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Salinity Stress Is Beneficial to the Accumulation of Chlorogenic Acids in Honeysuckle (Lonicera japonica Thunb.)
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Honeysuckle (Lonicera japonica Thunb.) is a traditional medicinal plant in China that is particularly rich in chlorogenic acids, which are phenolic compounds with various medicinal properties. This study aimed to examine the effects of salinity stress on accumulation of chlorogenic acids in honeysuckle, through hydroponic experiments and field trials, and to examine the mechanisms underlying the effects. NaCl stress stimulated the transcription of genes encoding key enzymes in the synthesis of chlorogenic acids in leaves; accordingly, the concentrations of chlorogenic acids in leaves were significantly increased under NaCl stress, as was antioxidant activity. Specifically, the total concentration of leaf chlorogenic acids was increased by 145.74 and 50.34% after 30 days of 150 and 300 mM NaCl stress, respectively. Similarly, the concentrations of chlorogenic acids were higher in the leaves of plants in saline, compared with non-saline, plots, with increases in total concentrations of chlorogenic acids of 56.05 and 105.29% in October 2014 and 2015, respectively. Despite leaf biomass reduction, absolute amounts of chlorogenic acids per plant and phenylalanine ammonia-lyase (PAL) activity were significantly increased by soil salinity, confirming that the accumulation of chlorogenic acids in leaves was a result of stimulation of their synthesis under salinity stress. Soil salinity also led to elevated chlorogenic acid concentrations in honeysuckle flower buds, with significant increases in total chlorogenic acids concentration of 22.42 and 25.14% in May 2014 and 2015, respectively. Consistent with biomass reduction, the absolute amounts of chlorogenic acid per plant declined in flower buds of plants exposed to elevated soil salinity, with no significant change in PAL activity. Thus, salinity-induced chlorogenic acid accumulation in flower buds depended on an amplification effect of growth reduction. In conclusion, salinity stress improved the medicinal quality of honeysuckle by promoting accumulation of chlorogenic acids, however, the mechanisms underlying this process were not consistent in flower buds and leaves. Honeysuckle appears to be a promising plant for cultivation in saline land. Our study deepens knowledge of medicinal plant ecology and may provide a guide for developing saline agriculture.
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INTRODUCTION

At present, it is a feasible way to develop saline agriculture with salt-tolerant economic plants for utilizing coastal saline land (Rozema et al., 2013; Panta et al., 2014; Qin et al., 2015). Salinity stress can interfere with metabolic processes in plant cells by inducing osmotic stress and ionic toxicity, leading to oxidative damage of biological macromolecules with generation of excess reactive oxygen species (Munns and Tester, 2008; Oukarroum et al., 2015). Phenolic compounds are secondary metabolites with high antioxidant capacity and play an important role in the protection of plants under abiotic stress against oxidative injury (Ahmad et al., 2010; Bose et al., 2014). Since phenolic compounds are primarily found in vacuoles, they are commonly considered to have secondary roles in antioxidant defense, in contrast to antioxidant enzymes and antioxidants in chloroplasts (Ferreres et al., 2011). To date, much attention has been paid to the investigation of phenolic compounds and their concentrations in plant tissues in the context of developing functional foods, cosmetics, and medicines, as some phenolic compounds have antimicrobial and anti-inflammatory qualities, in addition to their antioxidant activity (Tounekti and Munne-Bosch, 2012; Buhmann and Papenbrock, 2013; Routray and Orsat, 2014; Shahidi and Ambigaipalan, 2015; Sytar et al., 2016; Van Hung, 2016). Meanwhile, the ecological value of phenolic compounds in the adaption of plants to their environments has been relatively poorly explored.

There have been numerous reports that salt stress can induce the accumulation of phenolic compounds in plant tissues (Ksouri et al., 2007; Abrol et al., 2012; Lim et al., 2012; Colla et al., 2013; Shao et al., 2015; Zhao et al., 2015). However, the majority of these studies used hydroponic experimental methods, and there is little evidence of salinity-induced phenolic compound accumulation from field trials. Although hydroponic experiments facilitate the study of salt tolerance mechanisms in plants, they do not accurately reflect the ecological effects of plants in saline land (Tavakkoli et al., 2012). Notably, whether salinity-induced accumulation of phenolic compounds results from enhanced biosynthesis or is a phenomenon related to plant growth reduction remains ambiguous. Recently, a series of studies reported that the accumulation of secondary metabolites could be enhanced by deliberately applying drought stress, to improve the quality of products in medicinal plants (Selmar and Kleinwächter, 2013; Bloem et al., 2014; Kleinwaechter and Selmar, 2015). As with drought stress, salt stress also can increase reducing equivalents by depressing CO2 fixation, which likely facilitates the synthesis of highly reduced compounds, such as phenolic compounds. In fact, improved product quality has been evidenced in medicinal plants under hydroponic salt stress (Colla et al., 2013; Shao et al., 2015; Wang et al., 2016), and this is a potential advantage for the cultivation of medicinal plants in saline land. However, to the best of our knowledge, medicinal plants are unusually used for cultivation in saline land (Kushiev et al., 2005; Zhang et al., 2013).

Honeysuckle (Lonicera japonica Thunb.) is a traditional medicinal plant native to East Asia. Its flower bud and leaf are particularly rich in chlorogenic acids and have been used in Chinese medicine for many years. Chlorogenic acids, which are phenolic compounds, are the esters formed from quinic acid and caffeic acid. In honeysuckle, there are six kinds of caffeoylquinic acids: chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic acid B, and isochlorogenic acid C, which are named according to the position and number of the caffeic acid. In addition to antioxidant activity, chlorogenic acids also have anti-carcinogenic, anti-inflammatory, analgesic, antipyretic, anti-diabetic, antimicrobial, and antiviral functions (dos Santos et al., 2006; Wang et al., 2009; Gordon and Wishart, 2010; Xu et al., 2012), and have been widely used in the healthcare, food, and cosmetics industries (Zhang et al., 2008; Sytar et al., 2012; Sun et al., 2015). Increased concentrations of chlorogenic acids have been found in plants under hydroponic salt stress and in natural habitats with saline soil (Meot-Duros and Magne, 2009; Colla et al., 2013). In particular, Zhao et al. (2015) reported that hydroponic salt stress inhibited photosynthesis and increased leaf chlorogenic acid concentration in honeysuckle. However, only one kind of caffeoylquinic acid was considered in their study. Furthermore, it remains unknown whether saline land can improve the medicinal quality of honeysuckle by increasing concentrations of chlorogenic acids in flower buds and leaves.

Recently, we reported the selection of a salt tolerant honeysuckle cultivar and demonstrated its phytoremediation effect on saline soil (Yan et al., 2015, 2016). In this paper, we focus on the medicinal quality of honeysuckle, and dissect the responses and mechanisms of accumulation of chlorogenic acids under salinity stress, using both hydroponic experiments and field trials. We hypothesized that salinity stress could improve the medicinal quality of honeysuckle by promoting the synthesis of chlorogenic acids. Our study can provide new insight into the interaction between plants and saline soil and contribute to the understanding of saline agriculture in coastal zones.

MATERIALS AND METHODS

Hydroponic Experimental Conditions

Bare-rooted honeysuckle plants were planted in plastic pots filled with quartz sand in April 2015. The plants were watered with Hoagland solution (pH 5.7) and placed in a climatic chamber (Qiushi, China). The photon flux density was approximately 400 μmol m-2 s-1 (12 h per day from 07:00 to 19:00), and day/night temperature and humidity in the chamber were controlled at 25°C/18°C and 65%, respectively. After 60 days, healthy and uniform plants were selected for salt treatment. NaCl was added to nutrient solution incrementally by daily 50 mM steps, to final concentrations of 150 and 300 mM. Nutrient solution without added NaCl was used for the cultivation of control plants. After salt stress for 15 and 30 days, the newly expanded leaves from the middle of a shoot were sampled from four replicate plants and separated into two portions. One portion was used for measurement of relative expression levels of genes encoding hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl transferase, and PAL family proteins. The other portion was dried at 40°C to a constant weight and ground to pass through a 0.25-mm sieve for measurement of the concentrations of chlorogenic acids.

Field Trial Conditions

The experiment site was established in Dongying Halophyte Arboretum, Dongying Academy of Agricultural Sciences, Shandong province, China (37°24′N, 118°39′E and 8.8 m above sea level). This area has a warm temperate continental monsoon climate. The annual average temperature and precipitation at this site are 12.8°C and 555.9 mm, respectively.

Bare-rooted honeysuckle plants were planted in a non-saline area of the arboretum in November 2013. Four replicate plots (3 m × 4 m) were constructed in non-saline and saline areas. The initial soil nutrients, salinity, and pH were reported in our recent study (Yan et al., 2016). The average electronic conductance and sodium adsorption ratios were 486 μs cm-1 and 9.51, respectively, in non-saline plots and 910 μs cm-1 and 16.43, respectively, in saline plots. To avoid border effects, an isolation belt of 0.5 m was left around the plots. The plots were plowed, and compound fertilization was applied at 750 kg ha-1. In April 2014, 45 plants were transplanted to each plot; plant and row spacing were 0.5 m and 0.75 m, respectively. Flower buds were collected from three randomly selected plants in each plot in late May 2014 and 2015, and leaves were collected in October of the same years. Flower buds and leaves were dried at 40°C to a constant weight and ground to pass through a 0.25-mm sieve to measure concentrations of chlorogenic acids, DPPH scavenging rate, and stable isotopic composition. Another sample of flower buds and canopy expanded leaves was used to measure MDA content and PAL activity. The total concentration of chlorogenic acids was defined as the sum of the concentrations of chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, and isochlorogenic acids A, B, and C. The absolute amount of chlorogenic acids per plant was calculated as the total concentration of chlorogenic acids × dry mass.

Measurement of the Concentration of Chlorogenic Acids

Dry plant powder (0.1 g) was homogenized in 8 ml 60% (v/v) methanol, and ultrasonic extraction was carried out at 40°C for 40 min. The mixture was centrifuged for 10 min at 10000 × g. Chlorogenic acid concentrations were assayed according to the method of Li et al. (2014) with some modification. The assay was performed in a high performance liquid chromatography system (Thermo, USA) with a Hypersil C18 column (4.6 mm × 150 mm; particle size, 5.0 μm). The supernatant was filtered through a 0.45 μm membrane filter before injecting into the column; the injection volume was 10 μl. The mobile phase consisted of 0.3% (v/v) formic acid aqueous solution (A) and acetonitrile (B), and a gradient elution program was applied as follows: at 0 min, the volume ratio between A and B was 95/5, and the ratio was changed to 77/23 from 0 to 26 min, subsequently to 10/90 from 26 to 32 min, and finally returned to 95/5 at 35 min through a linear gradient. The flow rate was 1.0 ml min-1, and the column temperature was 38°C. Chlorogenic acids in samples were identified by comparing their retention times in UV spectra with those of the standards (Figure 1). Chlorogenic acids were detected at 330 nm, and their concentrations were determined using a standard curve plotted using known concentrations of chlorogenic acids.
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FIGURE 1. High performance liquid chromatogram of chlorogenic acids of standards (A) and a sample (B) detected at 330 nm. Peaks 1–6 indicate neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, and isochlorogenic acids B, A, and C, respectively.



Determination of Antioxidant Activity

Plant extract diluted in methanol (0.3 ml) and pure methanol (0.3 ml) were each mixed with 60 μM DPPH methanol solution (3 ml). The mixture was vigorously shaken and incubated for 30 min in the dark at room temperature, and then the absorbance was measured at 517 nm (Khan et al., 2013). The DPPH scavenging rate (%) was calculated as (Ablank – Asample)/Ablank × 100, where Asample and Ablank were the absorbance of mixtures in the presence and absence of plant extract, respectively.

Measurement of MDA Content

Plant tissues (0.5 g) were ground under liquid nitrogen and then homogenized in 5 ml of 50 mM potassium phosphate buffer (pH 7.8). After centrifugation at 4°C, 13000 × g, for 10 min, the supernatant was prepared for measurement of MDA content, according to the methods of Yan et al. (2010).

Measurement of PAL Activity

Plant tissues (0.2 g) were ground under liquid nitrogen and then homogenized in 5 ml of 50 mM borate buffer (pH 8.8) containing 20 mM β-mercaptoethanol, 5% (v/w) PVP, 1 mM EDTA-Na2 and 0.1% (v/w) Triton X-100. The homogenate was centrifuged at 10000 × g, 4°C for 20 min, and the supernatant was collected for enzyme assay. To determine PAL activity, 0.2 ml of supernatant was mixed with 2.8 ml 0.02 M L-phenylalanine (dissolved in 50 mM borate buffer at pH 8.8), and incubated for 1 h at 30°C. The increase in OD290 nm due to the formation of cinnamic acid was measured according to the protocol described by Khan et al. (2013). One unit of PAL activity was defined as an increase of 0.1 in the OD290 nm h-1 mg-1 protein. Protein concentration was estimated by staining with coomassie brilliant blue, with bovine serum albumin as a standard.

Real-Time Quantitative PCR Analysis

For real time gene expression analysis, PCR reactions contained 1 μl of diluted cDNA (10 ng), 10 μl of SYBR Green PCR Master Mix (Applied Biosystems, USA) and 200 nM of specific primers in a final volume of 20 μl. Actin (ACT1) (GenBank Accession No. GQ241342) was used as an internal reference gene to calculate relative transcript levels. The primers for ACT1. HQT. PAL1. PAL2, and PAL3 are listed in Table 1. All PCRs were performed using a Fast Real Time PCR System (Applied Biosystems, USA) under the following conditions: 2 min at 95°C, and 40 cycles of 15 s at 95°C and 60 s at 60°C in optical 96-well reaction plates. The specificity of amplicons was verified by melting curve analysis. Three technical replicates were analyzed for each gene.

TABLE 1. Primers for real time quantitative PCR.
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Stable Carbon and Oxygen Isotopic Composition

For 13C/12C analysis, samples (0.06 mg) were packed in tin capsules and then combusted in an Elemental Analyzer (Flash EATM 1112, Thermo Scientific, Bremen, Germany). The CO2 evolving from flash combustion of the samples (in the presence of O2 at a temperature of 900°C) was flushed into an isotope ratio mass spectrometer (Finnigan Delta Plus XPTM, Thermo Scientific, Bremen, Germany). For 18O/16O analysis, samples (0.06 mg) were packed in silver capsules and dropped into a pyrolyser (Finnigan TC/EATM, Thermo Scientific, Bremen, Germany), where the CO2 and H2 produced at a temperature of 1450°C without oxygen were sent to a gas chromatography column and then to the mass spectrometer. Isotopic composition was denoted using the standard delta notation (δ, ‰):δ(‰) = Rsample/Rstand – 1, where Rsample and Rstand were isotopic ratios in samples and standards, respectively. Carbon and oxygen standards were Vienna Pee Dee Belemnite and Vienna Mean Ocean Water.

Statistical Analyses

One-way ANOVAs were carried out using SPSS 16.0 (SPSS Inc., Chicago, IL, USA) for all data sets. The values presented are the means of samples collected from four replicate plants in hydroponic experiments and four replicate plots in field trials. Comparisons of means were performed using a least significant difference test, and differences were considered significant at P < 0.05. Regression analysis between the DPPH scavenging rate and total concentration of leaf chlorogenic acids was carried out using SPSS 16.0 to determine their correlation.

RESULTS

Concentration of Chlorogenic Acids and Antioxidant Activity in Leaves of Honeysuckle Plants Under NaCl Stress

Leaf chlorogenic acid and isochlorogenic acid A concentrations were much higher than those of other chlorogenic acids, and increased significantly after 15 and 30 days of NaCl stress (Figures 2A,C). As a result of the increases in these compounds, total concentration of chlorogenic acids in leaves was remarkably elevated by NaCl stress (Figures 2A,C). DPPH scavenging rate can be used to indicate antioxidant activity (Lim et al., 2012). Under NaCl stress, the DPPH scavenging rate increased significantly in honeysuckle leaves (Figure 2B), and a significant positive correlation was identified between the DPPH scavenging rate and the total concentration of chlorogenic acids (Figure 2D).
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FIGURE 2. Concentration of chlorogenic acids (A,C), DPPH scavenging rate (B), and regression analysis (D) in the leaves of honeysuckle under hydroponic NaCl stress. Chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, isochlorogenic acids A, B, and C, and total chlorogenic acids are indicated by 3-CQA, 5-CQA, 4-CQA, 3,5-CQA, 3,4-CQA, 1,5-CQA, and total CQAs, respectively. Data are expressed as the means of four replicate experiments (±SD). Different letters on error bars indicate salt-induced significant differences (P < 0.05). The significant correlation (P < 0.05) is indicated by #.



Gene Transcription in Leaves of Honeysuckle Plants Under NaCl Stress

Transcription of HQT was markedly enhanced in honeysuckle leaves subjected to 15 and 30 days of NaCl stress (Figure 3). PAL gene family consists of PAL1. PAL2, and PAL3. After 15 days of 150 mM NaCl stress, transcription of PAL1 and PAL3 was significantly elevated, while expression of all three genes (PAL1. PAL2, and PAL3) was significantly elevated after exposure to 300 mM NaCl salt stress for 15 days (Figure 3A). After 30 days, transcription of PAL2 and PAL3 was significantly increased in leaves of plants exposed to both 150 and 300 mM NaCl (Figure 3B).
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FIGURE 3. Hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl transferase (HQT) and phenylalanine ammonia-lyase (PAL) family gene transcription in the leaves of honeysuckle plants under hydroponic NaCl stress for 15 (A) and 30 (B) days. The PAL gene family consists of PAL1. PAL2, and PAL3. Data are expressed as the means of four replicate experiments (±SD). Different letters on error bars indicate salt-induced significant differences (P < 0.05).



Accumulation of Chlorogenic Acids, Biomass, Antioxidant Activity, PAL Activity, MDA Content, and Isotopic Composition of Leaves of Honeysuckle Plants Exposed to Soil Salinity

Concentrations of chlorogenic acid, cryptochlorogenic acid, and isochlorogenic acids A, B, and C in leaves were significantly higher in plants cultivated in saline plots compared with those in non-saline plots, and a remarkable increase in the concentration of total chlorogenic acids in leaves was observed, with increases of 56.05 and 105.29% in October 2014 and 2015, respectively (Table 2). Despite the significant decrease in leaf dry weight per plant due to soil salinity, the absolute amount of total chlorogenic acids per plant was also remarkably elevated, with increases of 11.49 and 25.83% in plants in saline plots in October 2014 and 2015, respectively (Table 2). Soil salinity led to a significant increase in the DPPH scavenging rate and PAL activity, while there was no obvious effect on the MDA content of leaves (Table 2). Stable carbon (δ13C) and oxygen (δ18O) isotopic composition were significantly higher in leaves of plants cultivated in saline plots, compared with those in non-saline plots in October 2014 and 2015 (Table 2).

TABLE 2. Concentrations of chlorogenic acids, biomass, antioxidant capacity, phenylalanine ammonia-lyase (PAL) activity, malondialdehyde (MDA) content, carbon (δ13C) and oxygen (δ18O) isotopic composition, and absolute amount of total chlorogenic acids per plant (ATC) in the leaves of honeysuckle plants in non-saline and saline plots in October 2014 and 2015.
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Accumulation of Chlorogenic Acids, Biomass, Antioxidant Activity, PAL Activity, and MDA Content in Honeysuckle Flower Buds Exposed to Soil Salinity

In May 2014, the concentrations of chlorogenic acids were significantly increased in flower buds of plants exposed to soil salinity, with significant increases in concentrations of chlorogenic acid, cryptochlorogenic acid, and isochlorogenic acids A and B in May 2015 (Table 3). There was a significant increase in the total concentration of chlorogenic acids in flower buds of 22.42 and 25.14% in May 2014 and 2015, respectively. Cultivation in saline soil also led to an increase in the DPPH scavenging rate in flower buds in May 2014, and a significant increase in this parameter in May 2015 (Table 3). No significant changes in MDA content or PAL activity were observed in flower buds of plants exposed to soil salinity (Table 3). Consistent with the decrease in dry weight per plant of those grown in saline plots, the absolute amount of total chlorogenic acids per plant in flower buds was also decreased in May 2014 and 2015 (Table 3).

TABLE 3. Concentrations of chlorogenic acids, biomass, antioxidant capacity, phenylalanine ammonia-lyase (PAL) activity, malondialdehyde (MDA) content, and absolute amount of total chlorogenic acids per plant (ATC) in flower buds of honeysuckle plants in non-saline and saline plots in May 2014 and 2015.
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DISCUSSION

Honeysuckle is widely distributed throughout the world due to its great environmental adaptability (Evans, 1984; Schierenbeck, 2004). In agreement with the results of Zhao et al. (2015), a significant increase in leaf chlorogenic acid concentration was observed in honeysuckle plants under NaCl stress (Figures 2A,C). Furthermore, in addition to its effects on chlorogenic acid, NaCl stress also remarkably elevated concentrations of isochlorogenic acids A and B (Figures 2A,C). The antioxidant activity of chlorogenic acid may protect plants against oxidative damage under environmental stress (Sytar et al., 2012), and increased chlorogenic acid concentration is often noted, along with enhanced antioxidant ability, in plants exposed to salinity stress, suggesting a potential correlation between these variables (Meot-Duros and Magne, 2009; Colla et al., 2013). Consistent with this hypothesis, leaf antioxidant activity in honeysuckle plants was also induced by NaCl stress, as indicated by the increase in the DPPH scavenging rate. Moreover, the significant positive correlation between the concentration of chlorogenic acids and the DPPH scavenging rate confirms that accumulation of leaf chlorogenic acids assisted in strengthening antioxidant protection in plants exposed to NaCl stress (Figures 2B,D).

The concentrations of chemical compounds indicate the amount based on leaf mass, and its value reflects the extent of accumulation in plant tissue. To date, studies have attached importance to the accumulation of defense chemicals in plants under salt stress, however, they have generally neglected the synthesis of these chemicals (Ksouri et al., 2007; Falleh et al., 2012; Lim et al., 2012; Petridis et al., 2012; Baatour et al., 2013; Colla et al., 2013; Zhao et al., 2015; Wang et al., 2016), possibly leading to an incomplete understanding of their physiological responses. HQT and PAL are key enzymes in the pathway of chlorogenic acids synthesis (Niggeweg et al., 2004). NaCl stress stimulated the synthesis of leaf chlorogenic acids by increasing transcription of HQT and PAL family genes in honeysuckle (Figure 3). The enhanced synthesis contributed to the accumulation of chlorogenic acids and might represent increased generation of reduction power as a consequence of salt-induced inhibition of carbon assimilation (Yan et al., 2015).

Through a 2 years field trial in coastal saline land, we demonstrated that soil salinity was beneficial to the accumulation of chlorogenic acids in leaves, as indicated by the significant increase in their concentrations (Table 2). Plant growth is commonly decreased by salinity stress, due to the high sensitivity of photosynthesis to this environmental variable (Kalaji et al., 2011; Yan et al., 2013). Stable carbon and oxygen isotopic composition can be used to indicate the long term water use efficiency and stomatal conductance of plants (Moreno-Gutierrez et al., 2012). Higher levels of δ18O and δ13C in leaves of honeysuckle plants in saline plots suggests that soil salinity enhanced water use efficiency by reducing leaf stomatal conductance and consequently, stomatal limitation on photosynthesis could lead to an inhibition on biomass accumulation (Table 2). However, the increased concentration of leaf chlorogenic acids did not stem entirely from the amplification effect of biomass reduction, because soil salinity also caused a significant elevation of the absolute amount of chlorogenic acids per plant in leaves (Table 2). In addition, the significant increase in PAL activity in leaves indicates improved synthesis of phenolic compounds in response to soil salinity (Table 2). Thus, similar to NaCl stress, soil salinity can also enhance the synthesis of chlorogenic acids in leaves.

The energy and carbon assimilated by photosynthesis is primarily consumed for cell maintenance, with the remainder allocated to plant growth and the synthesis of defensive chemicals (Munns and Gilliham, 2015). Under optimal growth conditions, plants may grow at a higher rate, with lower accumulation of defense chemical compounds (Hofmann and Jahufer, 2011). Similarly, there appears to be a trade-off between plant growth and the synthesis of phenolic compounds in honeysuckle plants grown on saline land. However, according to Neilson et al. (2013), enhanced synthesis of chlorogenic acids can be considered as a cost-effective strategy, as it may alleviate growth reduction by protecting against salinity-induced oxidative damage. Rozema and Schat (2013) also argued that there was no trade-off between plant growth reduction and high salt tolerance, because marsh halophytes had a stronger salt tolerance and a similar growth rate, compared with inland glycophytes. Consistent with the accumulation of chlorogenic acids, leaf antioxidant activity was enhanced to protect against oxidative injury, as indicated by the significant increase in the DPPH scavenging rate and lack of a significant difference in MDA content in plants in saline plots compared with those in non-saline plots (Table 2). Therefore, the accumulation of leaf chlorogenic acids may be an important ecological mechanism in the acclimation of honeysuckle to saline land.

Soil salinity also reduced biomass and increased concentrations of chlorogenic acids in honeysuckle flower buds (Table 3). Flower buds are carbon sinks and require a supply of carbohydrate for growth and metabolism. Thus, the reduction in biomass of flower buds might be caused by the decline in carbon supply, due to the inhibition of leaf photosynthesis under salinity stress. Soil salinity did not activate the biosynthesis of chlorogenic acids in flower buds, as the absolute amount of chlorogenic acids was decreased in flower buds of plants grown in saline plots, compared with those in non-saline plots (Table 3). In addition, the lack of obvious change in PAL activity also suggests that the biosynthesis of phenolic compounds in flower buds was not induced by soil salinity (Table 3). Therefore, the increase in the concentration of chlorogenic acids in flower buds was a consequence of salinity-induced growth reduction. Correlated with the elevated concentration of chlorogenic acids, antioxidant activity was also enhanced to presumably protect against lipid peroxidation in flower buds of plants grown under saline stress, as indicated by the increase in the DPPH scavenging rate and lack of significant change in MDA content (Table 3). However, the enhanced antioxidant activity in flower buds was not a positive protection response to salinity stress, because the increase in the concentrations of chlorogenic acids was passive. Notably, in consistence with the finding of more phenolic concentration in flower buds than leaves in honeysuckle (Sandigawad, 2015), a greater concentration of chlorogenic acids was observed in flower buds than leaves in this study (Tables 2 and 3), implying the superior medicinal value of flower buds.

CONCLUSION

Irrespective of the absolute amount of chlorogenic acids, salinity stress enhanced the medicinal quality of honeysuckle by increasing the concentration of these compounds in flower buds and leaves. In agreement with our hypothesis, stimulation of biosynthesis contributed to the accumulation of chlorogenic acids in leaves under salinity stress. In contrast, the increased concentrations of chlorogenic acids in flower buds were a consequence of the amplification effect of growth reduction. In combination with its phytoremediation effect on saline soil (Yan et al., 2016), honeysuckle is a promising species for cultivation in saline land. The next task will be to improve the production of honeysuckle in saline land by strengthening its salt tolerance. Genetic engineering is a feasible way to improve plant salt tolerance, and the selection of promising genes should be a priority (Rozema and Schat, 2013). Our findings indicate that both biomass accumulation and product quality may be improved by overexpression of key genes encoding enzymes in the chlorogenic acid synthesis pathway, including HQT and PAL family genes.

AUTHOR CONTRIBUTIONS

KY designed the experiments, performed data analysis, and wrote the manuscript. MC participated in experimental design and polished the language. SZ reviewed the manuscript and made some critical suggestions. XC provided the necessary plant material and assisted in construction of the experimental plots. XT participated in conducting the experiments and performed data analysis.

FUNDING

This research was jointly supported by the National Natural Science Foundation of China (41201292) and the Yantai Science and Technology Planning Project (2015ZH069).

ABBREVIATIONS

DPPH, diphenylpicrylhydrazyl radical; HQT, hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl transferase; MDA, malondialdehyde; PAL, phenylalanine ammonia-lyase.

REFERENCES

Abrol, E., Vyas, D., and Koul, S. (2012). Metabolic shift from secondary metabolite production to induction of anti-oxidative enzymes during NaCl stress in Swertia chirata Buch.-Ham. Acta Physiol. Plant. 34, 541–546. doi: 10.1007/s11738-011-0851-4

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit. Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Baatour, O., Mahmoudi, H., Tarchoun, I., Nasri, N., Trabelsi, N., Kaddour, R., et al. (2013). Salt effect on phenolics and antioxidant activities of Tunisian and Canadian sweet marjoram (Origanum majorana L.) shoots. J. Sci. Food Agric. 93, 134–141. doi: 10.1002/jsfa.5740

Bloem, E., Haneklaus, S., Kleinwächter, M., Paulsen, J., Schnug, E., and Selmar, D. (2014). Stress-induced changes of bioactive compounds in Tropaeolum majus L. Ind. Crops Prod. 60, 349–359. doi: 10.1016/j.indcrop.2014.06.040

Bose, J., Rodrigo-Moreno, A., and Shabala, S. (2014). ROS homeostasis in halophytes in the context of salinity stress tolerance. J. Exp. Bot. 65, 1241–1257. doi: 10.1093/jxb/ert430

Buhmann, A., and Papenbrock, J. (2013). An economic point of view of secondary compounds in halophytes. Funct. Plant Biol. 40, 952–967. doi: 10.1071/fp12342

Colla, G., Rouphael, Y., Cardarelli, M., Svecova, E., Rea, E., and Lucini, L. (2013). Effects of saline stress on mineral composition, phenolic acids and flavonoids in leaves of artichoke and cardoon genotypes grown in floating system. J. Sci. Food Agric. 93, 1119–1127. doi: 10.1002/jsfa.5861

dos Santos, M. D., Almeida, M. C., Lopes, N. P., and de Souza, G. E. P. (2006). Evaluation of the anti-inflammatory, analgesic and antipyretic activities of the natural polyphenol chlorogenic acid. Biol. Pharm. Bull. 29, 2236–2240. doi: 10.1248/bpb.29.2236

Evans, J. E. (1984). Japanese honeysuckle (Lonicera japonica): a literature review of management practices. Nat. Areas J. 4, 4–10.

Falleh, H., Jalleli, I., Ksouri, R., Boulaaba, M., Guyot, S., Magne, C., et al. (2012). Effect of salt treatment on phenolic compounds and antioxidant activity of two Mesembryanthemum edule provenances. Plant Physiol. Biochem. 52, 1–8. doi: 10.1016/j.plaphy.2011.11.001

Ferreres, F., Figueiredo, R., Bettencourt, S., Carqueijeiro, I., Oliveira, J., Gil-Izquierdo, A., et al. (2011). Identification of phenolic compounds in isolated vacuoles of the medicinal plant Catharanthus roseus and their interaction with vacuolar class III peroxidase: an H2O2 affair? J. Exp. Bot. 62, 2841–2854. doi: 10.1093/jxb/erq458

Gordon, M. H., and Wishart, K. (2010). Effects of chlorogenic acid and bovine serum albumin on the oxidative stability of low density lipoproteins in vitro. J. Agric. Food Chem. 58, 5828–5833. doi: 10.1021/jf100106e

Hofmann, R. W., and Jahufer, M. Z. Z. (2011). Tradeoff between biomass and flavonoid accumulation in white clover reflects contrasting plant strategies. PLoS ONE 6:e18949. doi: 10.1371/journal.pone.0018949

Kalaji, H. M., Govindjee, Bosa, K., Koscielniak, J., and Zuk-Golaszewska, K. (2011). Effects of salt stress on photosystem II efficiency and CO2 assimilation of two Syrian barley landraces. Environ. Exp. Bot. 73, 64–72. doi: 10.1016/j.envexpbot.2010.10.009

Khan, M. A., Abbasi, B. H., Ahmed, N., and Ali, H. (2013). Effects of light regimes on in vitro seed germination and silymarin content in Silybum marianum. Ind. Crops Prod. 46, 105–110. doi: 10.1016/j.indcrop.2012.12.035

Kleinwaechter, M., and Selmar, D. (2015). New insights explain that drought stress enhances the quality of spice and medicinal plants: potential applications. Agron. Sustain. Dev. 35, 121–131. doi: 10.1007/s13593-014-0260-3

Ksouri, R., Megdiche, W., Debez, A., Falleh, H., Grignon, C., and Abdelly, C. (2007). Salinity effects on polyphenol content and antioxidant activities in leaves of the halophyte Cakile maritima. Plant Physiol. Biochem. 45, 244–249. doi: 10.1016/j.plaphy.2007.02.001

Kushiev, H., Noble, A. D., Abdullaev, I., and Toshbekov, U. (2005). Remediation of abandoned saline soils using Glycyrrhiza glabra: a study from the hungry steppes of Central Asia. Int. J. Agric. Sustain. 3, 102–113. doi: 10.1080/14735903.2005.9684748

Li, J., Jin, S., Zu, Y., Luo, M., Wang, W., Zhao, C., et al. (2014). Rapid preparative extraction and determination of major organic acids in honeysuckle (Lonicera japonica Thunb.) tea. J. Food Compos. Anal. 33, 139–145. doi: 10.1016/j.jfca.2013.12.007

Lim, J. H., Park, K. J., Kim, B. K., Jeong, J. W., and Kim, H. J. (2012). Effect of salinity stress on phenolic compounds and carotenoids in buckwheat (Fagopyrum esculentum M.) sprout. Food Chem. 135, 1065–1070. doi: 10.1016/j.foodchem.2012.05.068

Meot-Duros, L., and Magne, C. (2009). Antioxidant activity and phenol content of Crithmum maritimum L. leaves. Plant Physiol. Biochem. 47, 37–41. doi: 10.1016/j.plaphy.2008.09.006

Moreno-Gutierrez, C., Dawson, T. E., Nicolas, E., and Querejeta, J. I. (2012). Isotopes reveal contrasting water use strategies among coexisting plant species in a Mediterranean ecosystem. New Phytol. 196, 489–496. doi: 10.1111/j.1469-8137.2012.04276.x

Munns, R., and Gilliham, M. (2015). Salinity tolerance of crops – what is the cost? New Phytol. 208, 668–673. doi: 10.1111/nph.13519

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Neilson, E. H., Goodger, J. Q., Woodrow, I. E., and Moller, B. L. (2013). Plant chemical defense: at what cost? Trends Plant Sci. 18, 250–258. doi: 10.1016/j.tplants.2013.01.001

Niggeweg, R., Michael, A. J., and Martin, C. (2004). Engineering plants with increased levels of the antioxidant chlorogenic acid. Nat. Biotechnol. 22, 746–754. doi: 10.1038/nbt966

Oukarroum, A., Bussotti, F., Goltsev, V., and Kalaji, H. M. (2015). Correlation between reactive oxygen species production and photochemistry of photosystems I and II in Lemna gibba L. plants under salt stress. Environ. Exp. Bot. 109, 80–88. doi: 10.1016/j.envexpbot.2014.08.005

Panta, S., Flowers, T., Lane, P., Doyle, R., Haros, G., and Shabala, S. (2014). Halophyte agriculture: success stories. Environ. Exp. Bot. 107, 71–83. doi: 10.1016/j.envexpbot.2014.05.006

Petridis, A., Therios, I., Samouris, G., and Tananaki, C. (2012). Salinity-induced changes in phenolic compounds in leaves and roots of four olive cultivars (Olea europaea L.) and their relationship to antioxidant activity. Environ. Exp. Bot. 79, 37–43. doi: 10.1016/j.envexpbot.2012.01.007

Qin, P., Han, R., Zhou, M., Zhang, H., Fan, L., Seliskar, D. M., et al. (2015). Ecological engineering through the biosecure introduction of Kosteletzkya virginica (seashore mallow) to saline lands in China: a review of 20 years of activity. Ecol. Eng. 74, 174–186. doi: 10.1016/j.ecoleng.2014.10.021

Routray, W., and Orsat, V. (2014). Variation of phenolic profile and antioxidant activity of North American highbush blueberry leaves with variation of time of harvest and cultivar. Ind. Crops Prod. 62, 147–155. doi: 10.1016/j.indcrop.2014.08.020

Rozema, J., Muscolo, A., and Flowers, T. (2013). Sustainable cultivation and exploitation of halophyte crops in a salinising world. Environ. Exp. Bot. 92, 1–3. doi: 10.1016/j.envexpbot.2013.02.001

Rozema, J., and Schat, H. (2013). Salt tolerance of halophytes, research questions reviewed in the perspective of saline agriculture. Environ. Exp. Bot. 92, 83–95. doi: 10.1016/j.envexpbot.2012.08.004

Sandigawad, A. M. (2015). Analysis of phytochemicals and antibacterial potential of Lonicera japonica Thunb. Int. J. Pharm. Bio. Sci. 6, 571–583.

Schierenbeck, K. A. (2004). Japanese honeysuckle (Lonicera japonica) as an invasive species; history, ecology, and context. Crit. Rev. Plant Sci. 23, 391–400. doi: 10.1080/07352680490505141

Selmar, D., and Kleinwächter, M. (2013). Influencing the product quality by deliberately applying drought stress during the cultivation of medicinal plants. Ind. Crops Prod. 42, 558–566. doi: 10.1016/j.indcrop.2012.06.020

Shahidi, F., and Ambigaipalan, P. (2015). Phenolics and polyphenolics in foods, beverages and spices: antioxidant activity and health effects – A review. J. Funct. Food 18, 820–897. doi: 10.1016/j.jff.2015.06.018

Shao, Y., Gao, J., Wu, X., Li, Q., Wang, J., Ding, P., et al. (2015). Effect of salt treatment on growth, isoenzymes and metabolites of Andrographis paniculata (Burm. f.) Nees. Acta Physiol. Plant 37:35. doi: 10.1007/s11738-015-1787-x

Sun, P. C., Liu, Y., Yi, Y. T., Li, H. J., Fan, P., and Xia, C. H. (2015). Preliminary enrichment and separation of chlorogenic acid from Helianthus tuberosus L. leaves extract by macroporous resins. Food Chem. 168, 55–62. doi: 10.1016/j.foodchem.2014.07.038

Sytar, O., Brestic, M., Rai, M., and Shao, H. B. (2012). Plant phenolic compounds for food, pharmaceutical and cosmetiñs production. J. Med. Plants Res. 6, 2526–2539. doi: 10.5897/jmpr11.1695

Sytar, O., Hemmerich, I., Zivcak, M., Rauh, C., and Brestic, M. (2016). Comparative analysis of bioactive phenolic compounds composition from 26 medicinal plants. Saudi J. Biol. Sci. (in press). doi: 10.1016/j.sjbs.2016.01.036

Tavakkoli, E., Fatehi, F., Rengasamy, P., and McDonald, G. K. (2012). A comparison of hydroponic and soil-based screening methods to identify salt tolerance in the field in barley. J. Exp. Bot. 63, 3853–3867. doi: 10.1093/Jxb/Ers085

Tounekti, T., and Munne-Bosch, S. (2012). Enhanced phenolic diterpenes antioxidant levels through non-transgenic approaches. Crit. Rev. Plant Sci. 31, 505–519. doi: 10.1080/07352689.2012.696457

Van Hung, P. (2016). Phenolic compounds of cereals and their antioxidant capacity. Crit. Rev. Food Sci. Nutr. 56, 25–35. doi: 10.1080/10408398.2012.708909

Wang, G. F., Shi, L. P., Ren, Y. D., Liu, Q. F., Liu, H. F., Zhang, R. J., et al. (2009). Anti-hepatitis B virus activity of chlorogenic acid, quinic acid and caffeic acid in vivo and in vitro. Antiviral Res. 83, 186–190. doi: 10.1016/j.antiviral.2009.05.002

Wang, L., Li, W., Ma, L., Chen, J., Lu, H., and Jian, T. (2016). Salt stress changes chemical composition in Limonium bicolor (Bag.) Kuntze, a medicinal halophytic plant. Ind. Crops Prod. 84, 248–253. doi: 10.1016/j.indcrop.2016.01.050

Xu, J. G., Hu, Q. P., and Liu, Y. (2012). Antioxidant and DNA-protective activities of chlorogenic acid isomers. J. Agric. Food Chem. 60, 11625–11630. doi: 10.1021/jf303771s

Yan, K., Chen, W., He, X. Y., Zhang, G. Y., Xu, S., and Wang, L. L. (2010). Responses of photosynthesis, lipid peroxidation and antioxidant system in leaves of Quercus mongolica to elevated O3. Environ. Exp. Bot. 69, 198–204. doi: 10.1016/j.envexpbot.2010.03.008

Yan, K., Shao, H. B., Shao, C. Y., Chen, P., Zhao, S. J., Brestic, M., et al. (2013). Physiological adaptive mechanisms of plants grown in saline soil and implications for sustainable saline agriculture in coastal zone. Acta Physiol. Plant. 35, 2867–2878. doi: 10.1007/s11738-013-1325-7

Yan, K., Wu, C., Zhang, L., and Chen, X. (2015). Contrasting photosynthesis and photoinhibition in tetraploid and its autodiploid honeysuckle (Lonicera japonica Thunb.) under salt stress. Front. Plant Sci. 6:227. doi: 10.3389/fpls.2015.00227

Yan, K., Xu, H., Zhao, S., Shan, J., and Chen, X. (2016). Saline soil desalination by honeysuckle (Lonicera japonica Thunb.) depends on salt resistance mechanism. Ecol. Eng. 88, 226–231. doi: 10.1016/j.ecoleng.2015.12.040

Zhang, B., Yang, R., Zhao, Y., and Liu, C. Z. (2008). Separation of chlorogenic acid from honeysuckle crude extracts by macroporous resins. J. chromatogr. B 867, 253–258. doi: 10.1016/j.jchromb.2008.04.016

Zhang, T. B., Kang, Y. H., and Wan, S. Q. (2013). Shallow sand-filled niches beneath drip emitters made reclamation of an impermeable saline-sodic soil possible while cropping with Lycium barbarum L. Agric. Water Manag. 119, 54–64. doi: 10.1016/j.agwat.2012.12.016

Zhao, G., Li, S., Sun, X., Wang, Y., and Chang, Z. (2015). The role of silicon in physiology of the medicinal plant (Lonicera japonica L.) under salt stress. Sci. Rep. 5:12696. doi: 10.1038/srep12696

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Yan, Cui, Zhao, Chen and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-01563-g002.jpg
DPPH scavenging rate (%)
(e (=l S

DPPH scavenging rate (%)

20 25 30 35 40 45

15
Total CQAs concentration (mg g'1 dry weight)

NaCl stress for 30 days

()
(e}
2 8 § &8 o = 8 8 8§ §
1 1 1 L L 1
/ O
BIRIRIRIIIIIIIIIIIAIIKNA
RIS \ I
< // L Q 2 ®
N “al £F N
6 < o ® r
C.|_ ! n o
2] - 0N /
g —_ - =
O S .0 A
G = g .
] \e) O/
wn w2
N »n v + -
e L L wen
O
© 2 S X /
TOLOTOTOOOTO 0 0 0707070 7070-0=0-0=0-0=0 =006 ©n == < o §
RIS & B A3 °
......................... “
v = > X /
W,/ - — . r
C_|_ ® O | W
m [m] _
w
-~ [
o4 BRI R R KRR KRR
Q
< - |
[N = N
Of o
=~
8|S S
SING®) BN
aD 15
o g |
— — <O 2 f
mua mw e <, = O
REE T
£%% el <, ~HEEEEH
S & 8 198 :
B N
EE 2 SN L o SR
wn
= ” 5% of |29 OH ]
” %
: N =q mw 3 Of
O <
< 3 o
f =3 <
<f <
t3 ﬂ
a@ v ag
% R
SR - SR
2
< o] 3 oH ]
T T T T | ] T T
o o o o o o o o o o o
< A A Q —

N — e
(yS1om A1p | 3 Sur) T





OPS/images/fpls-07-01563-g001.jpg
wAU
le+6 - 2

8et5 +

6e+5 1

4e+5 A

2et+5

0 10 Time (min)

4e+5

3e+5

2e+5

let5 +

L
S






OPS/images/fpls-07-01563-g003.jpg
— 0 mM NaCl

zzzzz2n 150 mM NaCl
xxxd 300 mM NaCl

LRERRRRERERRERRRERRRERRRELRRRRRKS

REIRHIRHIRRIKIZIHKZHKKS
CRRRRHRRRRRRRXRY

BSRERIRIRIRRRIRKRKS

OO XXX XN XN

RRIIIILLLLLS
PR R R R RRXXRKK
[RRRRRRLRRRRRRELRRRRRRRRK

AEEEISTTE
R
0%6%%6%%%%% % %%

o

TR RXRRXRXRRRRRRRXRXRXRX KRR KRR XX
$.9.9.0,0.9.0.9.9.9.0.0.0.9.9.0.0.9.9.9.9.9.%
0000000000000000000000000‘ 2 00000000000000000

[21]

AT
B RIS
..’.".""""."""’."”0”

0o
OO

12

A je

[OAS] VN W SATIE[OY

v

PALI PAL2

HOT





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fpls-07-01563-t001.jpg
Gene

ACT1

HQT
PALT
PAL2
PAL3

Sense primer

CCAGTATTGTAGGTAGACC
AAGAC

CGAGCAAGTTATACATAGC
GCCAATCCAGTCACTAACC
GCTCGCCCTTGTTAATGG
TGAACGCTGGAATCTTTGG

Antisense primer

TCAATGGGGTATTTCAAGGT
AAGG

AGTTGTGGATTCTCTTAGC
CGTAAATTCTCCTCCAAATGC
GTGGTGCTTCAACTTATGC
GGTGATGTTGTGGTTGAGG

HQT, hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl transferase; PAL,
phenylalanine ammonia-lyase (the PAL gene family consists of PAL1, PAL2, and
PAL3). ACT1 was used as an internal reference gene.
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Non-saline Saline Non-saline Saline
3-COA(mg g~ ' DW) 23,69 + 1.15b 27,69+ 1.65a 2372+ 1.61b 28.25+1.95a
5-CQA(mgg~' DW) 0.70 4+ 0.04a 067 4 0.05a 0694 0.07a 0.74 0,09
4-COA(mg g~ ' DW) 0.46 + 0.03b 057 +0.04a 0.45 + 0.04b 056 + 0.02a
3,5-COA(mgg' DW) 10.19 £ 2.23a 1457 +2.03a 15.01 +2.13b 2055+ 2.61a
3,4-CQA(mgg~' DW) 03340022 036 4 0.05a 0.33+0.02b 0.4140.04a
1,5-CQA (mg g~' DW) 231 £0.17a 2.14£021a 2.22+0.1% 2.60 £ 0.23a
Total CQASs (mg g~ DW) 37.69 + 3.020 46.14 +3.29a 42,44+ 4.220 5311+ 4.82a
DPPH scavenging rate (%) 50.46 + 3.22a 58.31+4.12a 52.96 +3.01b 61.83+3.86a
PAL activity (U g~ protein) 4314+ 4.37a 4014 4 2.37a 41.14+337a 4535 +5.37a
MDA content (nmol g~ FW) 2585+ 2.37a 24.01+1.73a 30.56 + 2.479% 28.78 +2.41a
Dry weight (g plant~") 1.91+036a 1.21+0.230 3.81 +0.46a 2.36 +0.37b
ATC (mg plant-") 71.37 +9.19a 5381 +6.21a 161.09 + 18.78a 124.87 + 20.58a

Data are expressed as the mean of four replicate plots (:5D). Within each row, d/ﬂerem letters indicate significant diferences (P < 0.05) at the same sampling time. DW
and FW indicate dry and fresh weight, Chlorogenic acid, acid, A, B, and C, and total chlorogenic
acids are indicated by 3-CQA, 5-CQA, 4-CQA, 3,5-CQA, 3,4-CQA, 1,5-CQA, and fora CQAS respectively.






OPS/images/fpls-07-01563-t002.jpg
October 2014 October 2015

Non-saline Saline Non-saline Saline
3-COA(mgg~' DW) 619+ 1,55 12.29 4 2.34a 868+ 1.31b 1658+ 3.14a
5-CQA(mg g~' DW) 062 +0.152 0.77 £0.17a 0.10£0.01a 0.11£0.01a
4-COA(mg g~ ' DW) 050 +0.18b 0.80 +0.16a 0.29+0.01b 0.48 + 0.08a
3,5-C0A (Mg g~ ' DW) 5.87 £ 0.64b 8.67 +0.44a 8.13 + 1.04b 17.49 + 2.36a
3,4-COA (mgg~' DW) 0.43+0.23b 0.47 +£0.07a 0.44 £ 0.06b 0.70 £ 0.12a
1,5-COA (mg ' DW) 238+ 0,49 3824 0.358 1.45 £ 0.360 386+0.72a
Total CQAs (mg g~' DW) 16.95 + 2.200 26.45+2.53a 19.09 + 3.61b 39.19+7.33a
DPPH scavenging rate (%) 44.80 + 4.330 69.79 4 6.34a 49.80 + 5.81b 75.54 + 5.64a
PAL activity (mg g~ protein) 12.02 + 3.200 20.40 + 2.20a 17.25 % 3530 28.63 + 3.68a
MDA content (nmol g~" FW) 54.97 +7.01a 50.93+8.01a 4019+ 4.01a 4498 +5.21a
Dry weight (g plant~") 51.98+4.12a 36.94 + 2.99 78.16 4 8.02a 50.23 & 6.55D
ATC (g plant™") 0.87 +0.05b 0.97 +0.03a 1.51£0.17b 1.9+0.20a
313G (%) —27.76 £0.19 —26.72 + 0.25a —28.50 + 0.230 ~26.79 + 0.63a
5120 (%) 23,60 +0.180 2481 +039% 2459 + 0.26b 25.33 + 0.28a

Data are expressed as the mean of four replicate plots (:5D). Within each row, d/ﬂerem letters indicate significant differences (P < 0.05) at the same sampling time. DW
and FW indicate dry and fresh weight, Chlorogenic acid, acid, ic acids A, B, and C, and total chlorogenic
acids are indicated by 3-CQA, 5-CQA, 4-CQA, 3,5-CQA, 3,4-CQA, 1,5-CQA, and fora CQAS respectively.






