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Abstract: Astragalus membranaceus Bunge and Codonopsis lanceolata Benth. et Hook. f. are two famous
medical species in Korea, China, and Japan, mainly used for treating diseases including cancer,
obesity, and inflammation. Manipulation of the difference between the day and night temperatures
(DIF) is an efficient horticultural practice to regulate the growth and development of vegetables in a
glasshouse. However, little research has focused on how the DIF influences the plug seedling quality
of medicinal plants. In this study, uniform plug seedlings were cultivated in three environmentally
controlled chambers under an average daily temperature of 20 ◦C with negative (−10 ◦C), zero, or
positive (+10 ◦C) DIFs, and the same relative humidity (75%), photoperiod (12 h), and light intensity
(150 µmol·m−2

·s−1 photosynthetic photon flux density with white LEDs). The results showed that the
DIF had a noticeable effect on the growth, development, and morphology of A. membranaceus and
C. lanceolata plug seedlings. The positive DIF (+10 ◦C) significantly increased the biomass (shoot, root,
and leaf), stem diameter, and Dickson’s quality index, indicating an enhanced plug seedling quality.
Moreover, the contents of primary and secondary metabolites, including soluble sugar, starch, total
phenols and flavonoids, were higher with higher DIFs, where the maximum values were found at
0 ◦C or +10 ◦C DIF. Furthermore, the increases in the chlorophyll content and stomatal conductance
were obtained in a positive DIF, indicating that a positive DIF was favorable to photosynthesis.
An analysis of the gene expression showed that a positive DIF (+10 ◦C) up-regulated the expression
of photosynthetic genes, including GBSS, RBCL, and FDX. In conclusion, the results of this study
recommend a positive DIF (+10 ◦C) for enhancing the quality of A. membranaceus and C. lanceolata
plug seedlings.
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1. Introduction

Astragalus membranaceus Bunge and Codonopsis lanceolata Benth. et Hook. f. are two medicinal
species that are widely distributed in East Asian countries, particularly Korea, China, and Japan.
These two species have a long history of being used as medicine to treat many diseases including
cancer, obesity, and inflammation in Asian countries [1,2]. In addition to having its medicinal values,
C. lanceolata has been consumed as a high-class vegetable in Asian countries, especially in ancient
Korea [3,4]. In recent years, more and more researchers have shown an increased interest in these two
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species, since more and more phytochemicals have been identified and applied in medicine for treating
diseases [5,6]. However, most of those works focused on how to separate, extract, and characterize the
medicinal compounds in A. membranaceus and C. lanceolata. Not much information is available on the
cultivation of those two species in a glasshouse by manipulating the temperature regime.

Temperature is a dominant and controllable component in protected plant production, which
strongly influences the crop growth, yield, and quality [7–9]. Manipulation of the difference between the
day and night temperature (DIF) is an efficient horticultural practice to control plant morphology [10–12].
DIF is defined as the day temperature minus the night temperature, which means that if the day
temperature is higher than the night temperature, it results in a positive DIF, and the opposite for a
negative DIF [13]. Previous studies have reported that negative DIFs could be used for inhibiting stem
elongation and increasing yield [11,14,15]. However, the opposite results have also been reported.
For instance, Lund, et al. [16] found that a highly positive DIF does not seem to increase the elongation
growth of Hibiscus rosa-sinensis L. Similarly, Lyngved, et al. [17] reported that the optimal values for
biomass growth of Cyclamen persicum Mill. were under a positive DIF (+10 ◦C). It was reported that
a negative DIF inhibited the growth and development of young cucumber plants [18]. Moreover,
the mechanism of how the DIF affects the growth and morphology of plants is not well known [19].
Studies on the effects of the DIF on medicinal plants are limited especially in A. membranaceus and C.
lanceolata plug seedlings.

Photosynthesis is the most important photochemical reaction that produces food for all organisms,
using sunlight, water, and CO2. Many genes and proteins are involved in this process. In the
photosynthetic chain, ferredoxin (FDX) codes one kind of iron–sulfur proteins, named ferredoxin [20].
In the non-cyclic photophosphorylation, protein is the last electron acceptor and transports them to
NADP+ [21]. Ribulose bisphosphate carboxylase large chain (RBCL) is the key gene for the CO2 fixture in the
CO2 assimilation [22]. Ribulose bisphosphate carboxylase (RuBisCO) catalyzes the reaction of ribulose
bisphosphate and CO2 at the initial step of photosynthesis, which determines the photosynthetic
rate [23]. Granule-bound starch synthase (GBSS) is an obbligato gene for the synthesis of amylose in
starch, which plays a role in building the final structure of amylopectin [24–26]. Previous studies have
reported the responses of those gene expressions to the temperature [27–29]. However, few studies
have focused on how the DIF affects the expression of those genes in medical plant plug seedlings.

The objectives of this study were to demonstrate how the DIF influences the plug seedling quality
of A. membranaceus and C. lanceolata and to identify an ideal temperature regime for production of
high quality plug seedlings. Uniform plug seedlings were cultured under positive (10 ◦C), zero, and
negative (−10 ◦C) DIFs for four weeks. The growth and morphological responses of plug seedlings to
the different DIFs were investigated. The contents of the primary and secondary metabolites were also
determined, such as soluble sugar, starch, total phenols and flavonoids. Additionally, the chlorophyll
content and stomatal conductance were evaluated. The expression of photosynthesis-related genes
including FDX, RBCL, and GBSS were assayed. The data in this study could provide a theoretical
and practical basis for enhancing the quality of plug seedlings by manipulating the DIF, and useful
information for growers and managers to regulate other medicinal plants.

2. Materials and Methods

2.1. Plant Materials and Treatments

Seeds of A. membranaceus and C. lanceolata were sown in 200-cell plug trays filled with the Bio
Medium (FarmHannong Co. Ltd., Seoul, South Korea). The components of Bio Medium are 20%
coir, 60% peat moss, and 20% pearlite. After germination, uniform plug seedlings were selected and
cultivated in three different environmentally controlled chambers. The average daily temperature
in the chambers was 20 ◦C, with negative (−10 ◦C), zero, and positive (+10 ◦C) DIFs: the day/night
temperatures were 15/25 ◦C, 20/20 ◦C, and 25/15 ◦C, respectively. Each treatment was set up with the
same relative humidity (75%), photoperiod (12 h), and light intensity (150 µmol·m−2

·s−1 photosynthetic
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photon flux density with white LEDs). Before the experiment, the light intensity was adjusted and
calibrated using a photo-radiometer (HD2102.1, Delta OHM, Padova, Italy). The experimental design
was completely random design with three replications. Each replication included 20 plugs seedlings
(total 60 seedlings per treatment). After four weeks of cultivation, some plug seedlings were harvested
for measurements of the growth parameters and others were frozen immediately in liquid nitrogen
for further analysis. The Dickson’s quality index was calculated according to a previous formula [30],
which is

Dickson’s quality index = Total DW/((shoot length/stem diameter)+(shoot DW/root DW)) (1)

where “DW” represents the dry weight.

2.2. Contents of Soluble Sugar and Starch

The contents of soluble sugar and starch were determined by the anthrone colorimetric method [31].
In brief, leaf samples (0.2 g) were ground and then extracted in distilled water (14 mL) for 30 min at
100 ◦C. After a 15-min centrifugation at 3000 rpm, the supernatant was transferred into a new tube
for assay of soluble sugar. For measurement of starch, the residue was re-extracted in distilled water
mixed with perchloric acid (2 mL, 52%).

The supernatant (0.5 mL) was added to distilled water (1.9 mL) combined with anthrone (0.5 mL,
2%), and concentrated sulfuric acid (5 mL, 98%), followed by 15 min of incubation at 100 ◦C.
The absorbance at 630 nm and 485 nm was recorded using a UV-spectrophotometer (Libra S22,
Biochrom Ltd., Cambridge, UK). The calibration curves of soluble sugar and starch were made with
standard solutions.

2.3. Contents of Total Phenols and Flavonoids

Total phenols and flavonoids in leaves were extracted with 80% methanol. The contents
of total phenols and flavonoids were measured according to previous methods described by
Manivannan et al. [32].

2.4. Hydrogen Peroxide Content

To determine the hydrogen peroxide content, leaves (100 mg) were ground and mixed with a
TCA extracting solution (0.1%, 1.0 mL). The mixture was centrifuged for 15 min at 12,000 rpm, and
then the supernatant was collected. The supernatant (0.3 mL), sodium phosphate buffer (50 mM,
0.5 mL), and potassium iodide (1 M, 0.5 mL) were mixed and then incubated for 30 min in the dark.
The absorbance of the mixture was measured and recorded at 395 nm using a UV spectrophotometer
(Libra S22, Biochrom Ltd., Cambridge, UK) [31].

2.5. Assessments of the Chlorophyll Content and Stomatal Conductance

The chlorophyll content was measured by using the Plus Chlorophyll Meter (SPAD 502, Konica
Minolta Sensing Inc., Osaka, Japan). The stomatal conductance was assessed at 10 am using the
Decagon Leaf Porometer SC-1 (Decagon Device Inc., Pullman, WA, USA).

2.6. Gene Expression Analysis

Leaves of A. membranaceus and C. lanceolata (mixed sample, three biological replications) were
ground into powder in liquid nitrogen and homogenized in a lysis buffer under a RNase-free condition.
The total RNA was extracted using a commercial extraction kit (iNtRON Biotechnology, Seoul, Republic
of Korea), and cDNA was converted from total RNA using the GoScript Reverse Transcription System
(Promega, Madison, WI, USA). The gene expression was determined by employing a Rotor-Gene
Q detection system (Qiagen, Hilden, Germany), and the value was calculated by using the 2−∆∆Ct
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method [33]. All primers were designed using Premier 5.0 (Premier Biosoft Inc., Palo Alto, CA, USA)
and the primer sequences are presented in Table 1.

Table 1. The primer sequence for gene expression assay using quantitative real-time polymerase
chain reaction.

Gene Forward Primer Reverse Primer

18S 5′-CTCAACCATAAA CGATGCCGACC-3′ 5′-AGTTTCAGCCTTGCGACCATACTCC-3′

AmGBSS 5′-ATAACATAGCGTATCAGGG-3′ 5′-CTCGGTCAGATTCTAACACT-3′

AmRBCL 5′-TGGCTGTTCCTATCGTCA-3′ 5′-AAGTAATCTCCCTTTCTCCT-3′

β-Actin 5′-CGAGAAGAGCTACGAGCTACCCGATGG-3′ 5′-CTCGGTGCTAGGGCAGTGATCTCTTTGCT-3′

ClFDX 5′-CTTCGGCGTTTCTTCGT-3′ 5′-CTGCCAAACCCTTGATAACT-3′

ClRBCL 5′-GCTTACCCATTAGACCTTT-3′ 5′-GGGACGACCATACTTGTT-3′

Am, Astragalus membranaceus; GBSS, granule-bound starch synthase; RBCL, ribulose bisphosphate carboxylase
large chain; Cl, Codonopsis lanceolata; and FDX, ferredoxin. 18S and β-Actin were used as the housekeeping gene
in A. membranaceus and C. lanceolata, respectively.

2.7. Data Collection and Analysis

The data were collected with three individual biological repeats, and are presented as the
mean ± standard error. A one-way analysis of variance (one-way ANOVA) was performed to estimate
the differences among treatments, followed by a Duncan multiple range test (p < 0.05) using SPSS
(Statistical Package for the Social Sciences, version 21; International Business Machine Corp., Armonk,
NY, USA). All figures in this study were prepared using the OriginPro software (version 9.0; OriginLab
Corp, Northampton, MA, USA.)

3. Results

3.1. Growth, Development, and Morphology

In this study, the DIF had a significant influence on the growth, development, and morphology of
A. membranaceus and C. lanceolata plug seedlings (Figure 1, Tables 2 and 3). As shown in Figure 1, a
morphological distinction of plug seedlings was observed with the increase from −10 ◦C DIF to +10 ◦C
DIF. At the negative DIF (−10 ◦C), plug seedlings were inferior with a low number of roots, curved
shoots and few leaves. In comparison, plug seedlings were stronger and more compact with straight
shoots and well-developed roots at the positive DIF (+10 ◦C). As shown in Table 2, the dry weights
of the shoot and root in A. membranaceus plug seedlings were 34.8 ± 2.7 and 4.3 ± 0.4 mg at +10 ◦C
DIF, significantly higher than that at the other two DIFs. Similarly, the maximum stem diameter of
0.90 ± 0.02 mm was observed at +10 ◦C DIF. Importantly, the +10 ◦C DIF also increased the Dickson’s
quality index (DQI), which was remarkably greater than that in −10 ◦C and 0 ◦C DIF. Similarly in
C. lanceolata plug seedlings, the +10 ◦C DIF remarkably increased the growth parameters, such as
shoot and root dry weights (98.9 ± 10.3 and 20.5 ± 2.2 mg), leaf area (8.5 ± 0.5 cm−2), stem diameter
(2.06 ± 0.07 mm), and DQI (14.2 ± 0.8 × 10−4), in comparison to those at the −10 ◦C DIF (Table 3).

3.2. Contents of Soluble Sugar and Starch

As shown in Figure 2A,B, increases in the soluble sugar and starch contents were found in
A. membranaceus and C. lanceolata seedlings with higher DIFs. The maximum soluble sugar and starch
contents were found at +10 ◦C DIF, where they were 10.8 and 24.6 mg·g−1 FW in A. membranaceus, and
10.9 and 25.6 mg·g−1 FW in C. lanceolata, respectively—significantly higher than those in −10 ◦C DIF.
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Table 2. The effects of the day and night temperatures (DIF) on the growth parameters of A. membranaceus plug seedlings.

DIF z (◦C)
Length (cm) Dry Weight (mg) Leaf Area

(cm−2)
No. of
Leaves

Stem
Diameter

(mm)

Root DW:
Shoot

DW Ratio

Shoot Dry Weight Per
Shoot Length (g·m−1)

Root Dry Weight Per
Root Length (g·m−1)

Dickson’s Quality
Index (×10−4)Shoot Root Shoot Root Leaf

−10 9.2 ± 0.3 b y 3.3 ± 0.2 18.9 ± 1.4 c 2.0 ± 0.1 c 4.2 ± 0.3 c 3.5 ± 0.3 c 3.0 ± 0.0 c 0.62 ± 0.03 c 0.10 ± 0.01 0.21 ± 0.01 b 0.06 ± 0.00 b 1.3 ± 0.1 c
0 8.8 ± 0.3 b 4.3 ± 0.2 28.0 ± 0.5 b 2.8 ± 0.3 b 6.4 ± 0.4 b 4.6 ± 0.3 b 3.5 ± 0.2 b 0.78 ± 0.03 b 0.10 ± 0.01 0.32 ± 0.01 a 0.07 ± 0.01 b 2.5 ± 0.2 b
10 10.2 ± 0.2 a 4.4 ± 0.5 34.8 ± 2.7 a 4.3 ± 0.4 a 7.5 ± 0.4 a 6.2 ± 0.3 a 3.8 ± 0.2 a 0.90 ± 0.02 a 0.13 ± 0.02 0.34 ± 0.02 a 0.10 ± 0.02 a 3.2 ± 0.2 a

F-test ** NS *** *** *** *** ** *** NS *** * ***
z DIF, difference between day and night temperatures. y Different letters indicate significant separation within columns by Duncan’s multiple range test at a 0.05 level. NS, *, **, and ***,
represent no significant difference, significant difference at p = 0.05, 0.01, or 0.001, respectively.

Table 3. The effects of the DIF on the growth parameters of C. lanceolata plug seedlings.

DIF z (◦C)
Length (cm) Dry Weight (mg) Leaf Area

(cm−2)
Specific Leaf

Weight (g·m−2)

Stem
Diameter

(mm)

Root DW:
Shoot

DW Ratio

Shoot Dry Weight Per
Shoot Length (g·m-1)

Root Dry Weight Per
Root Length (g·m−1)

Dickson’s Quality
Index (×10−4)Shoot Root Shoot Root Leaf

−10 16.5 ± 0.4 3.9 ± 0.4 56.6 ± 3.5 b y 11.1 ± 1.8 b 8.3 ± 0.8 b 6.0 ± 0.5 b 13.8 ± 0.5 b 1.51 ± 0.07 c 0.19 ± 0.03 0.34 ± 0.02 b 0.28 ± 0.04 b 5.9 ± 0.4 c
0 17.0 ± 0.5 3.9 ± 0.3 77.7 ± 8.1 ab 17.3 ± 2.7 ab 10.5 ± 1.2 b 7.4 ± 0.8 b 14.1 ± 0.7 b 1.82 ± 0.09 b 0.22 ± 0.02 0.45 ± 0.04 a 0.44 ± 0.05 a 9.8 ± 1.6 b
10 17.9 ± 0.5 4.9 ± 0.4 98.9 ± 10.3 a 20.5 ± 2.2 a 14.4 ± 1.3 a 8.5 ± 0.5 a 16.8 ± 0.8 a 2.06 ± 0.07 a 0.21 ± 0.02 0.55 ± 0.05 a 0.47 ± 0.03 a 14.2 ± 0.8 a

F-test NS NS ** * ** * * *** NS ** * ***
z DIF, difference between day and night temperatures. y Different letters indicate significant separation within columns by Duncan’s multiple range test at a 0.05 level. NS, *, **, and ***,
represent no significant difference, significant difference at p = 0.05, 0.01, or 0.001, respectively.
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3.3. Contents of Total Phenols and Flavonoids

In A. membranaceus plug seedlings, the content of total phenols gradually increased with the
increase in the DIF, whereas the content of total flavonoids went up first and then declined, as shown
in Figure 2C. The highest contents of total phenols and flavonoids were 0.65 ± 0.1 mg·g−1 FW (10 ◦C
DIF) and 0.34 ± 0.1 mg·g−1 FW (0 ◦C DIF), respectively. In C. lanceolata, the DIF had the same effects on
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the contents of total phenols and flavonoids. The maximum values of total phenols and flavonoids
were 2.15 ± 0.03 and 0.78 ± 0.02 mg·g−1 FW in 0 ◦C DIF, followed by those in +10 ◦C DIF (Figure 2D).

3.4. Hydrogen Peroxide Content

As shown in Figure 3, the H2O2 content in both species decreased significantly with the increase in
DIF. The lowest H2O2 content was 0.119 ± 0.001 mg·g−1 for A. membranaceus and 0.251 ± 0.004 mg·g−1

FW for C. lanceolata, both under a positive DIF.
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3.5. Chlorophyll Content and Stomatal Conductance

The chlorophyll content in A. membranaceus and C. lanceolata plug seedlings was affected by the
DIF. As shown in Figure 4A,B, a positive DIF resulted in much higher chlorophyll content than zero
or negative DIF did in both species. The highest value was 33.9 ± 0.4 SPAD for A. membranaceus and
33.2 ± 0.6 SPAD for C. lanceolata. The data showed that the stomatal conductance increased with the
increase in DIF, and the maximum was 594.9 ± 7.8 and 611.2 ± 71.1 mmol·m−2

·s−1 in A. membranaceus
and C. lanceolata plug seedlings, respectively (Figure 4C,D).
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3.6. Gene Expression Analysis

The DIF had a significant influence on the expression of photosynthetic genes in both A.
membranaceus and C. lanceolata (Figure 5). In A. membranaceus, expressions of the GBSS and RBCL
genes were greatly upregulated in the 10 ◦C DIF than in the two other treatments, which were 5.7- and
1.8-fold higher than that in −10 ◦C DIF, respectively (Figure 5A). In C. lanceolata, the expressions of
RBCL and FDX were significant higher in 10 ◦C DIF than those in −10 ◦C and 0 ◦C DIF, about 2.2 and
1.6 times larger than that in 0 ◦C DIF (Figure 5B).
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Figure 5. The effects of the DIF on the gene expression in A. membranaceus (A) and C. lanceolata (B)
plug seedlings. GBSS, granule-bound starch synthase; RBCL, ribulose bisphosphate carboxylase large chain;
and FDX, ferredoxin. Different letters (a, b, and c) indicate significant differences among treatments by
Duncan’s multiple range test at a 0.05 level.

4. Discussion

This study shows that DIFs significantly affect the growth of A. membranaceus and C. lanceolate
plug seedlings. Morphologically, compact plug seedlings with straight shoots and well-developed
roots were observed when grown in a positive DIF (+10 ◦C). The data also proved that +10 ◦C DIF
upgraded the quality of plug seedlings with significantly increased biomass (shoot and root) and
stem diameter. Importantly, the DQI was greater in seedlings grown with the +10 ◦C DIF than
those in the other two treatments, implying the ability of the +10 ◦C DIF to yield high-quality plug
seedlings. The biomass, stem diameter, and DQI are important parameters used to evaluate the quality
of seedlings [34–36]. These results were in accordance with previous studies in tomato [19,37] and
sweet pepper [38]. However, Bachman and McMahon [39] found that a negative DIF increased the
stem diameter in petunia plants which differed from results in this study. The probable reason is the
difference in the photoperiod. In their study, an 18-h photoperiod was employed—6 h longer than
ours—which meant a lower consumption of carbohydrates during the night. Another reason may be
the difference in species, which may exhibit different responses to different temperature regimes.

The DIF had a remarkable effect on the primary and secondary metabolism in both A. membranaceus
and C. lanceolata. The highest contents of soluble sugar and starch observed at the 10 ◦C DIF, suggests that
a positive DIF significantly promotes the accumulation of carbohydrates. As the main photosynthetic
products, soluble sugar and starch were synthesized in leaves and then transported to accumulate
where they were used for consumption in new tissues and organs. Hence, sufficient soluble sugar
and starch produced by photosynthesis are of importance for the growth and development of plug
seedlings. The positive DIF (10 ◦C) increased the contents of soluble sugar and starch, which
benefited the growth and development of plug seedlings. Similar results were reported in tomato [19]
and cucumber [7]. Moreover, William, et al. [40] reported that negative DIF regimes decreased
the total soluble carbohydrates by 39% and 46% in the leaf and stem, respectively, compared to
those in positive DIF regimes. The reason is the higher day temperature increases the activities of
photosynthetic enzymes, including RBCL and FDX, while a lower night temperature inhibits the
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activities of respiration-related enzymes [41–43]. The data also proved that secondary metabolites were
influenced by the DIF. Compared to 0 ◦C or +10 ◦C DIF, the −10 ◦C DIF inhibited the accumulation of
total phenols and flavonoids. As photosynthetic products, carbohydrates are important substances
for synthesizing secondary metabolites [44,45]. A lower concentration of soluble sugar and starch in
−10 ◦C DIF is a negative factor for biosynthesis and accumulation of total phenols and flavonoids.
As non-enzymatic antioxidants in nature, total phenols and flavonoids have the capacity to scavenge
reactive oxygen species and maintain the homeostasis in plants [46]. The higher contents of total
phenols and flavonoids observed in 0 ◦C or +10 ◦C DIF were more helpful to plug seedlings in coping
with abiotic stresses [47], compared to the lower concentrations in −10 ◦C DIF. As important secondary
metabolites, the higher contents of total phenols and flavonoids also suggested a higher medicinal
value to humans [48].

Photosynthesis is a fundamental and important physiological process, greatly influencing the
quality and yield of crops. This process is regulated by a series of genes, and affected by the day
and night temperatures. In this study, an up-regulation of expressions of GBSS, RBCL, and FDX was
found in the 10 ◦C DIF, compared to those in the −10 ◦C and 0 ◦C DIFs (Figure 5). The FDX gene
codes the ferredoxin protein and is an important gene in the electron transport chain in photosynthesis.
RBCL plays a key role in the CO2 fixture in dark and influences the photosynthetic rate. GBSS codes
the granule-bound starch synthase and determines the presence of amylose in reserve starches [49].
A high expression of those genes in the 10 ◦C DIF suggested that a positive DIF had a beneficial
effect on photosynthesis and carbohydrate accumulation. This partly explains the higher contents of
soluble sugar and starch in plug seedlings grown with the 10 ◦C DIF. Moreover, the H2O2 content was
significantly lower in the positive DIF than in the negative and 0 ◦C DIF. As one kind of reactive oxygen
species, H2O2 is generated when plants fall into an unfavorable condition with abiotic or biotic stresses.
Consequently, a suppressive expression of photosynthetic genes and degradation of proteins occur
since H2O2 destroys the structure of nucleic acids and proteins and inhibits their function [50]. The data
implies that the 10 ◦C DIF exposed the plug seedlings to a lower level of stresses, contributing to the
higher expression of photosynthetic genes, such as RBCL, FDX, and GBSS. This partly explains the high
quality of plug seedlings grown with the 10 ◦C DIF, compared to that with the other two treatments.

In photosynthesis, chlorophyll is a core component of the light-harvesting complex, playing a key
role in capturing and transferring photons to the reaction center of the photosystem in the primary
reaction. The data showed that the 10 ◦C DIF increased the chlorophyll content more than the −10 ◦C
and 0 ◦C DIF did in both species, implying that a positive DIF enhanced photosynthesis by elevating
chlorophyll contents. The results coincided with those of previous studies. Xiao, et al. [51] found
that chlorophyll a and chlorophyll b contents in Solanum lycopersicum L. increased gradually with
increasing DIF. Yuan [52] also found that chlorophyll a and b contents were significantly elevated under
a positive DIF, and were lower with a negative DIF. Similarly, Bachman and McMahon [39] reported
that chlorophyll a content was lower in a negative DIF (−6 ◦C) compared to the control. Additionally,
Agrawal, et al. [53] found that the photosynthetic rate and chlorophyll content were lower at a negative
DIF (−10 ◦C) than at a positive DIF (10 ◦C).

Stomata is the main channel for the air exchange between plants and the ambient conditions [54].
Carbon dioxide goes into the cell through the stomata and takes part in photosynthesis. Thus, stomatal
conductance is an indicator of the stomata opening, which greatly influences the photosynthetic
rate by controlling the carbon dioxide concentration in cells. The maximum stomatal conductance
was observed at 10 ◦C DIF, suggesting that a positive DIF was beneficial for photosynthesis in
A. membranaceus and C. lanceolata by promoting the stomata opening and carbon dioxide exchange.
This was in accordance with the increased expression of the RBCL, FDX, and GBSS genes, and the
chlorophyll content. These results are supported by previous studies. For instance, Xiao et al. [51] also
reported that a high or low DIF decreased the stomatal conductance and the maximum was observed
in 6 ◦C DIF at a daily mean temperature of either 18 ◦C or 25 ◦C. Yuan [52] showed that the stomatal
conductance in Solanum lycopersicum significantly increased under a positive DIF, and decreased with a
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negative DIF. Moreover, the maximum stomatal conductance observed with the positive DIF (10 ◦C)
was also in agreement with the highest content of carbohydrates, since photosynthesis was enhanced
by an elevated stomatal conductance [55–57].

5. Conclusions

As an important horticultural practice, the DIF had a great influence on the growth, yield, and
quality of plug seedlings. In this study, the effects of the DIF on the growth, morphology, and
physiology of medicinal plant plug seedlings were demonstrated. The data showed that a positive DIF
(+10 ◦C) had enhanced the quality of A. membranaceus and C. lanceolata plug seedlings by increasing the
biomass (shoot, root, and leaf), stem diameter, and Dickson’s quality index. Additionally, the contents
of soluble sugar, starch, total phenols and flavonoids were significantly enhanced with an increased
DIF and their respective maximum values were found in elevated DIFs (0 ◦C or +10 ◦C). Furthermore,
an increase in the chlorophyll content and stomatal conductance was obtained at +10 ◦C DIF, indicating
that the positive DIF was favorable to photosynthesis. An analysis of the gene expression showed that
photosynthesis-related genes, such as GBSS, RBCL, and FDX, were up-regulated by the positive DIF
(+10 ◦C). In conclusion, the results of this study suggest that a positive DIF (10 ◦C) is a suitable method
for enhancing the quality of A. membranaceus and C. lanceolata plug seedlings.

Author Contributions: Conceptualization, Y.L., X.R. and B.R.J.; funding acquisition, B.R.J.; investigation, Y.L. and
X.R.; project administration, X.R. and B.R.J.; supervision, B.R.J.; writing—original draft, Y.L.; writing—review and
editing, Y.L., X.R. and B.R.J.

Funding: This research was funded by the Korea Institute of Planning and Evaluation for Technology in Food,
Agriculture, Forestry and Fisheries (Project No. 116057-03). Y.L. and X.R. were supported by a scholarship from
the BK21 Plus Program, Ministry of Education, Republic of Korea.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yang, J.; Jia, M.M.; Zhang, X.J.; Wang, P.L. Calycosin attenuates MPTP-induced Parkinson’s disease by
suppressing the activation of TLR/NF-kappa b and mapk pathways. Phytother. Res. 2019, 33, 309–318.
[CrossRef] [PubMed]

2. Han, A.Y.; Lee, Y.S.; Kwon, S.; Lee, H.S.; Lee, K.W.; Seol, G.H. Codonopsis lanceolata extract prevents
hypertension in rats. Phytomedicine 2018, 39, 119–124. [CrossRef] [PubMed]

3. Boo, H.O.; Kim, H.H.; Barasch, D.; Nemirovski, A.; Lee, M.S.; Gorinstein, S.; Ku, Y.G. Codonopsis lanceolata and
Nelumbo nucifera Gaertn. root extracts for functional food: Metabolic profiling by MS, FTIR and fluorescence
and evaluation of cytotoxicity and Anti-Obesity properties on 3T3-L1 cell line. Eur. Food Res. Technol. 2017,
243, 689–700. [CrossRef]

4. Moon, K.G.; Um, I.S.; Jeon, S.H.; Cho, Y.S.; Kim, Y.G.; Rho, I.R. Effect of organic fertilizer application on
growth characteristics and saponin content in Codonopsis lanceolata. Hortic. Environ. Biotechnol. 2018, 59,
125–130. [CrossRef]

5. Ghimire, B.K.; Seong, E.S.; Yu, C.Y.; Kim, S.H.; Chung, I.M. Evaluation of phenolic compounds and
antimicrobial activities in transgenic Codonopsis lanceolata plants via overexpression of the gamma-tocopherol
methyltransferase (gamma-tmt) gene. S. Afr. J. Bot. 2017, 109, 25–33. [CrossRef]

6. Li, Y.; Guo, S.; Zhu, Y.; Yan, H.; Qian, D.W.; Wang, H.Q.; Yu, J.Q.; Duan, J.A. Flowers of Astragalus membranaceus
var. mongholicus as a novel high potential by-Product: Phytochemical characterization and antioxidant
activity. Molecules 2019, 24, 434. [CrossRef] [PubMed]

7. Miao, M.; Zhang, Z.; Xu, X.; Wang, K.; Cheng, H.; Cao, B. Different mechanisms to obtain higher fruit growth
rate in two Cold-Tolerant cucumber (Cucumis sativus L.) lines under low night temperature. Sci. Hortic. 2009,
119, 357–361. [CrossRef]

8. Shi, W.; Yin, X.; Struik, P.C.; Xie, F.; Schmidt, R.C.; Jagadish, K.S.V. Grain yield and quality responses of
tropical hybrid rice to high Night-Time temperature. Field Crops Res. 2016, 190, 18–25. [CrossRef]

http://dx.doi.org/10.1002/ptr.6221
http://www.ncbi.nlm.nih.gov/pubmed/30421460
http://dx.doi.org/10.1016/j.phymed.2017.12.028
http://www.ncbi.nlm.nih.gov/pubmed/29433673
http://dx.doi.org/10.1007/s00217-016-2782-1
http://dx.doi.org/10.1007/s13580-018-0013-3
http://dx.doi.org/10.1016/j.sajb.2016.12.022
http://dx.doi.org/10.3390/molecules24030434
http://www.ncbi.nlm.nih.gov/pubmed/30691074
http://dx.doi.org/10.1016/j.scienta.2008.08.028
http://dx.doi.org/10.1016/j.fcr.2015.10.006


Agronomy 2019, 9, 654 11 of 13

9. Shi, W.J.; Muthurajan, R.; Rahman, H.; Selvam, J.; Peng, S.B.; Zou, Y.B.; Jagadish, K.S.V. Source-Sink dynamics
and proteomic reprogramming under elevated night temperature and their impact on rice yield and grain
quality. New Phytol. 2013, 197, 825–837. [CrossRef]

10. Robert, B. Controlling height with temperature. HortTechnology 1998, 8, 535–539.
11. Bakken, A.K.; Flønes, M. Morphology and field performance of brassica transplants propagated under

different day and night temperature regimes. Sci. Hortic. 1995, 61, 167–176. [CrossRef]
12. Thingnaes, E.; Torre, S.; Ernstsen, A.; Moe, R. Day and night temperature responses in arabidopsis: Effects

on gibberellin and auxin content, cell size, morphology and flowering time. Ann. Bot. 2003, 92, 601–612.
[CrossRef] [PubMed]

13. Shimizu, H.; Heins, R.D. Photoperiod and the difference between day and night temperature influence stem
elongation kinetics in Verbena bonariensis. J. Am. Soc. Hortic. Sci. 2000, 125, 576–580. [CrossRef]

14. Moe, R.; Heins, R.D.; Erwin, J. Stem elongation and flowering of the long-day plant Campanula-Isophylla
moretti in response to day and night temperature alternations and light quality. Sci. Hortic. 1991, 48, 141–151.
[CrossRef]

15. Mortensen, L.M. Effects of Day-Night Temperature-Variations on growth, morphogenesis and flowering
of Kalanchoe blossfeldiana v Poelln at different CO2 concentrations, daylengths and photon flux densities.
Sci. Hortic. 1994, 59, 233–241. [CrossRef]

16. Lund, J.B.; Andreassen, A.; Ottosen, C.O.; Aaslyng, J.M. Effect of a dynamic climate on energy consumption
and production of Hibiscus rosa-sinensis L. in greenhouses. HortScience 2006, 41, 384–388. [CrossRef]

17. Lyngved, R.; Snipen, L.G.; Iversen, T.H.; Hvoslef-Eide, A.K. Influence of potential growth factors on the
production of proembryogenic masses of Cyclamen persicum Mill. in bioreactors. Sci. Hortic. 2008, 118, 53–59.
[CrossRef]

18. Grimstad, S.O.; Frimanslund, E. Effect of different day and night temperature regimes on greenhouse
cucumber young plant production, flower bud formation and early yield. Sci. Hortic. 1993, 53, 191–204.
[CrossRef]

19. Yuan, X.K.; Yang, Z.Q. The effect of endogenous hormones on plant morphology and fruit quality of tomato
under difference between day and night temperature. Hortic. Sci. 2018, 45, 131–138. [CrossRef]

20. Kojoh, K.; Matsuzawa, H.; Wakagi, T. Zinc and an N-Terminal extra stretch of the ferredoxin from a
thermoacidophilic archaeon stabilize the molecule at high temperature. Eur. J. Biochem. 1999, 264, 85–91.
[CrossRef]

21. Schuermann, P.; Buchanan, B.B. The ferredoxin/thioredoxin system of oxygenic photosynthesis.
Antioxid. Redox Signal. 2008, 10, 1235–1273. [CrossRef] [PubMed]

22. Spreitzer, R.J.; Salvucci, M.E. Rubisco: Structure, regulatory interactions, and possibilities for a better enzyme.
Annu. Rev. Plant Biol. 2002, 53, 449–475. [CrossRef] [PubMed]

23. Stitt, M.; Schulze, D. Does rubisco control the rate of photosynthesis and Plant-Growth—An exercise in
molecular ecophysiology. Plant Cell Environ. 1994, 17, 465–487. [CrossRef]

24. Merida, A.; Rodriguez-Galan, J.M.; Vincent, C.; Romero, J.M. Expression of the granule-bound starch synthase
I (Waxy) gene from snapdragon is developmentally and circadian clock regulated. Plant Physiol. 1999, 120,
401–410. [CrossRef] [PubMed]

25. Visser, R.G.F.; Stolte, A.; Jacobsen, E. Expression of a chimeric granule-bound starch Synthase-Gus gene in
transgenic potato plants. Plant Mol. Biol. 1991, 17, 691–699. [CrossRef]

26. Umemoto, T.; Nakamura, Y.; Ishikura, N. Activity of starch synthase and the amylose content in rice
endosperm. Phytochemistry 1995, 40, 1613–1616. [CrossRef]

27. Zhao, H.; Dai, T.; Jiang, D.; Cao, W. Effects of high temperature on key enzymes involved in starch and
protein formation in grains of two wheat cultivars. J. Agron. Crop Sci. 2008, 194, 47–54. [CrossRef]

28. Hurkman, W.J.; McCue, K.F.; Altenbach, S.B.; Korn, A.; Tanaka, C.K.; Kotharia, K.M.; Johnson, E.L.;
Bechtel, D.B.; Wilson, J.D.; Anderson, O.D.; et al. Effect of temperature on expression of genes encoding
enzymes for starch biosynthesis in developing wheat endosperm. Plant Sci. 2003, 164, 873–881. [CrossRef]

29. Bukhov, N.G.; Dzhibladze, T.G.; Egorova, E.A. Elevated temperatures inhibit ferredoxin-dependent cyclic
electron flow around photosystem I. Russ. J. Plant Physiol. 2005, 52, 578–583. [CrossRef]

30. Dickson, A.; Leaf, A.L.; Hosner, J.F. Quality appraisal of white spruce and white pine seedling stock in
nurseries. For. Chron. 1960, 36, 10–13. [CrossRef]

http://dx.doi.org/10.1111/nph.12088
http://dx.doi.org/10.1016/0304-4238(94)00738-2
http://dx.doi.org/10.1093/aob/mcg176
http://www.ncbi.nlm.nih.gov/pubmed/12922976
http://dx.doi.org/10.21273/JASHS.125.5.576
http://dx.doi.org/10.1016/0304-4238(91)90161-Q
http://dx.doi.org/10.1016/0304-4238(94)90016-7
http://dx.doi.org/10.21273/HORTSCI.41.2.384
http://dx.doi.org/10.1016/j.scienta.2008.05.013
http://dx.doi.org/10.1016/0304-4238(93)90067-Z
http://dx.doi.org/10.17221/7/2017-HORTSCI
http://dx.doi.org/10.1046/j.1432-1327.1999.00579.x
http://dx.doi.org/10.1089/ars.2007.1931
http://www.ncbi.nlm.nih.gov/pubmed/18377232
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135233
http://www.ncbi.nlm.nih.gov/pubmed/12221984
http://dx.doi.org/10.1111/j.1365-3040.1994.tb00144.x
http://dx.doi.org/10.1104/pp.120.2.401
http://www.ncbi.nlm.nih.gov/pubmed/10364391
http://dx.doi.org/10.1007/BF00037054
http://dx.doi.org/10.1016/0031-9422(95)00380-P
http://dx.doi.org/10.1111/j.1439-037X.2007.00283.x
http://dx.doi.org/10.1016/S0168-9452(03)00076-1
http://dx.doi.org/10.1007/s11183-005-0086-6
http://dx.doi.org/10.5558/tfc36010-1


Agronomy 2019, 9, 654 12 of 13

31. Liu, Y.; Ren, X.; Jeong, H.; Wei, H.; Jeong, B. Growth and physiological responses of Adenophora triphylla
(Thunb.) A.DC. Plug seedlings to day and night temperature regimes. Agronomy 2018, 8, 173. [CrossRef]

32. Manivannan, A.; Soundararajan, P.; Park, Y.G.; Jeong, B.R. In vitro propagation, phytochemical analysis, and
evaluation of free radical scavenging property of Scrophularia kakudensis Franch tissue extracts. BioMed Res.
Int. 2015, 2015, 480564. [CrossRef] [PubMed]

33. Ren, X.; Liu, Y.; Jeong, H.; Jeong, B. Supplementary light source affects the growth and development of
Codonopsis lanceolata seedlings. Int. J. Mol. Sci. 2018, 19, 3074. [CrossRef] [PubMed]

34. Kim, H.M.; Hwang, S.J. The growth and development of ‘mini chal’ tomato plug seedlings grown under
various wavelengths using light emitting diodes. Agronomy 2019, 9, 157. [CrossRef]

35. Oh, H.J.; Park, J.E.; Park, Y.G.; Jeong, B.R. Growth and quality of plug seedlings of three indigenous medicinal
plants as affected by ionic strength of the nutrient solution. Hortic. Environ. Biotechnol. 2014, 55, 63–69.
[CrossRef]

36. Santos-Moura, S.D.; Alves, E.U.; Ursulino, M.M.; Bruno, R.D.A.; dos Anjos Neto, A.P. Effect of shading on
Dimorphandra gardneriana Tul. seedling production. Biosci. J. 2018, 34, 1147–1157. [CrossRef]

37. Yang, Z.Q.; Li, Y.S.; Li, P.; Zhang, F.M.; Thomas, B.W. Effect of difference between day and night temperature
on tomato (Lycopersicon esculentum Mill.) root activity and low molecular weight organic acid secretion.
Soil Sci. Plant Nutr. 2016, 62, 423–431. [CrossRef]

38. Kim, H.C.; Ku, Y.G.; Lee, Y.B.; Lee, J.H.; Choi, J.H.; Bae, J.H. Early growth of sweet pepper by difference
between day and night temperature after planting. Korean J. Hortic. Sci. 2013, 31, 552–557.

39. Bachman, G.R.; McMahon, M.J. Day and night temperature differential (DIF) or the absence of Far-Red light
alters cell elongation in ‘celebrity white’ petunia. J. Am. Soc. Hortic. Sci. 2006, 131, 309–312. [CrossRef]

40. William, B.M.; Hammer, P.A.; Terri, I.K. Reversed greenhouse temperatures alter carbohydrate status in
Lilium longiflorum Thunb. ‘nellie white’. J. Am. Soc. Hortic. Sci. 1993, 118, 736–740.

41. Tombesi, S.; Cincera, I.; Frioni, T.; Ughini, V.; Gatti, M.; Palliotti, A.; Poni, S. Relationship among night
temperature, carbohydrate translocation and inhibition of grapevine leaf photosynthesis. Environ. Exp. Bot.
2019, 157, 293–298. [CrossRef]

42. Mohammed, A.R.; Cothren, J.T.; Chen, M.H.; Tarpley, L. 1-Methylcyclopropene (1-MCP)-Induced alteration
in leaf photosynthetic rate, chlorophyll fluorescence, respiration and membrane damage in rice (Oryza sativa
L.) under high night temperature. J. Agron. Crop Sci. 2015, 201, 105–116. [CrossRef]

43. Pyl, E.T.; Piques, M.; Ivakov, A.; Schulze, W.; Ishihara, H.; Stitt, M.; Sulpice, R. Metabolism and growth in
arabidopsis depend on the daytime temperature but are Temperature-Compensated against cool nights.
Plant Cell 2012, 24, 2443–2469. [CrossRef] [PubMed]

44. Moghaddam, S.S.; Ibrahim, R.; Damalas, C.A.; Noorhosseini, S.A. Effects of gamma stress and carbon dioxide
on eight bioactive flavonoids and photosynthetic efficiency in Centella asiatica. J. Plant Growth Regul. 2017, 36,
957–969. [CrossRef]

45. Ali, M.; Abbasi, B.H.; Ahmad, N.; Ali, S.S.; Ali, S.; Ali, G.S. Sucrose-Enhanced biosynthesis of medicinally
important antioxidant secondary metabolites in cell suspension cultures of Artemisia absinthium L.
Bioprocess Biosyst. Eng. 2016, 39, 1945–1954. [CrossRef]

46. Zhang, Y.; Huber, D.J.; Hu, M.; Jiang, G.; Gao, Z.; Xu, X.; Jiang, Y.; Zhang, Z. Delay of postharvest browning in
litchi fruit by melatonin via the enhancing of antioxidative processes and oxidation repair. J. Agric. Food Chem.
2018, 66, 7475–7484. [CrossRef]

47. da Graca, J.P.; Ueda, T.E.; Janegitz, T.; Vieira, S.S.; Salvador, M.C.; de Oliveira, M.C.N.; Zingaretti, S.M.;
Powers, S.J.; Pickett, J.A.; Birkett, M.A.; et al. The natural plant stress elicitor Cis-Jasmone causes
Cultivar-Dependent reduction in growth of the stink bug, Euschistus heros and associated changes in
flavonoid concentrations in soybean, Glycine max. Phytochemistry 2016, 131, 84–91. [CrossRef]

48. He, X.; Yoon, W.B.; Park, S.J.; Park, D.S.; Ahn, J. Effects of pressure level and processing time on the extraction
of total phenols, flavonoids, and phenolic acids from deodeok (Codonopsis lanceolata). Food Sci. Biotechnol.
2011, 20, 499–505. [CrossRef]

49. Visser, R.G.F.; Somhorst, I.; Kuipers, G.J.; Ruys, N.J.; Feenstra, W.J.; Jacobsen, E. Inhibition of the expression
of the gene for Granule-Bound starch synthase in potato by antisense constructs. Mol. Gen. Genet. 1991, 225,
289–296. [CrossRef]

http://dx.doi.org/10.3390/agronomy8090173
http://dx.doi.org/10.1155/2015/480564
http://www.ncbi.nlm.nih.gov/pubmed/26649304
http://dx.doi.org/10.3390/ijms19103074
http://www.ncbi.nlm.nih.gov/pubmed/30297684
http://dx.doi.org/10.3390/agronomy9030157
http://dx.doi.org/10.1007/s13580-014-0074-x
http://dx.doi.org/10.14393/BJ-v34n5a2018-39412
http://dx.doi.org/10.1080/00380768.2016.1224449
http://dx.doi.org/10.21273/JASHS.131.3.309
http://dx.doi.org/10.1016/j.envexpbot.2018.10.023
http://dx.doi.org/10.1111/jac.12096
http://dx.doi.org/10.1105/tpc.112.097188
http://www.ncbi.nlm.nih.gov/pubmed/22739829
http://dx.doi.org/10.1007/s00344-017-9700-z
http://dx.doi.org/10.1007/s00449-016-1668-8
http://dx.doi.org/10.1021/acs.jafc.8b01922
http://dx.doi.org/10.1016/j.phytochem.2016.08.013
http://dx.doi.org/10.1007/s10068-011-0069-7
http://dx.doi.org/10.1007/BF00269861


Agronomy 2019, 9, 654 13 of 13

50. Mehla, N.; Sindhi, V.; Josula, D.; Bisht, P.; Wani, S.H. An introduction to antioxidants and their roles in plant
stress tolerance. In Reactive Oxygen Species and Antioxidant Systems in Plants: Role and Regulation under Abiotic
Stress; Khan, M.I.R., Khan, N.A., Eds.; Springer: Singapore, 2017; pp. 1–23.

51. Xiao, F.; Yang, Z.Q.; Han, W.; Li, Y.X.; Qiu, Y.X.; Sun, Q.; Zhang, F.M. Effects of day and night temperature
on photosynthesis, antioxidant enzyme activities, and endogenous hormones in tomato leaves during the
flowering stage. J. Hortic. Sci. Biotechnol. 2018, 93, 306–315. [CrossRef]

52. Yuan, X.K. Effect of day/night temperature difference on chlorophyll content, photosynthesis and fluorescence
parameters of tomato at fruit stage. Photosynthetica 2016, 54, 475–477. [CrossRef]

53. Agrawal, M.; Krizek, D.T.; Agrawal, S.B.; Kramer, G.F.; Lee, E.H.; Mirecki, R.M.; Rowland, R.A. Influence of
inverse Day-Night temperature on ozone sensitivity and selected morphological and Physiological-Responses
of cucumber. J. Am. Soc. Hortic. Sci. 1993, 118, 649–654. [CrossRef]

54. Wang, Y.; Noguchi, K.; Ono, N.; Inoue, S.; Terashima, I.; Kinoshita, T. Overexpression of plasma membrane
H+-ATPase in guard cells promotes light-induced stomatal opening and enhances plant growth. Proc. Natl.
Acad. Sci. USA 2014, 111, 533–538. [CrossRef] [PubMed]

55. Choi, H.G.; Moon, B.Y.; Kang, N.J. Correlation between strawberry (Fragaria ananassa Duch.) productivity
and Photosynthesis-Related parameters under various growth conditions. Front. Plant Sci. 2016, 7, 1607.
[CrossRef]

56. Gago, J.; Daloso, D.D.M.; Figueroa, C.M.; Flexas, J.; Fernie, A.R.; Nikoloski, Z. Relationships of leaf net
photosynthesis, stomatal conductance, and mesophyll conductance to primary metabolism: A multispecies
Meta-Analysis approach. Plant Physiol. 2016, 171, 265–279. [CrossRef] [PubMed]

57. Ainsworth, E.A.; Rogers, A. The response of photosynthesis and stomatal conductance to rising CO2:
Mechanisms and environmental interactions. Plant Cell Environ. 2007, 30, 258–270. [CrossRef] [PubMed]

© 2019 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/14620316.2017.1369171
http://dx.doi.org/10.1007/s11099-016-0202-1
http://dx.doi.org/10.21273/JASHS.118.5.649
http://dx.doi.org/10.1073/pnas.1305438111
http://www.ncbi.nlm.nih.gov/pubmed/24367097
http://dx.doi.org/10.3389/fpls.2016.01607
http://dx.doi.org/10.1104/pp.15.01660
http://www.ncbi.nlm.nih.gov/pubmed/26977088
http://dx.doi.org/10.1111/j.1365-3040.2007.01641.x
http://www.ncbi.nlm.nih.gov/pubmed/17263773
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Contents of Soluble Sugar and Starch 
	Contents of Total Phenols and Flavonoids 
	Hydrogen Peroxide Content 
	Assessments of the Chlorophyll Content and Stomatal Conductance 
	Gene Expression Analysis 
	Data Collection and Analysis 

	Results 
	Growth, Development, and Morphology 
	Contents of Soluble Sugar and Starch 
	Contents of Total Phenols and Flavonoids 
	Hydrogen Peroxide Content 
	Chlorophyll Content and Stomatal Conductance 
	Gene Expression Analysis 

	Discussion 
	Conclusions 
	References

