1]. It is a shade loving plant and 
grows well under thinned jungle with 70% to 90% shade. In Peninsular Malaysia, it is widely 
distributed throughout a few states like Perak, Pahang, Selangor and Negeri Sembilan [2]. 
Traditionally L. pumila has been used by Malay women to induce and facilitate childbirth as well as in 
post-partum medicine [3]. Stone [4] has categorized three varieties of this herb in Malaysia, namely L. 
pumila (Blume) Fern-Vill var. alata, L. pumila (Blume) Fern-Vill var. pumila and L. pumila (Blume) 
Fern-Vill var. lanceolata. Each of the varieties has different uses. The most universally utilized 
varieties by the traditional healers are the first two, L. pumila var. alata and L. pumila var. pumila. The 
other uses include treatments for dysentery, dysmenorrhea, flatulence and gonorrhea [5]. L. pumila is 
widely and commercially available as a health supplement.  

Previous studies have indicated that the bioactive compounds of L. pumila consisted of resorcinols, 
flavonoids and phenolic acids [1,6]. These compounds are all phenolics, and possess a wide range of 
structures that contribute to the organoleptic and nutritional qualities of fruits and vegetables [7]. These 
phytochemicals are often referred as antioxidants on account of their ability to protect the plant against 
damages caused by reactive oxygen species (ROS), which are involved in various diseases such as 
cancer and atheroscelorosis. The uptake of high levels of antioxidant supplements can reduce the risk 
of these diseases. Phenolic compounds have been implicated as natural antioxidants that may reduce 
oxidative damage to the human body [8]. Recent work by Norhaiza et al. [9] has shown that L. pumila 
have high antioxidant properties attributable to the presence these bioactive compounds. 

Environmental factors such as nutrient supply, temperature, light conditions or atmospheric CO2 
concentrations can influence the levels of carbon based secondary metabolites in plant tissues, and 
plant partitioning of carbohydrates and energy [10]. As it is generally known that secondary 
metabolism is linked to primary metabolism by the rates at which substrates are diverted from primary 
pathways and funneled into the secondary biosynthetic routes, several environmental factors affecting 
growth, photosynthesis and other parts of primary metabolism will also affect secondary metabolism. 
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One of these factors is CO2, and the increases in atmospheric CO2 due to climate change have a direct 
impact on plant secondary metabolites. Lately, it has been found that the enrichment of L. pumila with 
high levels of CO2 increased the secondary metabolite production (phenolics and flavonoids) of this 
plant [11]. A similar result was also observed in ginger (Zingiber officinale) [12]. 

In most studies, it is reported that concentrations of some carbon based secondary metabolites 
(CBSM) such as phenolics usually increase under elevated CO2 [13]. Levels of CBSM are partly 
determined by environmental conditions [14]. Resource allocation hypotheses such as the carbon-
nutrient balance (CNB) [15] and growth differentiation balance (GDB) [16] have been proposed by 
researchers to predict the effects of environmental factors. They assume that changes in carbon source-
sink relationship, as a consequence of reducing nutrient availability or modifying carbon availability, 
determines variations in the relative partitioning of carbon to growth, carbon based secondary 
metabolites (CBSM) and total non structural carbohydrates (TNC). The predictions of these 
hypotheses can be tested by exposing plants to increasing CO2 levels. The consequent rise in carbon-
nutrient availability limits the growth more than photosynthesis, which results in accumulation of TNC 
and a decrease in nitrogen [17]. 

When protein synthesis is restricted under high carbon-nitrogen availability ratio, the consequent 
lower demand of amino acids could determine the stimulation of phenolic compounds synthesis [18]. 
Two hypotheses have been proposed to explain the increases of CBSM under these conditions. Bass 
[19] considered that TNC in excess of those required for protein synthesis as the main factor affecting 
the increase of CBSM under elevated CO2. On the other hand, Jones and Hartley [14] and Lambers 
[20] proposed the involvement of the amino acid phenylalanine as a common precursor for proteins 
and phenolics. Competion between proteins and phenolics for limiting phenylalanine would result in a 
trade-off between protein and phenolics synthesis rates, thus reversing the relationship between protein 
and phenolics allocation. These two hypotheses consider the increase of CBSM under elevated CO2 as 
a result of a metabolic excess of carbon with no physiological cost on growth. A negative relationship 
between CBSM and growth are expected because increases in growth along a gradient of increasing 
nutrient availability will result in less carbon being available for CBSM production [15]. 

Many studies have investigated the effects of elevated CO2 on plant primary metabolism but 
relatively few studies have investigated the response of plant CBSM to increasing CO2 and its 
interaction with nitrogen availability. The objective of this study was to examine the effects of 
different CO2 and nitrogen levels on plant total carbon, leaf nitrogen, C/N ratio, protein synthesis, PAL 
activity, primary (soluble sugar, starch) and secondary metabolite (flavonoids and phenolics) syntheses 
in the medicinal herb L. pumila. The relationships among protein synthesis, PAL activity, 
carbohydrate, and total phenolics and flavonoids of plants exposed to combined CO2 enrichment and 
nitrogen levels were also determined. 

2. Results and Discussion 

2.1. Glucose and Sucrose  

The glucose and sucrose levels were influenced by elevated CO2 levels (P ≤ 0.05; Table 1). The 
levels were found to be higher under 1,200 µmol mol−1 CO2 than 400 µmol mol−1 CO2 (ambient 
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conditions). The glucose and sucrose contents were 28% and 49% higher in 1,200 µmol mol−1 CO2 
than under ambient CO2 concentration, respectively. The increase in sucrose and glucose under the 
enriched condition has also been observed in other plants such as tomatoes, potatoes, orchids and 
sugarcane [21-24]. These increases might be due to an increase in hexose phosphate production under 
elevated CO2. Hexose phosphate is a precursor for sucrose synthesis so as hexose phosphate levels 
increased the production of sucrose and glucose was enhanced too [25].  

Table 1. Effects of elevated CO2 on glucose and sucrose concentration of L. pumila. 

CO2 levels (µmol mol−1) Glucose (mg g−1 dry weight) Sucrose (mg g−1 dry weight) 
400 11.89 ± 0.32 b 36.32 ± 1.00 b 
1200 15.27 ± 0.66 a 54.34 ± 0.90 a 

All analyses are mean ± standard error of mean (SEM). N = 15. Means not sharing a common letter 
were significantly different at P ≤ 0.05. 

2.2. Fructose 
 

Fructose levels in L. pumila were influenced by the interaction effects between CO2 and nitrogen  
(P ≤ 0.01; Figure 1). The highest fructose level was produced under 0 kg N ha−1 and was higher at 
1,200 µmol mol−1 CO2 (22.07 mg g−1 dry weight) than 400 µmol mol-1 CO2 (17.95 mg g−1 dry weight).  

Figure 1. Interaction effects between CO2 (µmol mol−1) and nitrogen levels on fructose 
content of L. pumila. N = 12. Bars represent standard error of differences between means 
(SEM). 
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As nitrogen fertilization was increased to 270 kg N ha−1 the fructose content decreased, especially 
under ambient CO2 (4.32 mg g−1 dry weight) compared to the plant at 1,200 µmol mol−1 CO2 that 
recorded a dry weight of 7.26 mg g−1. A similar observation was highlighted by Sun et al. [26] in 
Arabidopsis sp. where the interaction between high CO2 and low nitrogen levels increased the 
production of fructose; and a decrease in fructose content at ambient CO2 and high nitrogen 
fertilization was noted. However, similar work by Pilar et al. [27] on wheat did not find any significant 
interaction effects between CO2 and nitrogen in influencing the fructose concentration in wheat leaves.  
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Table 2. Correlations among the measured parameters in the experiments. 

    1 2 3 4 5 6 7 8 9 10 11 12 

1 Glucose 1.000                       

2 Sucrose 0.316 1.000                     

3 Fructose 0.121 0.352 1.000                   

4 Starch 0.175 0.39 0.942 * 1.000                 

5 TNC 1 0.305 0.602 * 0.927 * 0.963 * 1.000               

6 CN 2 −0.008 0.136 0.799 * 0.809 * 0.730 * 1.000             

7 Phenolics 0.207 0.457 0.948 * 0.929 * 0.939 * 0.788 * 1.000           

8 Flavonoids 0.166 0.379 0.942 * 0.947 * 0.926 * 0.852 * 0.955 * 1.000         

9 PAL 3 0.048 0.241 0.740 * 0.814 * 0.751 * 0.788 * 0.744 ** 0.842 * 1.000       

10 Nitrogen 0.102 −0.049 −0.853 * −0.832 * −0.728 * −0.929 * −0.785 * −0.841 * −0.777 * 1.000     

11 Protein −0.023 −0.139 −0.798 ** −0.841 * −0.754 * −0.862 * −0.714 * −0.812 * −0.784 * 0.899 * 1.000   

12 Suc/ starch 4 0.128 0.442 −0.629 * −0.645 * −0.434 −0.671 * −0.519 * −0.600 * −0.589 * 0.780 * 0.709 * 1.000 

* and ** = significant at 5% and 1% respectively. 1 = Total non structurable carbohydrate; 2 = carbon to nitrogen ratio; 3 = Phenyl alanine lyase activity 
and 4 = Sucrose / Starch ratio. 
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It was found that fructose had a strong significant positive correlation with starch (R2 = 0.942;  
P ≤ 0.05), as presented in the correlation Table 2. This showed that as starch levels increased in the 
leaves, fructose production might also be upregulated. The same positive correlation between starch 
and fructose was observed by Rose et al. [28] in quinoa seedlings, which implied that the increase in 
fructose might be due to increase in starch production in the leaves. 

2.3. Starch and Total Non Structural Carbohydrates (TNC) 
 

The starch and total non structural carbohydrate were influenced by the nitrogen levels applied to 
Labisia pumila seedlings (P ≤ 0.05). From Table 3 it is observed that as the nitrogen fertilization 
increased, the starch and total non structural carbohydrate decreased significantly from 0 kg N ha−1 > 
90 kg N ha−1 > 270 kg N ha−1.  

Table 3. The effects of nitrogen levels on starch and total non structural carbohydrate. 

Nitrogen levels 
(Kg N ha−1) 

Starch  
(mg g−1 glucose dry weight) 

Total non structural carbohydrate 
(mg g−1 dry weight) 

0 116.29 ± 3.12 a 192.94 ± 9.12 a 
90 102.58 ± 3.49 b 179.27 ± 8.52 b 
270 76.16 ± 2.73 c 141.65 ± 7.75 c 

All analyses are mean ± standard error of mean (SEM), N = 15. Means not sharing a common letter 
were significantly different at P ≤ 0.05. 
 

At end of 15 weeks after start of treatment (WAT), the starch content in 0 kg N ha−1 was  
116.29 mg g−1 dry weight, followed by 90 kg N ha−1 (102.58 mg g−1 dry weight) and 270 kg N ha−1 
(76.16 mg g−1 dry weight). Under nitrogen treatments, starch and TNC were highest at 0 kg N ha−1  
and decreased with increasing N fertilization until reaching the lowest value at 270 kg N ha−1. The 
TNC decreased by 7% and 27%, respectively, in 90 and 270 kg N ha−1 compared to the ones under  
0 kg N ha−1. With increased CO2 concentration from 400 to 1,200 µmol mol−1, this resulted in the 
highest values in starch and TNC. However, the effect of nitrogen was found to be stronger than CO2 
enrichment in modifying the starch and TNC levels, resulting in higher values under low nitrogen 
levels than elevated CO2 ones Similar findings were also obtained by other workers [29-31] where they 
found increased levels of starch and TNC under high CO2 concentration and low nitrogen levels; there 
were no interaction effects observed between CO2 and nitrogen levels. In the present study, the 
increase in starch content might influence the increase in TNC. From Figure 2, starch content showed 
the highest carbohydrate values in all interaction treatments. This signifies the role of starch in 
influencing TNC effects. Furthermore, from the correlation table, starch and TNC showed a strong 
positive correlation (R2 = 0.963; P ≤ 0.05), which suggested that the increase in TNC had contributed, 
particularly, to the increase of the starch content of the leaves. The increase in starch and total soluble 
sugar (TSS) might be due to a decline in organic phosphate (Pi) and increase in phosphoglyceric  
acid [32]. 
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Figure 2. Interaction effects between CO2 and Nitrogen levels on carbohydrate partitioning 
in L. pumila. N = 6. Treatments used were C1N0 = 400 µmol mol−1 CO2 + 0 kg N ha−1; 
C1N1 = 400 µmol mol−1 CO2 + 90 kg N ha−1; C1N2 = 400 µmol mol−1 CO2 + 270 kg N Ha−1; 
C2N0 = 1,200 µmol mol−1 CO2 + 0 kg N Ha−1; C2N1 = 1,200 µmol mol−1 CO2 +  
90 kg N Ha−1; C2N2 = 1,200 µmol mol−1 CO2 + 270 kg N Ha−1. Bars represent standard 
error of differences between means (SEM). 
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2.4. Carbohydrate Partitioning  

The carbohydrate partitioning in the leaves of L. pumila is demonstrated in Figure 2. In all the 
combination treatments, starch was found to be the highest carbohydrate component accumulated, 
followed by sucrose. Plants that were fertilized with 0 and 90 kg N ha−1 displayed fructose as the 
highest carbohydrate after sucrose, and that for 270 kg N ha−1, glucose was the third highest 
carbohydrate after sucrose, whilst fructose concentration under ambient CO2 and 270 kg N ha−1 was 
the lowest. It was also observed that starch content decreased with increasing nitrogen fertilization 
under elevated and ambient CO2 concentration. 

2.5. Leaf C to N Ratio and Nitrogen  

The C/N ratio and nitrogen levels were influenced by the nitrogen fertilizer applied to the seedlings 
(Table 4). At the end of 15 WAT, the C/N ratio of 0 kg N ha−1 treatment had registered a value of 
24.39, followed by 90 kg N ha−1 and 270 kg N ha−1 with C/N values of 16.473 and 9.402, respectively. 
The high plant C/N values might be contributed to by the reduction in nitrogen content rather than 
increases in total carbon. Similar findings were reported by Zhao et al. [33], Aguera et al. [34] and 
Coviella et al. [35]. In the present study, the increase in plant C/N ratio might be an indicator of an 
increase in plant secondary metabolites. This was shown from the correlation Table 2 where total 
phenolics and flavonoids had significant positive values of R2 = 0.788 and 0.852 (P ≤ 0.05), 
respectively. Winger et al. [36] indicated that increases in the C/N ratio in plants was an indication of 
increases in the synthesis of plant secondary metabolites, especially phenolics and flavonoids. The 
increase in plant C/N ratio signifies that an increase in the production of TNC that might stimulate the 
production of plant secondary metabolites [37,38].  
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Table 4. Effects of nitrogen levels on C/N ratio and leaf nitrogen content in L. pumila. 

Nitrogen levels 
(Kg N ha−1) C/N Leaf nitrogen content 

(%) 
0 24.39 ± 1.47 a 1.74 ± 0.08 c 
90 16.47 ± 0.68 b 2.61 ± 0.11 b 
270 9.40 ± 0.27 c 4.53 ± 0.07 a 

All analyses are mean ± standard error of mean (SEM), N = 15. Means not sharing a common 
single letter were significantly different at P ≤ 0.05. 

 
In the present study, this statement was proven when the C/N ratio displayed a significant positive 

relationship with TNC (R2 = 0.730; P ≤ 0.05). However, the leaf nitrogen registered a negative 
relationship with C/N ratio when nitrogen levels increased with increasing N fertilization. Although 
there was no nitrogen fertilization at 0 kg N ha−1, the leaf nitrogen content of the seedlings had 
indicated sufficient nitrogen to support growth [39]. From the correlation Table 2, it was shown that 
leaf nitrogen content has a significant negative relationship with the production of plant secondary 
metabolites, phenolics (R2 = −0.785; P ≤ 0.05) and flavonoids (R2 = −0.841; P ≤ 0.05). These data 
indicated that the production of plant secondary metabolites might be upregulated when the plants 
were under limitation of nitrogen [40]. 

2.6. Total Phenolics and Flavonoids 

Total phenolics and flavonoids were influenced by interaction between CO2 and nitrogen levels  
(P ≤ 0.05; Figure 3). It was observed that the production of plant secondary metabolites was highest 
under 0 kg N ha−1 under elevated CO2 (1,200 µmol mol−1), compared to the ambient CO2 levels  
(400 µmol mol−1). The lowest production of total phenols and flavonoids was observed at 270 kg N ha−1 
under ambient CO2 conditions compared to those plants enriched with 1,200 µmol mol−1 CO2.  

 
Figure 3. Interaction effects between CO2 and nitrogen levels on total phenolics (a) and 
total flavonoids (b) content of L. pumila. N = 12. Bars represent standard error of 
differences between means (SEM). 

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

2.60

2.80

0 90 270

Nitrogen levels (Kg N Ha-1)

T
ot

al
 p

he
no

lic
s

(m
g 

g-1
 G

A
E

 d
ry

 w
ei

gh
t)

400
1200

 
 

a) 



Molecules 2011, 16                    
 

 

4180

 

Figure 3. Cont. 
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Total phenolics and flavonoids were higher under elevated CO2 than ambient CO2 combined with 0, 

90 and 270 kg ha−1 nitrogen. Correlation analysis (Table 2) revealed that the total phenolics and 
flavonoids had positive significant relationships with fructose (0.948 and 0.942; P ≤ 0.05), suggesting 
that that the increase in production of plant secondary metabolites might be due to an increase in 
fructose content. Furthermore, the increase in fructose was contributed by interaction effects between 
CO2 and nitrogen level, similar to those of total phenolics and flavonoids. The contribution of fructose 
in increasing plant secondary metabolites was reported once, and it is well known that an increase in 
soluble sugar is involved in the upregulation of the production of secondary metabolites in plants 
[12,40,41]. The increase in production of secondary metabolites by the increase in fructose content 
have been observed by Mirna et al. [42] in quinoa seedlings where the increase in total phenolics and 
flavonoids of the seedlings under UV-B radiation was significantly related to an increase in fructose 
content in quinoa leaves. The positive relationship between fructose and secondary metabolites might 
be due to enhanced activity of penthose phosphate pathway to supply high levels of erythose-4-
phoshate, which is used as a substrate for the synthesis of lignin and secondary metabolite compounds 
in the shikimate acid pathway [43]. The increase in the production of erythose-4-phoshate implies a 
high production of fructose because both these compounds are synthesized in the same reaction 
catalyzed by transaldolase in the penthose phosphate pathway [42]. The current result suggest that 
under high CO2 and low nitrogen levels, the production of secondary metabolites was upregulated, and 
this might have been attributed to increase in penthose phosphate pathway due to increased erythose-4-
phoshate synthesis, which is the precursor to plant secondary metabolites. 
 
2.7. Phenylalanine-lyase; PAL Activity 
 

The PAL activity was influenced by interaction effects between CO2 and nitrogen levels (P ≤ 0.05; 
Figure 4). The PAL activity was found to be higher under 0 kg N ha−1 when the CO2 level was the 
highest (38.9 nM transcinnamic mg−1 protein hour−1) than under ambient CO2 (33.75 nM 
transcinnamic mg−1 protein hour−1).  

b) 
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Figure 4. Interaction effects between CO2 and nitrogen levels on PAL activity of  
L. pumila. N = 12. Bars represent standard error of differences between means (SEM). 
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As the levels of nitrogen increased from 0 kg to 90 kg and 270 kg N ha−1 the activity of PAL 
decreased, registering the lowest PAL values at ambient CO2 under 270 kg N ha−1 (11.8 nM 
transcinnamic mg−1 protein hour−1). The increase in production of secondary metabolites in the present 
work could be due to increase in PAL activities under high CO2 combined with low nitrogen levels. It 
was also found that interaction effects between CO2 and nitrogen levels influenced the PAL activity. 
Correlation analysis showed that PAL had a significant positive relationship with total phenolics and 
flavonoids (R2 = 0.744; R2 = 0.842; P ≤ 0.05), which might indicate an upregulation of plant secondary 
metabolite production with increased PAL activity. This is basically due to the fact that PAL is a 
precursor to total phenolics and flavonoids biosynthesis [14]. The increase in PAL activity under high 
CO2 combined with low nitrogen level was also observed by Matros et al. [44] and Hartley et al. [45] 
in tobacco and Spergula avensis. These results suggest that upregulation of production of plant 
secondary metabolites in L. pumila under high CO2 and low nitrogen might be due to an increase in 
PAL activity. 
 
2.8. Soluble Protein 
 

Soluble protein of L. pumila was influenced by the interaction between CO2 and nitrogen levels  
(P ≤ 0.01). As the levels of nitrogen increased from 0 to 270 kg N ha−1, the soluble protein also 
increased, but the increase in soluble protein was highest under ambient CO2 compared to  
1,200 µmol mol−1 CO2 level (Figure 5). The highest protein content was obtained in 400 µmol mol−1 
CO2 when seedlings were fertilized with 270 kg ha−1 N (12.759 mg g−1 dry weight), and the lowest in  
1,200 µmol mol−1 CO2 without any N fertilizer (6.06 mg g−1 dry weight). Similar results to those of the  
present study was observed by Erbs et al. [28] and Gleadow et al. [46] in wheat and cassava, where the 
highest protein accumulation was observed under ambient CO2 and high nitrogen fertilization. Protein 
content was also found to have a negative relationship with total phenols and flavonoids (R2 = −0.714;  
R2 = −0.812; P ≤ 0.05), which indicates the occurrence of an upregulation of plant secondary 
metabolites when protein content was reduced [47]. In the present study, the decreased protein 
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production under high CO2 and low nitrogen levels might decrease the use of PAL for protein 
synthesis which is necessary for the biosynthesis of plant secondary metabolites [48]. This explains 
why increased in secondary metabolites might be upregulated under the current conditions.  

 
Figure 5. Interaction effects between CO2 and nitrogen levels on soluble protein content of 
L. pumila. N = 12. Bars represent standard error of differences between means (SEM). 
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2.9. Sucrose to Starch Ratio 

The sucrose/starch ratio was only influenced by the nitrogen levels applied to the L. pumila 
seedlings (P ≤ 0.05; Figure 6). The sucrose/starch ratio in 0 kg N ha−1 was 0.373, followed by  
90 kg N ha−1 (0.462) and 270 kg N ha−1 (0.577).  

Figure 6. The effects of nitrogen levels on sucrose/starch ratio of L. pumila. N = 12. Bars 
represent standard error of differences between means (SEM). 
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These results showed that as the nitrogen levels increased to reach 270 kg N ha−1 the sucrose/starch 
ratio also increased. The sucrose/starch ratios in 90 and 270 kg N ha−1 were 23% and 57%, 
respectively, higher than at 0 kg N ha−1. Sucrose/starch ratio is an indication of sucrose phosphate 
synthase activity (SPS) in plants [49]. In the present study, SPS activity was shown to be highest in 
270 kg N ha−1, followed by 90 kg N ha−1 and the least at 0 Kg N ha−1. As indicated in the present work, 
SPS activity was highest when the level of nitrogen fertilization was high [49]; this was supported by 
the correlation analysis in Table 2, where sucrose to starch ratio displayed a significant positive 
correlation with nitrogen levels (R2 = 0.780; P≤ 0.05). It was also noted that sucrose/starch ratio had a 
significant positive relationship with protein (R2 = 0.709; P ≤ 0.05). These results signify that SPS 
activity was higher in plants that contained high nitrogen and protein contents. A similar result as in 
the present study was also observed by Cruz et al. [50] on Ceratina siliqua. 

3. Experimental  

3.1. Experimental Location, Plant Materials and Treatments 

The experiment was carried out in growth houses at Field 2, Faculty of Agriculture Glasshouse 
Complex, Universiti Putra Malaysia (longitude 101° 44’ N and latitude 2° 58’S, 68 m above sea level) 
with a mean atmospheric pressure of 1.013 kPa. Three-month old L. pumila seedlings of var alata were 
left for a month to acclimatize in a nursery until ready for the treatments. Carbon dioxide enrichment 
treatment plants were exposed to 400 and 1200 µmol−1 mol−1 CO2, started when the seedlings had 
reached 4 months of age and they were fertilized with three rates of nitrogen, viz. 0, 90 and  
270 kg N ha−1, applied in the form of urea. The fertilization with nitrogen levels were split into three 
applications (Table 5). This factorial experiment was arranged in a split plot using a randomized 
complete block design with CO2 levels being the main plot, and nitrogen levels/rates as the sub-plot 
replicated three times. Each treatment consisted of ten seedlings (Table 5). 

 
Table 5. Treatments combination of CO2 enrichment and nitrogen fertilization levels of 
Labisia pumila Benth. during the experiment. 

CO2 levels 
(µmol mol−1) Nitrogen (kg N Ha−1) 1,2 Total nitrogen fertilizer  

per plant 3 (g) 
400 0 0.00 

90 0.36 
270 1.08 

1,200 0 0.00 
90 0.36 
270 1.08 

1 = Nitrogen source used was urea (46% N); 2 = Every nitrogen treatment receives TSP (Triple 
super phosphate; 46% P) and MOP (muriate of potash; 60% K) at standard rates of 180 kg N ha−1; 
the nitrogen was split into three fertilization phases, and each phase was about 33.3% of total 
nitrogen fertilizer; 3 = Every nitrogen treatment receives TSP (triple super phosphate; 46% P;  
0.72 g per plant) and MOP (60% K; 0.51 g per plant) at standard rates of 180 kg N/ha. 
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3.2. Growth House Microclimate and CO2 Enrichment Treatment 

The seedlings were raised in specially constructed growth houses receiving 12-hour photoperiod 
and an average photosynthetic photon flux density of 300 µmol m−2 s−1. Day and night temperatures 
were recorded at 30 ± 1.0 °C and 20 ± 1.5 °C, respectively, and relative humidity at about 70% to 
80%. Vapor pressure deficit ranged from 1.01 to 2.52 kPa. Carbon dioxide at 99.8% purity was 
supplied from a high–pressure CO2 cylinder and injected through a pressure regulator into fully sealed  
2 m × 3 m growth houses at 2-hour daily intervals and applied continuously from 0800 to 1000 a.m. 
[51]. The CO2 concentration at different treatments was measured using Air Sense ™ CO2 sensors 
designated to each chamber during CO2 exposition period. Plants were watered three to four times a 
day at 5 min per session to ensure normal growth of plant using drip irrigation with emitter capacity of 
2 L h−1. The experiment lasted for 15 weeks from the onset of treatment. 
 
3.3. Total Phenolics and Total Flavonoids Quantification 

The method of extraction and quantification for total phenolics and flavonoids contents followed 
after Jaafar et al. [11]. An amount of ground tissue samples (0.1 g) was extracted with 80% ethanol  
(10 mL) on an orbital shaker for 120 minutes at 50 °C. The mixture was subsequently filtered 
(Whatman™ No.1), and the filtrate was used for the quantification of total phenolics and total 
flavonoids. Folin–Ciocalteu reagent (diluted 10-fold) was used to determine the total phenolics content 
of the leaf samples. Two hundred µL of the sample extract was mixed with Follin–Ciocalteau reagent 
(1.5 mL) and allowed to stand at 22 °C for 5 minutes before adding NaNO3 solution (1.5 mL,  
60 g L−1). After two hours at 22 °C, absorbance was measured at 725 nm. The results were expressed 
as mg g−1 gallic acid equivalent (mg GAE g−1 dry sample). For total flavonoids determination, a 
sample (1 mL) was mixed with NaNO3 (0.3 mL) in a test tube covered with aluminium foil, and left 
for 5 minutes. Then 10% AlCl3 (0.3 mL)was added followed by addition of 1 M NaOH (2 mL). Later, 
the absorbance was measured at 510 nm using a spectrophomtometer with rutin as a standard (results 
expressed as mg g−1 rutin dry sample). 
 
3.4. Glucose Determination 

The anthrone method was used to determine total glucose content in the samples as explained by 
Hegde and Hofreiter [52]. Dried ground sample (about 0.5 g) was weighed into a 250 mL conical flask 
and distilled water (10 mL) and 52% perchloric acid (13 mL) were added. The mixture was then 
shaken using an orbital shaker for 20 minutes. Later, the mixture was transferred into a 100 mL 
volumetric flask and made up to 100 mL with distilled water. After that, it was filtered into a 250 mL 
volumetric flask and made up to 100 mL distilled water in another 100 mL volumetric flask. One mL 
of sample was mixed with anthrone reagent (5 mL) in a test tube. The tube was then placed in a water 
bath at 100 °C for 12 minutes to obtain a dark green colored solution. The tube was immediately 
cooled under running tap water and the absorbance was read at 630 nm using a spectrophotometer. 
Before measurement, a glucose standard was used to produce calibration lines between the spectro-
photometer reading and actual glucose content that was expressed as mg g−1 glucose dry weight. 
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3.5. Sucrose Determination 

Sucrose was measured spectrophotometrically using the method of Edward [53]. Samples (0.5 g) 
were placed in 15 mL conical tubes, and distilled water added to make up the volume to 10 mL. The 
mixture was then vortexed and later incubated for 10 minutes. Anthrone reagent was prepared using 
anthrone (Sigma Aldrich, St Louis, MO, USA, 0.1 g) that was dissolved in 95% sulphuric acid (Fisher 
Scientific, USA 50 mL). Sucrose was used as a standard stock solution to prepare a standard curve for 
the quantification of sucrose in the sample. The mixed sample of ground dry sample and distilled water 
was centrifuged at a speed of 3,400 rpm for 10 minutes and then filtered to get the supernatant. A 
sample (4 mL) was mixed with anthrone reagent (8 mL) and then placed in a water-bath set at  
100 °C for 5 minutes before the sample was measured at an absorbance of 620 nm using a 
spectrophotometer model UV160U (Shimadzu Scientific, Kyoto, Japan). The soluble sugar in the 
sample was expressed as mg sucrose g−1 dry sample. 

3.6. Fructose Determination 

Fructose was determined by using the method of Ashwel [54]. Plant dry samples (about 0.5 g) were 
placed in 15 mL conical tubes. Then distilled water (10 mL) was added. The mixture was then shaken 
for 10 minutes using an orbital shaker. Then the solution (2 mL) was mixed with resorcinol reagent  
(1 mL) prepared by dissolving resorcinol (1 g) and thiourea (0.25 g) in glacial acetic acid (100 mL). 
After that, HCl (7 mL) that was prepared by mixing five parts of concentrated HCl with one part of 
distilled water were mixed with the solution. Then, the tubes were immediately immersed in tap water 
for 5 minutes before the absorbances were measured at 520 nm. Fructose (Sigma) was used as a 
standard. The fructose content in the samples was expressed as mg g−1 fructose dry weight.  

3.7. Starch Determination 

Starch content was determined spectrophometrically using a method described by Thayumanavam 
and Sadasivam [55]. In this method, dry sample (about 0.5 g) was homogenized in hot 80% ethanol to 
remove the sugar. The sample was then centrifuged at 5,000 rpm for 5 minutes and the residue 
retained. After that, distilled water (5.0 mL) and 52% perchloric acid (6.5 mL) were added to the 
residue. Then the solution was centrifuged and the supernatant separated and then filtered with 
Whatman No. 5 filter paper. The processes were repeated until the supernatant was made up to  
100 mL. A sample (100 µL) of the supernatant was added to distilled water until the volume became  
1 mL in a test tube. After that, anthrone reagent (4 mL, prepared with 95% sulphuric acid) was added 
to the test tube. The mixed solution was placed in the water bath at 100 °C for eight minutes and then 
cooled to room temperature, and then the sample was read at absorbance of 630 nm to determine the 
sample starch content. Glucose was used as a standard and starch content was expressed as mg glucose 
equivalent g−1 dry sample.  

3.8. Total Soluble Sugar and Total Non Structural Carbohydrate (TNC) 

The total non structural carbohydrate was calculated as the sum of total soluble sugar and starch 
content [40]. 
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3.9. Total Carbon, Nitrogen and C:N Ratio 

Total carbon and C:N ratio were measured by using a CNS 2000 analyzer (Model A Analyst 300, 
LECO Inc, USA). This was performed by placing 0.05 g of ground leaf sample into the combustion 
boat. Successively, the combustion boat was transferred to the loader before the sample was burned at 
1,350 °C to obtain the reading of total carbon and nitrogen content of the samples. 
 
3.10. Phenylalanine-ammonia-lyase (PAL) 
 

Phenylalanine-ammonia-lyase (PAL) activity was measured using the method described  
by Martinez and Lafuente [56]. The enzyme activity was determined by measuring 
spectrophotometrically the production of trans-cinnamic acid from L-phenylalanine. Enzyme extract 
(10 µL) was incubated at 40 °C with 12.1 mM L-phenylalanine (90 µL, Sigma) that were prepared in 
50 mM Tris-HCl, (pH 8.5). After 15 minutes of reaction, trans-cinnamic acid yield was estimated by 
measuring increase in the absorbance at 290 nm. Standard curve was prepared by using a trans-
cinnamic acid standard (Sigma) and the PAL activity was expressed as nM trans-cinnamic acid µg−1 
protein hour−1. 
 
3.11. Protein Determination 

Protein content was determined using the method of Bradford [57]. In this method, fresh leaf 
samples (about 2 g) were cut into pieces using scissors and ground in mortar with 0.05 M Tris buffer 
(1 mL, pH 8.5) and powdered with liquid nitrogen. The homogenate was then centrifuged at 9,000 rpm 
for 10 minutes and then stored under refrigeration at 4 °C for 24 hour. After the extraction, supernatant 
from the samples (about 100 µL) was added to Bradford reagent (3 mL, Sigma, prepared using 10 mL 
of the reagent diluted with 50 mL distilled water) and then incubated for 5 min before being measured 
at 595 nm with the spectrophotometer. In this method bovine serum (Sigma) was used as a standard to 
produce calibration curve between actual protein content and spectrophotometer readings. The protein 
was expressed as mg g−1 protein fresh weight. 
 
3.12. Statistical Analysis 

Data were analyzed using analysis of variance using SAS version 17. Mean separation test between 
treatments was performed using Duncan multiple range test and standard error of differences between 
means was calculated with the assumption that data were normally distributed and equally replicated. 

4. Conclusions 

An increase in secondary metabolites was observed in Labisia pumila seedlings under the 
interaction between high CO2 and low nitrogen levels. The results indicate that increasing in total 
phenolics and flavonoids under high CO2 (1,200 µmol mol−1) and low nitrogen levels (0 kg N ha−1) 
might be contributed by the increase in erythose-4-phosphate production in the pentose phosphate 
pathway as elucidated by the increase in fructose content and PAL activities. Simultaneously, the C/N 
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ratio correlated positively with increase in plant secondary metabolites. The sucrose/starch ratio, which 
is an indication of SPS activity, was, however, found to decrease under low nitrogen levels, probably 
due to low protein content.  

Acknowledgements 

The authors are grateful to the Ministry of Higher Education Malaysia and Ministry of Agriculture 
and Agro-based Industry for financing this work under the Research University Grant Scheme No. 
91007, and the E-Science Grant Scheme No. 5450487. 

References  

1. Jaafar, H.Z.E.; Mohamed, H.N.B.; Rahmat, A. Accumulation and partitioning of total phenols in 
two varieties of Labisia pumila Benth. under manipulation of greenhouse irradiance. Acta Hort. 
2008, 797, 387-392. 

2. Sulaiman, B.; Mansor, M.; Jaafar, A. Some medicinal plants in mount Bubu Peral. In Proceeding 
in Medicinal Products From Tropical Rain Forest; Shaari, K., Abdul, K.A., Ali, M., Eds.; Forest 
Research Institute of Malaysia: Kepong, Malaysia, 1992; pp. 37-43. 

3. Burkill, I.H. A Dictionary of the Economic Products of the Malay Peninsula, 2nd ed.; 
Government of Malaysia and Singapore Publication: Kuala Lumpur, Malaysia, 1935. 

4. Stone, B.C. Notes on the genus Labisia Lindyl (Myrsinaceae). Malayan Nat. J. 1988, 42, 43-51. 
5. Rozihawati, Z.; Aminah, H.; Lokman, N. Preliminary trials on the rooting ability of Labisia 

pumila cuttings. In Malaysia Science and Technology Congress 2003, Kuala Lumpur, Malaysia, 
23–25 September 2003; Agricultural Sciences: Kuala Lumpur, Malaysia, 2003. 

6. Jamia, A.J.; Ibrahim, J.; Khairana, H.; Juriyati, H. Perkembangan Penyelidikan dan 
Pembangunan Kacip Fatimah; New Dimension in Complementary Health Care: Kuala Lumpur, 
Malaysia, 2004; pp. 13-19. 

7. Macheix, J.J.; Fleuriet, A. Fruit Phenolics; CRC Press: Boca Raton, FL, USA, 1990. 
8. Namiki, M. Antioxidant/antimutagens in food, critical reviews of food science and nutrition. Food 

Sci. Nutr. 1990, 29, 273-300. 
9. Norhaiza, M.; Maziah, M.; Hakiman, M. Antioxidative properties of leaf extracts of popular 

Malaysian herb, Labisia pumila. J. Med. Plant. Res. 2009, 3, 217-223. 
10. Fine, P.V.A.; Miller, Z.J.; Mesones, I.; Irazuzta, S.; Appel, H.M.; Stevens, M.H.H. The growth 

defense tradeoff and habitat specialization by plants in Amazonian forest. Ecology 2006, 87,  
150-162. 

11. Jaafar, H.Z.E.; Ibrahim, M.H.; Por, L.S. Effects of CO2 enrichment on accumulation of total 
phenols, flavonoid and chlorophyll content in two varieties of Labisia pumila Benth. Exposed to 
different shade levels. In Proceedings of International Conference on Balanced Nutrient 
Management for Tropical Agriculture, Kuantan, Pahang, Malaysia, 15-22 February 2010; UPM: 
Kuala Lumpur, Malaysia, 2010; pp. 112-114. 

12. Ghasemzadeh, A.; Jaafar, H.Z.E.; Asmah, R. Elevated carbon dioxide increases contents of 
flavonoids and phenolics compound, and antioxidant activities in Malaysian young ginger 
(Zingiber officinale Roscoe) varieties. Molecules 2010, 15, 7907-7922. 



Molecules 2011, 16                    
 

 

4188

 

13. Ibrahim, M.H.; Jaafar, H.Z.E.; Rahmat, A.; Abdul Rahman, Z. The relationship between phenolics 
and flavonoids production with total non structural carbohydrate and photosynthetic rate in 
Labisia pumila Benth. under high CO2 and nitrogen fertilization. Molecules 2011, 16,  
162-174. 

14. Jones, C.G.; Hartley, S.E. A protein competition model of phenolic allocation. Oikos 1999, 86, 
27-44. 

15. Bryant, J.P.; Chapin, F.S.; Klein, D.R. Carbon nutrient balance of boreal plants in relation to 
vertebrate herbivory. Oikos 1983, 40, 357-368. 

16. Herms, D.A.; Matson, W.J. The dilemma of plants: To grow or defend. Quart. Rev. Biol. 1992, 
67, 283-335. 

17. Wolfe, D.W.; Gifford, R.M.; Hilbert, D.; Luo, Y. Integration of photosynthetic acclimation to 
CO2 at the whole plant level. Glob. Change Biol. 1998, 4, 879-893. 

18. Margna, U. Control at the level of substrate supply – an alternative in the regulation of 
phenylpropanoid accumulation in plant cells. Phytochemistry 1977, 16, 419-426. 

19. Baas, W.J. Secondary plant compounds, their ecological significance and consequences for the 
carbon budget. Introduction of the carbon/nutrient cycle theory. In Causes and Consequences of 
Variation in Growth Rate and Productivity of Higher Plant; Lambers, H., Cambridge, M., 
Konings, H., Pons, T.L., Eds.; SPB Academic Publishing: The Hague, The Netherlands, 1989;  
pp. 313-340. 

20. Lambers, H. Rising CO2, secondary plant metabolism, plant herbivore interactions and litter 
decomposition. Theoretical considerations. Vegetatio 1993, 104/105, 263-271. 

21. Hogy, P.; Fangmeier, A. Atmopsheric CO2 enrichment affects potatoes: Tuber quality traits. Eur. 
J. Agron. 2009, 30, 85-94. 

22. Djeh, T.K.O.; Dali, N.; Bettaieb, T.; Salah, A.B. Effects of atmospheric CO2 enrichment on 
tomato crop irrigated by a saline solution. Cahiers Agr. 2006, 15, 441-447. 

23. Yoon, Y.J.; Mobin, M.; Han, E.J.; Paek, K.Y. Impact of in vitro CO2 enrichment and sugar 
deprivation on acclamatory responses of Phalaenopsis plantlets to ex vitro conditions. Environ. 
Exp. Bot. 2009, 65, 221-228. 

24. De-souza, A.P.; Gaspar, M.; Da-silva, E.A.; Ulian, E.C.; Waclawovsky, A.J.; Nishiyama, M.Y.; 
Dos, M.R.V.; Bucjkeridge, M.S. Elevated CO2 increases photosynthesis, biomass and 
productivity and modifies gene expression in sugarcane. Plant Cell Environ. 2008, 31, 1116. 

25. Paul, M.J.; Foyer, C.H. Sink regulation of photosynthesis. J. Exp. Bot. 2001, 52, 1383-1400. 
26. Sun, J.; Kelly, J.; Gibson, K.M.; Kiirats, O.; Okita, T.W.; Edwards, G.E. Interactions of nitrate 

and CO2 enrichment on growth, carbohydrates and rubisco in Arabidopsis starch mutants. 
Significance of starch and hexose. Plant Physiol. 2002, 130, 1573-1583. 

27. Pilar, P.; Rosa, M.; Isabel, M.D.M.; Rafael, M.C. Diurnal changes of rubisco in response to 
elevated CO2, temperature and nitrogen in wheat grown under temperature gradient tunnels. 
Environ. Exp. Bot. 2005, 53, 13-27. 

28. Rosa, M.; Prado, C.; Podaza, G.; Internadato, R.; Gonzalez, J.A.; Hilal, M.; Prado, F.E. Soluble 
sugars: Metabolism, sensing and abiotic stress. Plant Sig. Behav. 2009, 4-5, 388-393. 



Molecules 2011, 16                    
 

 

4189

 

29. Erbs, M.; Manderscheid, R.; Jansen, G.; Seddig, S.; Pacholski, A.; Weigel, H.J. Effects of free air 
carbon dioxide enrichment and nitrogen supply on grain quality parameters and elemental 
composition of wheat and barley grown in crop rotation. Agr. Ecol. Environ. 2010, 136, 59-68. 

30. Porteaus, F.; Hill, J.; Ball, A.S.; Pinter, P.J.; Kimbal, B.A.; Wall, G.W.; Ademsen, F.J.; Morris, C.F. 
Effects of free air carbon dioxide enrichment (FACE) on the chemical composition and nutritive 
value of wheat grain straw. Anim. Feed Sci. Technol. 2009, 149, 322-332. 

31. Jifon, J.L.; Wolfe, D.W. Photosynthetic acclimation to elevated CO2 in Phaseolus vulgaris is 
altered by growth response to nitrogen supply. Glob. Change Biol. 2002, 8, 1018-1027. 

32. Preiss, J. Biosynthesis of starch and its regulation. In Encyclopedia of Plant Physiology; Loewus, 
F.A., Tanner, W., Eds.; Springer Verlag- Berlin: Berlin, Germany, 1982; Volume 13, pp. 397-417. 

33. Zhao, H.; Xu, X.; Zhang, Y.; Korpelainen, H.; Li, C. Nitrogen deposition limits photosynthetic 
response to elevated CO2 differentially in a dioecious species. Oecologica 2010, 165, 1-14. 

34. Aguera, E.; Cabello, P.; Haba, P. Induction of leaf senescence by nitrogen nutrition in sunflower 
(Heliantus annuus). Physiol. Planta 2010, 138, 112-134. 

35. Coviella, C.E.; Stipanovic, R.D.; Trumble, J.T. Plant allocation to defensive compounds: 
Interactions between elevated CO2 and nitrogen in transgenic cotton plants. J. Exp. Bot. 2002, 53, 
323-331. 

36. Winger, A.; Purdy, S.; Maclean, A.; Pourtau, N. The role of sugars in integrating environmental 
signals during the regulation of leaf senescence. New Phytol. 2006, 161, 781-789. 

37. Allen, J.L.; Vu, J.C.V.; Valle, R.R.; Boote, K.J.; Jones, P.H. Non-structural carbohydrates and 
nitrogen of soybean grown under carbon dioxide enrichment. Crop Sci. 1988, 28, 84-94. 

38. Poorter, H.; Berkel, Y.V.; Hertog, J.D.; Dijkstra, P.; Gifford, R.M.; Griffin, K.L.; Roumet, C.; 
Wong, S.C. The effects of elevated carbon dioxide on the chemical composition and construction 
costs of leaves of 27 C3 species. Plant Cell Environ. 1997, 20, 472-482. 

39. Arcelia, M.A.A.; Meribel, L.D.S. Fundamentals of plant physiology. In Plant Physiology; Society 
of Philipines: Pasig City, Philipines, 1999. 

40. Tognetti, R.; Johnson, J.D. The effect of elevated atmospheric CO2 concentration and nutrient 
supply on gas exchange, carbohydrates and foliar phenolics concentration in live oak (Quercus 
virginiana Mill.) seedlings. Ann. For. Sci. 1999, 56, 379-389. 

41. Amin, A.A.; Rashad, M.; El-Abagy, H.M.H. Physiological effects of indole-3-butyric-acid and 
salicylic acid on growth, yield and chemical constituents of onion plants. J. Appl. Sci. Res. 2007, 
3, 1554-1563. 

42. Hilal, M.; Parrado, M.E.; Rosa, M.; Gallardo, M.; Orce, L.; Massa, E.D. Epidermal lignin 
deposition in quinoa cotyledons in response to UV-B radiation. Photochem. Photobiol. 2004, 79, 
205-210. 

43. Dennis, D.T.; Blakeley, S.D. Carbohydrate metabolism. In Biochemistry and Molecular Biology 
of Plants; Buchanan, B.B., Gruisem, W., Jones, R.L., Eds.; American Society of Plant 
Physiologists: Rockville, MD, USA, 2000; pp. 630-675. 

44. Matros, A.; Amme, S.; Kettig, B.; Buck, S.G.H.; Sonnewald, U.Y.; Mock, H.P. Growth at 
elevated CO2 concentrations leads to modified profiles of secondary metabolites in tobacco cv. 
SamsumNN and to increased resistance against infection with potato virus Y. Plant Cell Environ. 
2006, 29, 126-137.  



Molecules 2011, 16                    
 

 

4190

 

45. Hartley, S.E.; Jones, C.G.; Couper, G.C.; Jones, T.H. Biosynthesis of plant phenolics compounds 
in elevated atmospheric CO2. Glob. Change Biol. 2000, 6, 497-506. 

46. Gleadow. R.M.; Evans, J.R.; McCaffery, S.; Cavagnaro, T.R. Growth and nutritive value of 
cassava (Maribot esculenta Cranz) are reduced when grown in elevated CO2. Plant Biol. 2009, 11, 
76-82. 

47. Meyer, S.; Cerovic, Z.G.; Goulas, Y.; Montpied, P.; Demotes, S.; Bidel, L.P.R.; Moya, I.; Dreyer, E. 
Relationship between assessed polyphenols and chlorophyll contents and leaf mass per area ratio 
in woody plants. Plant Cell Environ. 2006, 29, 1338-1348. 

48. Margna, U.; Margna, E.; Vainjarv, T. Influence of nitrogen nutrition on the utilization of  
L-phenylalanine for building flavonoids in buckwheat seedling tissue. J. Plant Physiol. 1989, 134, 
697-702. 

49. Erik, H.M.; Catherine, S.; Pascale, C.; Thomas, B.; Christine, H.F.; Nathalie, G. Overexpression 
of sucrose –phosphate synthase in tomato plants grown with CO2 enrichment leads to decreased 
foliar carbohydrate accumulation relative to untransformed controls. Plant Physiol. Biochem. 
1999, 37, 251-260. 

50. Cruz, C.; Lips, H.; Martins, L.M.A. Nitrogen use efficiency by slow growing species as affected 
by CO2 levels, root temperature, N source and availability. J. Plant Physiol. 2003, 160,  
1421-1431. 

51. Jaafar, Z.E.J.; Mohd Hafiz, I.; Philip, E. Leaf gas exchange properties of three varieties of Labisia 
pumila Benth. under greenhouse conditions. J. Trop. Plant Physiol. 2009, 3, 16-24. 

52. Hedge, J.E.; Hofreiter, B.T. Anthrone Determination for carbohydrate. In Carbohydrate 
Chemistry; Whistley, R.L., Be Miller, J.N., Eds.; Academic Press: New York, NY, USA, 1962. 

53. Edward, J.N. The effects of trinexapac ethyl and three nitrogen sources on creeping bentgrass 
(Agrostis stolonnifera) grown under three light environments. Master Thesis, Faculty of 
Horticulture and Crop Science, The Ohio State University, Columbus, OH, USA, 2008. 

54. Ashwel, G. In Methods in Enzymology; Colowick, S.J., Kaplan, N.O., Eds.; Academic Press: New 
York, NY, USA, 1957; pp. 75-77. 

55. Thayumanam, B.; Sidasivam, S. Carbohydrate chemistry. Qual. Plant Foods Hum. Nutr. 1984, 
34, 253-254. 

56. Martinez-Tellez, M.A.; Lafuente, M.T. Effects of high temperature conditioning on ethylene, 
phenylalanine ammonia lyase, peroxidase and polyphenol oxidase in flavedo of chilled “Fortune” 
mandarin fruit. J. Plant Physiol. 1997, 150, 674-678. 

57. Bradford, M. A rapid and sensitive method for the quantification of microgram quantities of 
protein utilizing the principle of protein dye-binding. Anal. Biochem. 1976, 72, 248-254. 

 
Sample Availability: Samples are not available. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


