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Abstract: Coriander is an important aromatic plant, and contains abundant secondary metabolites 
that are considered to be beneficial for health. The demand for high-quality and fresh coriander in 
large cities has been growing rapidly. Plant factories are advanced indoor cultivation systems that 
can produce high-quality plants inside cities with a high productivity. This study aimed to 
maximize plant growth and the secondary metabolites production of coriander, by regulating 
photosynthetic photon flux density (PPFD) and root-zone temperature (RZT). Three PPFDs (100, 
200, and 300 µmol m−2 s−1) and three RZTs (20, 25, and 30 °C) were applied on coriander plants 
grown hydroponically in a plant factory. The plant biomass and water content of leaf and stem were 
highest under RZT of 25 °C with a PPFD of 300 µmol m−2 s−1. However, chlorogenic acid, rutin, trans-
2-decenal, total phenolic concentrations and the antioxidant capacity of the coriander plant were 
greatest under the combination of PPFD (300 µmol m−2 s−1) and RZT (30 °C). Chlorogenic acid in 
leaves responded more sensitively to PPFD and RZT than rutin. Controlling PPFD and RZT is 
effective in optimizing the yield and quality of coriander plants. The findings are expected to be 
applied to commercial plant production in plant factories. 
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1. Introduction 

Coriander (Coriandrum sativum L.) is an annual herbaceous plant, and its fresh leaves are widely 
used in food flavoring in daily cuisines. All parts of this herb are used as traditional remedies for the 
treatment of different disorders in the folk medicine systems of different civilizations [1]. Coriander 
leaves are rich in minerals and vitamins, such as vitamin C up to 1.35 mg g−1, vitamin B2 of 0.6 mg g−1 
and vitamin A at 104.6 IU g−1 [2]. They are also well-known for their antioxidant properties, such as 
volatile components, flavonoids, linolenic acid, β-carotene and phenolic compounds [3–6]. The 
concentrations of those secondary metabolic compounds in herbs are important indices for their 
quality assessment.  

The demand for high-quality and freshly consumed vegetables, including corianders, has been 
growing rapidly in large cities (e.g., Tokyo). A plant factory with artificial light is a facility that 
enables food production inside cities with a high productivity. It can satisfy specific demands for 
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qualities in plant growth and secondary metabolite accumulation by controlling the environmental 
factors [7].  

In coriander plants, the chlorogenic acid (CA) and rutin (quercetin-3-rutinoside; QR) are the 
predominant phenolic compounds in both leaves and stems [5,8]. CA is well-known as a compound 
with strong anti-diabetic and anti-lipidemic effects [9]. QR demonstrates a number of 
pharmacological activities, including antioxidant, cytoprotective, vasoprotective, anticarcinogenic, 
neuroprotective and cardioprotective effects [10]. Another important compound is trans-2-decenal 
(DC), which is one of the major volatile compounds identified in coriander leaves and stems, and is 
an essential oil that produces the oily, sweet or grassy odor of the plant [2,4,11]. Thus, understanding 
the effects of the cultivation environment upon the content of CA, QR, DC and total phenolic 
compounds in coriander plants is important for its production and culinary and clinical applications.  

Plant growth and secondary metabolite accumulation are largely affected by various 
environmental factors, including light, air temperature, carbon dioxide concentration, and the root-
zone environment, etc. In a plant factory, the cost for electrical energy required for artificial lighting 
can be about 28% of the total operation costs [7]. Thus, optimizing photosynthetic photon flux density 
(PPFD) is the first urgent task to maximize the economic output of plant production. It is reported 
that menthol mint plants grown under low PPFD (137 µmol m−2 s−1) had the lowest biomass, but 
produced an essential oil with the best commercial profile (high level of neomenthol, menthol and 
menthyl acetate), whereas plants under high PPFD (543 µmol m−2 s−1) had a high biomass and 
essential oil content, but lower levels of menthol [12].   

In addition, plant growth is affected by a combination of various, rather than one, environmental 
factors. Root-zone temperature (RZT) also has been found to influence physiological processes in 
roots and plants, such as the uptake of water and mineral nutrients, plant growth, nutrient and 
secondary metabolite accumulation, and the activity of various enzymes [13–15]. Islam et al. [16] 
found that red romaine lettuce grown under RZT of 10 °C contained higher anthocyanin content, 
whereas total chlorophyll content was lower than RZT of 15 °C.  

Thus, PPFD and RZT are two factors that can affect growth, as well as the biologically active 
compound contents in plants. To improve the economic value and health benefits of coriander, the 
optimal PPFD and RZT that yield both good growth and a high content of SM compounds both need 
to be determined. However, the references that investigate yield and quality control technologies in 
coriander in a plant factory are very limited. Therefore, this study aims to determine the optimal 
combination of PPFD and RZT for coriander plant cultivation. The findings would benefit both 
fundamental research and any commercial application of food production in a plant factory.  

2. Materials and Methods 

2.1. Plant Material 

2.1.1. Germination and Plant Seedling  

Coriander seeds (Coriandrum sativum L.; Tokita Seed Co., Ltd., Saitama, Japan) were sown in 
sponge cubes (2.3 × 2.3 × 2.8 cm, 14.8 cm3) in a cultivation room. Germinated seeds were placed under 
PPFD of 150 µmol m−2 s−1 with a photoperiod of 16 h per day, using cool white fluorescent lamps 
(FHF32 EX-N-H, Panasonic, Co., Ltd., Japan), and the seedlings were irrigated with a nutrient 
solution (N 21%, P2O5 8%, K2O 27%, MgO 4%, CaO 23%, Fe 0.18%, Cu 0.002%, Zn 0.006%, Mo 0.002%, 
MnO 0.1%, B2O3 0.1%) (Otsuka hydroponic composition, OAT Agrio Co., Ltd., Tokyo, Japan), starting 
at 10 days after sowing. The EC and pH of the nutrient solution were adjusted to 0.6 dS∙m−1 and 6.0, 
respectively. Air temperature, relative humidity, and CO2 concentration were set to 25/22 °C 
(light/dark periods), 60%‒80%, and 400 ppm, respectively. 

2.1.2. Growth Condition and Treatments with Regulators 

At 18 days after sowing, seedlings were transplanted to the deep flow technique hydroponic 
system in a walk-in type plant factory (2.9 m × 2.0 m × 2.3 m in LWH), and subjected to three PPFD 
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levels, 100, 200, and 300 µmol m−2 s−1, with a photoperiod of 16 h per day, using light emitting diode 
(LED) lamps (GreenPower Production module, DR/W/FR, NL, Philips Co., Ltd., Poland) and three 
RZTs, 20, 25, and 30 °C, for 19 days. The PPFD was measured at 5 cm above the surface of the culture 
panels using a light meter (LI 250A, LI-190R; Li-Cor Inc., Lincoln, NE, USA), before planting the 
plants. The experiment was carried out in three cultivation beds with three RZTs, and each cultivation 
bed was split into three plots with three different PPFD levels. Each treatment plot contained 26 
plants (178 plants m−2 in plant density). RZTs of 25 ± 0.5 °C and 30 ± 0.5 °C were maintained by heating 
the nutrient solution using an IC auto heater (Type 100; Nisso, Marukan Ltd., Japan). RZT of 20 ± 0.5 
°C was maintained by cooling the nutrient solution using a cool water circulator (ZR mini, Zensui 
Co. Ltd., Japan). RZT was recorded by using a thermos recorder (TR-71wf, T&D Corp., Japan). The 
EC and pH of the nutrient solution were adjusted to 1.2 dS m−1 and 6.0. New nutrient solution (1 L) 
was added to each cultivation bed every day, and all of the nutrient solution was renewed once a 
week. Air temperature, relative humidity, and CO2 concentration were set at 23/20 °C (light/dark 
periods), 60%‒80%, and 1000 ppm, respectively.   

2.2. Measurement 

2.2.1. Growth Parameters 

The plants were harvested 19 days after transplanting. Leaf, stem and root fresh weights (FWs) 
were determined at room temperature (25 °C). The leaf, stem and root samples were placed in an 80 
°C oven for 1 week to determine their dry weights (DWs).  

The water content (WC) of leaf and stem (%) was calculated as: 𝑊𝐶 =  𝐹𝑊 − 𝐷𝑊𝐹𝑊  ⨯  100 (1) 

where FW and DW of leaf and stem were used. 

2.2.2. 1,1-Diphenyl-2-picrylhydrazyl Radical-Scavenging Activity  

A 1 g of frozen shoot segment was weighed accurately and homogenized with 5 mL of 80% (v/v) 
methanol for 1 minute. The sample was centrifuged at 10,000 g for 30 min at 4 °C. The supernatant 
was filtered using a filter paper, transferred to a 10 mL graduated cylinder, made up to 6 mL total 
with 80% methanol and then stored at −30 °C until analyzed. 

The antioxidant activity of the sample, based on the scavenging activity of stable 1,1-Diphenyl-
2-picrylhydrazyl (DPPH), was determined using spectrophotometric analysis by the method 
described in literature [17,18] with some modifications. An aliquot of 50 µl of test sample or Trolox 
solution (0, 200, 400, 600, 800, and 1000 µM) was added to 2 mL of a DPPH solution (80 µM) in 
methanol and mixed thoroughly at room temperature. Absorbance at 517 nm was determined after 
30 min in darkness using a spectrophotometer (ASV11D, As One, Corp. Osaka, Japan). The results 
were expressed as milligram Trolox equivalents per gram fresh weight (mg TE g−1 FW). 

2.2.3. Total Phenolic Content 

Total phenolic content (TPC) of the sample described in 2.2.2 was measured using the Folin–
Ciocalteu colorimetric assay [17–19] with gallic acid as calibration standard, using a 
spectrophotometer (ASV11D, As One, Corp. Osaka, Japan). An aliquot of 0.25 mL of test sample or 
gallic acid solution (0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 mg mL−1) was added to 1.25 mL of 10% Folin–
Ciocalteu reagent, followed by 1 mL of 7.5% sodium carbonate solution, and then this was mixed 
thoroughly at room temperature. Absorbance at 765 nm was determined after 1 hour. The results 
were expressed as milligram gallic acid equivalents per gram fresh weight (mg GAE g−1 FW). 

2.2.4. Trans-2-Decenal Content 

Analysis of DC content was conducted using high-performance liquid chromatography (HPLC) 
according to the method described in the literature [5,20] with modifications. The stored sample 
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solution described in DPPH radical-scavenging activity was used for the analysis after filtration. The 
HPLC system was used as described previously [21]. The HPLC conditions were as follows: analysis 
was carried out with an InertSustain C18 column (5 µm, 4.6 × 150 mm) (GL Sciences, Tokyo, Japan); 
temperature, 30 °C; flow rate, 0.8 mL min−1; detector wavelength, 220 nm; injection volume, 10 µL. 
The elution was as follows: a 5 min linear gradient was set from 70/30% to 35/65% of a 
water/acetonitrile mixture (v/v); then isocratic elution with 35/65% of water/acetonitrile was used 
until 20 min; from 20 to 30 min, the initial composition (70/30%, water/acetonitrile (v/v)) was used to 
re-equilibrate the column. DC content per shoot fresh weight (µg g−1 FW) was estimated by dividing 
the DC content in samples by the sample weight. 

2.2.5. Chlorogenic Acid and Rutin Content 

CA and QR content were determined using liquid chromatography/mass spectrometry (LC-MS) 
based on the methods described in literature [6,8] with modifications. All leaves and stems were dried 
at 30 °C for 4 weeks. The dried materials were cut into powder and filtered through a sieve. A 15.00–
15.50 mg sample was weighed accurately, transferred to a 1.5 mL tube, mixed in 1 mL methanol for 
10 min at 2000 rpm and 15 °C using an Eppendorf ThermoMixer C and centrifuged for 5 min. The 
pellet was extracted two more times in a similar manner. The supernatants (about 3 mL) were 
combined, transferred to a 5 mL volumetric flask and diluted with methanol to a 5 mL total volume. 
The solution was filtered before injection to HPLC. A Shimadzu LCMS‒2020 mass spectrometer 
equipped with an electrospray ionization source operating in negative mode was used. The HPLC 
conditions were as follows: a XBridge BEH C18 column (3.5 µm, 2.1 × 150 mm, Waters, MA, USA) at 
35 °C; flow rate, 0.2 mL min−1; injection volume, 1 µL; mobile phase, solvent A (0.1% formic acid, v/v) 
and solvent B (100% acetonitrile). The elution was as follows: 0‒5 min, linear gradient 90‒80% A; 5‒
10 min, isocratic, 80% A; 10‒20 min, isocratic, 90% A. The MS conditions were used as described 
previously [21]. For detection, ion monitoring mode was selected with m/z 353 for a molecular ion 
[M‒H]− of CA and with m/z 609 for a molecular ion [M‒H]− of QR. CA and QR content per leaf/stem 
dry weight (µg g−1 DW) was estimated by dividing the content of CA and QR in samples by the 
weight of samples. 

2.3. Statistical Analysis 

All experiments were repeated twice, with nine replications for each treatment. Fifteen plants 
were sampled from each treatment to evaluate the overall growth parameters, and six to eight plants 
were sampled from each treatment to determine the antioxidant capacity and total phenolic, DC, CA 
and QR content. The data were subjected to analysis of variance, and the means were compared 
between treatments using Tukey’s test in SPSS statistical software (IBM SPSS Statistics, Version 25.0. 
Armonk, NY, USA: IBM Corp.). A p-value < 0.05 was considered significant. 

3. Results 

3.1. Plant Growth 

The leaf, stem FWs and DWs increased with stronger PPFD under the same RZTs (Figure 1 and 
2). Under the same PPFD, these parameters were increased by RZT of 25 °C but decreased by RZT of 
30 °C, compared with those under RZT of 20 °C. As a result, the highest leaf and stem FWs (8.55 g 
and 10.7 g, respectively) were obtained under the condition of 300 µmol m−2 s−1 in PPFD and 25 °C in 
RZT. Under a PPFD of 300 µmol m−2 s−1 and RZT at 20 or 25 °C, coriander plants developed better 
root system (0.48 g and 0.4 g in root DW, respectively) than that under a RZT of 30 °C (0.34 g in root 
DW) (Table S1 in Supplementary material). WCs of leaf and stem tended to decrease with increases 
in PPFD under RZT of 20 or 30 °C but were not significantly affected by PPFD under RZT of 25 °C 
(Table S1). Root WCs were not significantly different between RZTs of 20 and 25 °C regardless of 
PPFDs, however, they were decreased significantly when RZT was up to 30 °C (Table S1). The lowest 
WCs of leaf, stem and root were observed in the plants grown under PPFD of 300 µmol m−2 s−1 with 
RZT of 30 °C, with the significant differences compared with those under other treatments (Figure 
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3). The effects of the interaction between PPFD and RZT were significant for all plant growth 
parameters except for leaf WC (Table S2). 

 
Figure 1. Coriander plants grown under nine different treatments with a combination of 
photosynthetic photon flux density and root-zone temperature for 19 days after transplanting. The 
codes below the plants show each treatment: 20, 25 or 30 for 20, 25 or 30 °C in root-zone temperature, 
respectively; 100, 200 or 300 for 100, 200 or 300 µmol m−2 s−1 in photosynthetic photon flux density, 
respectively. 

 
Figure 2. Leaf (A) and stem (B) fresh weight and leaf (C) and stem (D) dry weight of coriander plants 
after 19 days of cultivation under different photosynthetic photon flux density and root-zone 
temperatures. Data are shown as the mean ± SE, n = 15. Different letters indicate significant differences 
between treatments (p < 0.05, Tukey’s test). 



 6 of 14 

 

 
Figure 3. Water content of leaf (A) and stem (B) in coriander plants after 19 days of cultivation under 
different photosynthetic photon flux density and root-zone temperatures. Data are shown as the mean 
± SE, n = 15. Different letters indicate significant differences between treatments (p < 0.05, Tukey’s 
test). 

3.2. DPPH Radical-Scavenging Activity and Total Phenolic Content 

Both TPC and antioxidant activity increased with increases in PPFD under the same RZT, and 
they were significantly enhanced by an PPFD of 300 µmol m−2 s−1 compared with PPFDs of 100 and 
200 µmol m−2 s−1 under RZTs of 20 and 30 °C (Figure 4A, B). TPC decreased significantly under an 
RZT of 25 °C compared with RZTs of 20 and 30 °C in a PPFD of 300 µmol m−2 s−1. Antioxidant activity 
decreased significantly under an RZT of 25 °C compared with RZTs of 20 and 30 °C in PPFDs of 100 
and 300 µmol m−2 s−1. The highest PPFD (300 µmol m−2 s−1) combined with the highest RZT (30 °C) 
resulted in the highest TPC and antioxidant activity in coriander shoot (2.08 mg GAE g−1 FW and 2.47 
mg TE g−1 FW, respectively), whereas the lowest TPC and antioxidant capacity (0.4 mg GAE g−1 FW 
and 0.14 mg TE g−1 FW, respectively) were observed at RZT of 25 °C under PPFD of 100 µmol m−2 s−1. 
TPC and antioxidant capacity of coriander shoot were affected by the interaction between PPFD and 
RZT (p < 0.001). 

 
Figure 4. Total phenolic content (TPC) (A) and antioxidant capacity (B) of coriander shoot (leaf and 
stem) after 19 days of cultivation under different treatments with photosynthetic photon flux density 
and root-zone temperature. Data are shown as the mean ± SE, n = 8. Different letters indicate 
significant differences between treatments (p < 0.05, Tukey’s test). 
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3.3. DC, CA and QR Content. 

DC content per shoot fresh weight was not affected by PPFD and RZT; however, it was 
significantly increased only by increasing PPFD to 300 µmol m−2 s−1 and RZT to 30 °C (Figure 5). The 
highest DC content per plant (368.1 µg plant−1) was obtained in the plants grown under PPFD of 300 
µmol m−2 s−1 combined with RZT of 30 °C, whereas under the same PPFD, lower DC content was 
observed under RZTs of 20 and 25 °C, at 188 µg plant−1 and 113.6 µg plant−1, respectively (Figure S1).  

 
Figure 5. Trans-2-Decenal (DC) content per shoot fresh weight in coriander plants after 19 days of 
cultivation under different photosynthetic photon flux density and root-zone temperatures. Data are 
shown as the mean ± SE, n = 6. Different letters indicate significant differences between treatments (p 
< 0.05, Tukey’s test). 

CA content in leaves was not significantly affected by RZT, either under PPFD of 100 µmol m−2 
s−1 or 200 µmol m−2 s−1, but was affected by RZT when the PPFD increased to 300 µmol m−2 s−1 (Figure 
6A). CA content in leaves increased significantly with an PPFD of 300 µmol m−2 s−1 under an RZT of 
20 and 30 °C compared to those with lower PPFDs. CA content in stems was not significantly affected 
by PPFDs under RZTs of 20 and 25 °C but increased significantly with an PPFD of 300 µmol m−2 s−1 
compared with 100 and 200 µmol m−2 s−1 under an RZT of 30 °C (Figure 6B). CA content in leaves was 
higher (8–114-fold) than that in stems under the same treatments. A combination of the highest PPFD 
(300 µmol m−2 s−1) with the highest RZT (30 °C) significantly promoted CA content in leaves (3488 µg 
g−1 DW) as well as in stems (120.0 µg g−1 DW). The accumulation of CA in leaves and stems was 
influenced by the interaction between PPFD and RZT (p < 0.001 for each; Table S3). CA content per 
plant was not significantly affected by RZT under the PPFD at either 100 µmol m−2 s−1 or 200 µmol 
m−2 s−1 but increased significantly with an RZT of 30 °C under 300 µmol m−2 s−1 (reached 2546 µg 
plant−1) (Figure 6C).  
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Figure 6. Chlorogenic acid (CA) content per unit of leaf dry weight (DW) (A), CA content per unit of 
stem DW (B), and CA content per plant (C) in coriander plants after 19 days of cultivation under 
different photosynthetic photon flux density and root-zone temperatures. Data are shown as the mean 
± SE, n = 6. Different letters indicate significant differences between treatments (p < 0.05, Tukey’s test). 

A large effect of RZT on QR content in leaves was observed under a PPFD of 300 µmol m−2 s−1, 
in which QR was in the highest with an RZT of 30 °C and in the lowest with an RZT of 25 °C (Figure 
7A). QR content in leaves was increased significantly by a PPFD of 300 µmol m−2 s−1, compared with 
100 µmol m−2 s−1 and 200 µmol m−2 s−1 under an RZT of 20 and 30 °C, and compared with 100 µmol 
m−2 s−1 under an RZT of 25 °C. QR content in stems was affected neither by PPFD nor by RZT, with 
the exception of the treatment with PPFD of 300 µmol m−2 s−1 and RZT of 30 °C (Figure 7B). QR content 
in leaves was higher (4–20-fold) than that in stems under the same treatments. The highest QR content 
was obtained in the treatment with the highest PPFD (300 µmol m−2 s−1) and the highest RZT (30 °C) 
in leaves and stems (1644.9 µg g−1 DW and 402.6 µg∙g−1 DW). The accumulation of QR in leaves and 
stems was influenced by the interaction between PPFD and RZT (p < 0.001 for each; Table S3). QR 
content per plant was not significantly affected by RZT under the PPFD at either 100 µmol m−2 s−1 or 
200 µmol m−2 s−1 but was affected under the PPFD of 300 µmol m−2 s−1. The highest QR content per 
plant was found at PPFD of 300 µmol m−2 s−1 with RZT of 30 °C (1330 µg plant−1) (Figure 7C). 

 
Figure 7. Rutin (QR) content per unit of leaf dry weight (DW) (A), QR content per unit of stem DW 
(B), and QR content per plant (C) in coriander plants after 19 days of cultivation under different 
photosynthetic photon flux density and root-zone temperatures. Data are shown as the mean ± SE, n 
= 6. Different letters indicate significant differences between treatments (p < 0.05, Tukey’s test). 
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4. Discussion 

4.1. Plant Growth 

The biomass of coriander plant was significantly enhanced by increasing PPFD from 100 to 300 
µmol m−2 s−1 under all RZT conditions in the present study. Many studies on PPFD have reported that 
the optimal PPFD for plant growth depends on the plant variety, one of which stated that the PPFD 
of 290 µmol m−2 s−1 reached in lettuce resulted in improvement of plant growth and development 
[22,23]. Based on our results, plant growth and development in coriander were improved with the 
300 µmol m−2 s−1 irradiation regardless of RZT. Moreover, water content of both stems and leaves in 
coriander were decreased with increases in PPFD. This agreed with the result of Pan and Gou [23] 
which reported that the water content in Epimedium leaf decreased when PPFD was changed from 9 
µmol m−2 s−1 to 127 µmol m−2 s−1. Increasing PPFD might foster photosynthesis and produce 
carbohydrates, thus enhancing dry mass accumulation, which could cause a decrease in the water 
content in leaf and stem. Meanwhile, RZT is one of various environmental factors that affects plant 
growth and phytochemical production. It has been found that RZT influenced plant physiological 
processes, such as uptake of water and minerals, by affecting root growth and initiation [13,14]. RZT 
of 25 °C has shown the most positive influence on the biomass of coriander plants. The poor 
development of the root system under 30 °C RZT, as can be seen in Figure 1, resulted in a small 
uptake of water and minerals through the roots, which might therefore lead to the relatively low 
water content in the plant leaves and stems. This was in accordance with the results of He et al. [24] 
who reported that root and shoot FW as well as mineral content of salad rocket grown under high 
temperatures (fluctuating 25–38 °C RZT) were lower than those under 20 °C, 25 °C and 30 °C RZT. In 
the present study, the root biomass under RZT (20 °C) was higher than that under 30 °C RZT 
regardless of PPFD, although there were no significant differences in leaf and stem biomass between 
these two RZTs. Therefore, RZT also affected biomass distribution in shoot and root parts of the 
coriander plant.  

Thornley [25] used R/S ratios to examine the optimal environmental condition for root activity 
and plant growth, and presented that the R/S ratio was lowest at the optimum soil temperature. Awal 
et al. [26] reported that the R/S ratio in peanut plants was minimum at 25 °C in soil temperature and 
the R/S ratios increased at soil temperature above or below 25 °C, indicating that the use of the 
optimal soil temperature could favor the biomass production in plant cultivation. In our study, the 
lowest R/S DW ratio was observed at the RZT of 25 °C under 300 µmol m−2 s−1 in coriander plants 
This condition indeed also achieved the highest biomass production in shoot of coriander plant 
(Figure S2). As Gosselin and Trudel [27] stated that cucumber transplants achieved maximum shoot 
growth and total leaf area when the RZT was ranged in 24 °C and 30 °C, our findings imply the 
optimal RZT on plant growth may vary among species of crops. 

Several studies on heating root-zone have shown positive effects on crop production, but crop 
responses to RZT could also be influenced by other environmental factors such as air temperature, 
PPFD and photoperiod [28], component and concentration of nutrient solution [29], and CO2 
concentration in root-zone [30]. Agreed with these previous studies, our results also revealed that the 
growth of coriander plants was affected by interaction between RZT and PPFD and that the 
combination of mid-RZT (25 °C) and high level of PPFD (300 µmol m−2 s−1) gave the greatest plant 
growth. The similar tendency in tomato plants has been reported by Gosselin and Trudel [28] that 
plant growth and fruit development of tomato were affected by interaction between RZT and PPFD. 

4.2. Total Phenolic Content and DPPH Free Radical Scavenging Activity 

Phenolic compounds are the main class of natural antioxidants and predominantly secondary 
metabolites in plants. In this study, TPC in coriander had significant positive correlation with DPPH 
free radical scavenging activity (p ≤ 0.01), exhibiting coefficient R2 = 0.902 (Figure S3). This positive, 
significant liner relationship between TPC and antioxidant capacity indicates that phenolic 
compounds are responsible for the antioxidant activity in coriander plants, as the same as reported 
in other medicinal herbs [31].  
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The highest amount of TPC was achieved when the highest RZT (30 °C) and the highest PPFD 
(300 µmol m−2 s−1) were applied. This result is in consistence with our hypothesis that the secondary 
metabolites accumulation could be enhanced by a combination of PPFD and RZT both at the highest 
level. The effect of PPFD on TPC that shown in coriander plants coincided with the findings in ginger 
plants. Ghasemzadeh et al. [32] have reported that the TPC in ginger leaves showed a significant 
positive correlation with increasing PPFD, and the TPC was the highest when plants were grown 
under the highest PPFD (790 µmol m−2 s−1). Hence, we suppose that PPFD was a main factor 
contributing to the increase of TPC in coriander plants. 

Phenolic compounds have aromatic benzene rings with one or more hydroxyl groups in a 
chemical structure. CA is a caffeate ester of quinic acid and QR is a flavonol glycoside. CA and QR 
are also classified as phenolic compounds and identified as a major component in coriander. Phenolic 
compounds are found in the plants mainly as secondary metabolites with a huge chemical diversity, 
but the reason why such diverse metabolites are needed for the plants remains unclear. 
Phytochemical researchers have proposed that plants use secondary metabolites for protection or 
defense against stresses caused by environmental stimuli such as light, temperature, pollution, and 
infection [33]. In our experiment with coriander plants, the plant biomass decreased with high root 
temperature; heating the roots at 30 °C in cultivation meant putting the plants under stress, which 
was enough to decrease the growth of the plants. Thus, the changes that occurred in the content of 
phenolic compounds, CA and QR from the effects of high RZT could be recognized as a stress 
response.  

Various abiotic and biotic factors are known to induce oxidative stress in plant cells, generating 
excessive amounts of reactive oxygen species (ROS) including superoxide (O2

∙ ‒) and hydrogen 
peroxide (H2O2) [34]. Because plants use antioxidative metabolites, such as phenolic compounds, to 
prevent the formation of ROS and cope with oxidative stress, the environmental stimuli inducing 
oxidative stress to coriander plants may promote the production and/or accumulation of phenolic 
compounds in plant tissues. Many studies have shown that high temperature enhanced the 
production of ROS in plant cells [35], and heating the plant beyond its optimal temperature might 
damage various cell functions [34]. As described earlier, we showed that phenolic compounds, 
including CA and QR, were dominant antioxidant agents in coriander plants, and heating the roots 
of coriander induced the increase in those antioxidative metabolites that have a main role in 
scavenging ROS in coriander plants in order to protect the plant cells from damage due to oxidative 
stress. Therefore, we supposed that RZT is a main factor contributing to the increase in TPC in 
coriander plants owing to its potency in causing oxidative stress to the plant cells.  

Furthermore, we observed a drought-stress-like reduction in leaf and stem water content under 
environments with strong irradiation and/or high RZT. Drought stress triggers the expression of 
genes involved in the phenylpropanoid biosynthetic pathway in grape berries [36] and in basil leaves 
[37]. Therefore, the results that appeared here with accumulation of CA, QR and phenolic compounds 
of coriander plants are likely the response to drought stress, although in this experiment we did not 
intend to apply drought conditions to the plants as a treatment. Indeed, there are examples showing 
that drought stress caused by a deficiency of water supply to the roots has induced the accumulation 
of total phenolic content in Hypericum polyanthemum [38], chlorogenic acid in Crataegus spp. [39], and 
rutin in Hypericum brasiliense [40]. In our study, secondary metabolite accumulations in coriander 
grown at RZT of 20 and 30 °C were almost always higher than at 25 °C. This is probably because RZT 
of 20 and 30 °C are stressful RZTs for coriander in the present experimental conditions. Moreover, 
the growth was reduced at these conditions compared to RZT of 25 °C, also indicating that these 
RZTs were stressful for coriander plant. 

4.3. Content of DC, CA and QR 

Upon analyzing the content of DC, CA and QR, it was revealed that accumulation of these 
important secondary metabolites of coriander plants was influenced by the effects of RZT, PPFD and 
the interaction between RZT and PPFD. As we have discussed, it is clear that RZT and PPFD are 
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important environmental factors contributing to the growth of coriander plants. In addition, these 
two growth factors could regulate the production of DC, CA and QR in coriander plants.  

Currently, there is little information available on the effect of either RZT or PPFD on the 
accumulation of flavor compounds in coriander. DC is one of the most important flavoring agents in 
fresh coriander shoot, because with its distinct odor, it can determine the flavor of coriander as a 
major component of its essential oil. Our results indicate that DC concentration in shoots was not 
different among treatments, so the main flavor of fresh coriander as derived from DC would not vary 
from plant to plant, even in a plant that had grown faster and at a higher yield (Figure 1; Tr 25-300). 
Interestingly, a notable exception in DC concentration was in the example of RZT at 30 °C combined 
with PPFD of 300 µmol m−2 s−1, showing the highest DC concentration with significant differences 
from that of any other treatment. This suggests that coriander plants responded to the environment 
with a combination of the highest RZT and the highest PPFD in this experiment and had increased 
accumulation of DC in cells. It appears that there are limits to these levels, at less than 30 °C of RZT 
and less than 300 µmol m−2 s−1 in PPFD, for coriander to not react to these as harmful conditions and 
to maintain the general accumulation of DC. 

Our results reveal that the amount of accumulation of CA in coriander leaves was higher than 
that of QR under RZT of 30 °C or PPFD of 300 µmol m−2 s−1, and the ratio of CA and QR content in 
coriander leaves differed among treatments. In addition, the content of CA in leaves showed 7 to 23-
fold increases over the levels of PPFD at the same RZT, while the content of QR in leaves showed 4 
to 8-fold increases. The content of CA in leaves showed 4 to 13-fold increases over the levels of the 
RZT at the same PPFD, while the content of QR in leaves showed 1.3–3-fold increases. Therefore, the 
CA content in leaves differed more widely with treatments than did QR content in leaves. Statistical 
analysis shows that the interaction between the two factors, PPFD and RZT, made a significant 
difference to the content of both CA and QR in leaves, so the effect of the interaction of these two 
factors was the main factor in this trend. These outcomes indicate that CA metabolism in coriander 
leaves is more sensitive to PPFD and RZT than QR metabolism. In other words, we supposed that 
the biosynthesis of CA in coriander leaves can be optimally activated by applying such 
environmental stimuli.  

In stems, the opposite metabolic response to the environmental changes was observed with 
accumulation of CA and QR. The amount of accumulation of QR in stems was always higher than 
that of CA, regardless of environmental conditions. The content of QR in stems showed 2 to 6-fold 
increases over the levels of the PPFD at the same RZT, while the content of CA in stems showed 2 to 
3-fold increases. The content of QR in stems showed 3 to 14-fold increases over the levels of RZT at 
the same PPFD, while the content of CA in stems showed 8 to 12-fold increases. The QR content in 
stems varied more widely than the CA content in stems. The interaction between the two factors was 
estimated to contribute to this trend in stems. It seems likely that stems need to store and consume 
much more QR than CA.  

Both CA and QR content in leaves of coriander were higher than those in stems. This might 
indicate that the enzymes involved in the biosynthetic pathways of QR and CA would be induced 
and expressed more sensitively with the effects of PPFD and RZT in leaf cells than in stem cells. 

5. Conclusions 

This study focused on investigating the effects of PPFD, RZT and the interaction between PPFD 
and RZT on the growth of and secondary metabolite accumulation in coriander. Our results showed 
that both plant growth and secondary metabolite production were influenced by the interaction of 
two environmental factors, and they significantly increased in coriander plants with an increase in 
PPFD under the same RZT. Growth parameters including leaf, stem and root biomass and water 
content of leaf and stem were highest when the nutrient solution was maintained at a mid-range RZT 
(25 °C) with high light irradiation (300 µmol m−2 s−1). In contrast, secondary metabolites including 
trans-2-decenal, rutin, chlorogenic acid and total phenolic concentrations as well as the antioxidant 
capacity of coriander plant were enhanced with a combination of high RZT (30 °C) and high PPFD 
(300 µmol m−2 s−1). The optimized conditions revealed in this study can be applied in the production 
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of coriander in plant factories to achieve the plant’s intended usage purposes. Different regulating 
strategies can be chosen to produce different features of coriander as cooking materials, raw materials 
or medicinal materials. Further investigation into the effects of drought stress on plant growth and 
accumulation of secondary metabolites in coriander is underway. 

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/224/s1, 
Table S1: Fresh weight (FW), dry weight (DW) and water content of leaf, stem and root of coriander on day 19 
after transplanting; Table S2: Analysis of variance for growth parameters (fresh weight (FW), dry weight (DW), 
and water content (WC) of leaf, stem and root) in coriander plants cultivated for 19 days under 9 combinations 
of two factors: 3 levels of root-zone temperature (RZT) and 3 levels of light intensity (LI); Table S3: Analysis of 
variance for total phenolic content, antioxidant capacity, trans-2-decenal (DC) content per shoot, chlorogenic acid 
(CA) content per leaf and stem dry weight (DW), and per plant, rutin (QR) content per leaf and stem dry weight, 
and per plant in coriander plants cultivated for 19 days under 9 combinations of two factors: 3 levels of root-
zone temperature (RZT) and 3 levels of photosynthetic photon flux density (PPFD); Figure S1: trans-2-Decenal 
content per plant after 19 days of cultivation under different photosynthetic photon flux density and root-zone 
temperatures. Data are shown as the mean, n = 6; Figure S2: Root-to-shoot DW ratio of coriander plant under 
different photosynthetic photon flux density and root-zone temperatures. Data are shown as the mean, n = 15; 
Figure S3: Correlation between total phenolic content and DPPH radical-scavenging activity. 

Author Contributions: D.T.P.N., N.L. and M.T. conceived and designed the experiments. D.T.P.N. performed 
the experiments. D.T.P.N. and N.K. analyzed the data and prepared figures and graphs. M.T. and N.K. 
contributed reagents, materials, and analysis tools. D.T.P.N., N.L. and N.K. prepared the manuscript, and all the 
members contributed extensively to its finalization. 

Funding: This work was supported by the Phytochemical Plant Molecular Sciences, Chiba University, Chiba, 
Japan. 

Conflicts of Interest: There are no conflicts of interest to declare. 

References 

1. Sahib, N.G.; Anwar, F.; Gilani, A.H.; Hamid, A.A.; Saari, N.; Alkharfy, K.M. Coriander (Coriandrum sativum 
L.): A potential source of high-value components for functional foods and nutraceuticals—A review. 
Phyther. Res. 2013, 27, 1439–1456. 

2. Shahwar, M.K.; El-ghorab, A.H.; Anjum, M.; Butt, M.S.; Hussain, S.; Butt, M.S.; Hussain, S.; 
Characterization, M.N.; Shahwar, M.K.; El-ghorab, A.H.; et al. Characterization of coriander (Coriandrum 
sativum L.) seeds and leaves: volatile and non volatile extracts. Int. J. Food Prop. 2012, 15, 736–747. 

3. Hwang, E.; Lee, D.G.; Park, S.H.; Oh, M.S.; Kim, S.Y. Coriander leaf extract exerts antioxidant activity and 
protects against UVB-induced photoaging of skin by regulation of procollagen type I and MMP-1 
expression 1. J. Med. Food 2014, 17, 985–995. 

4. Kohara, K.; Sakamoto, Y.; Hasegawa, H.; Kozuka, H.; Sakamoto, K.; Hayata, Y. Fluctuations in volatile 
compounds in leaves, stems, and fruits of growing coriander (Coriandrum sativum L.) plants. J. Japanese Soc. 
Hortic. Sci. 2006, 75, 267–269. 

5. Divya, P.; Puthusseri, B.; Neelwarne, B. The effect of plant regulators on the concentration of carotenoids 
and phenolic compounds in foliage of coriander. LWT—Food Sci. Technol. 2014, 56, 101–110. 

6. El-zaeddi, H.; Calín-sánchez, Á.; Nowicka, P.; Martínez-tomé, J.; Noguera-artiaga, L.; Burló, F.; Wojdyło, A.; 
Carbonell-barrachina, Á.A. Preharvest treatments with malic, oxalic, and acetylsalicylic acids affect the phenolic 
composition and antioxidant capacity of coriander, dill and parsley. Food Chem. 2017, 226, 179–186. 

7. Kozai, T.; Niu, G. Role of the plant factory with artificial lighting (PFAL) in urban areas. In Plant Factory—
An Indoor Vertical Farming System for Efficient Quality Food Production; Kozai, T., Niu, G., Takagaki, M., Eds.; 
Academic Press: San Diego, CA,, USA, 2016; pp. 7–33. 

8. Barros, L.; Dueñas, M.; Dias, I.M.; Maria, S.J.; Santos-buelga, C.; Ferreira, I.C.F.R. Phenolic profiles of in 
vivo and in vitro grown Coriandrum sativum L. Food Chem. 2012, 132, 841–848. 

9. Ong, K.W.; Hsu, A.; Kwong, B.; Tan, H. Anti-diabetic and anti-lipidemic effects of chlorogenic acid are 
mediated by ampk activation. Biochem. Pharmacol. 2013, 85, 1341–1351. 

10. Javed, H.; Khan, M.M.; Ahmad, A.; Vaibhav, K.; Ahmad, M.E.; Khan, A.; Ashafaq, M.; Islam, F.; Siddiqui, 
M.S.; Safhi, M.M.; et al. Rutin prevents cognitive impairments by ameliorating oxidative stress and 
neuroinflammation in rat model of sporadic dementia of alzheimer type. Neuroscience 2012, 17, 340–352. 



 13 of 14 

 

11. Pacheco, L.N.A.; Cano-Sosa, J.; Poblano C.F.; Rodríguez-Buenfil, I.M.; Ramos-Díaz, A. Different responses 
of the quality parameters of coriandrum sativum to organic substrate mixtures and fertilization. Agronomy 
2016, 6, 1–10. 

12. De Souza, M.A.A.; dos Santos, L.A.; de Brito, D.M.C.; Rocha, J.F.; Castro, R.N.; Fernandes, M.S.; de Souza, 
S.R. Influence of light intensity on glandular trichome density, gene expression and essential oil of menthol 
mint (Mentha arvensis L.). J. Essent. Oil Res. 2016, 28, 138–145. 

13. Cooper, A.J. Root temperature and plant growth: A review. In Research Review 4, Commonwealth Bureau of 
Horticulture and Plantation Crops; Commonwealth Agriculture Bureaux: East Malling, Kent, UK, 1973. 

14. Nxawe, S.; Ndakidemi, P.A.; Laubscher, C.P. Possible effects of regulating hydroponic water temperature 
on plant growth, accumulation of nutrients and other metabolites. African J. Biotechnol. 2010, 9, 9128–9134. 

15. Sun, J.; Lu, N.; Xu, H.; Maruo, T.; Guo, S. Root zone cooling and exogenous spermidine root-pretreatment 
promoting Lactuca sativa L. growth and photosynthesis in the high-temperature season. Front. Plant Sci. 
2016, 7: 368. 

16. Islam, M.Z.; Lee, Y.-T.; Mele, M.A.; Choi, I.-L.; Kang, H.-M. The effect of phosphorus and root zone 
temperature on anthocyanin of red romaine lettuce. Agronomy 2019, 9, 1–12. 

17. Prior, R.L.; Wu, X.; Schaich, K. Standardized methods for the determination of antioxidant capacity and 
phenolics in foods and dietary supplements. J. Agric. Food Chem. 2005, 53, 4290–4302. 

18. Gonçalves, S.; Gomes, D.; Costa, P.; Romano, A. The phenolic content and antioxidant activity of infusions 
from Mediterranean medicinal plants. Ind. Crops Prod. 2013, 43, 465–471. 

19. Bantis, F.; Ouzounis, T.; Radoglou, K. Artificial LED lighting enhances growth characteristics and total 
phenolic content of Ocimum basilicum, but variably affects transplant success. Sci. Hortic. (Amsterdam). 2016, 
198, 277–283. 

20. García-Gómez, D.; Sinues, M.-L.P.; Barrios-Collado, C.; Vidal-de-Miguel, G.; Gaugg, M.; Zenobi, R. 
Identification of 2-alkenals, 4-hydroxy-2-alkenals, and 4-hydroxy- 2,6-alkadienals in exhaled breath 
condensate by UHPLC-HRMS and in breath by real-time HRMS. Anal. Chem. 2015, 87, 3087–3093. 

21. Lu, N.; Bernardo, E.L.; Tippayadarapanich, C.; Takagaki, M.; Kagawa, N.; Yamori, W.; Lu, N.; El, B. Growth 
and accumulation of secondary metabolite in perilla as affected by photosynthetic photon flux density and 
electrical conductivity of the nutrient solution. Front. Plant Sci. 2017, 8, 708. 

22. Kang, J.H.; Krishnakumar, S.; Louise, S.; Atulba, S. Light intensity and photoperiod influence the growth 
and development of hydroponically grown leaf lettuce in a closed-type plant factory system. Hortic. 
Environ. Biotechnol. 2013, 54, 501–509. 

23. Pan, J.; Gou, B. Effects of light intensity on the growth, photosynthetic characteristics, and flavonoid content 
of Epimedium pseudowushanense B.L. Guo. Molecules 2016, 21, 1475. 

24. He, J.; See, X.E.; Qin, L.; Choong, T.W. Effects of root-zone temperatuszre on photosynthesis, productivity 
and nutritional quality of aeroponically grown salad rocket (Eruca sativa) vegetable. Am. J. Plant Sci. 2016, 
7, 1993–2005. 

25. Thornley, J.H.M. A balanced quantitative model for root: shoot ratios in vegetative plants. Ann. Bot. 1972, 
36, 431–441. 

26. Awal, M.A.; Ikeda, T.; Itoh, R. The effect of soil temperature on source-sink economy in peanut (Arachis 
hypogaea). Environ. Exp. Bot. 2003, 50, 41–50. 

27. Gosselin, A.; Trudel, M.J. Influence of root-zone temperature on growth, development and yield of 
cucumber plants cv. Toska. Plant Soil 1985, 6, 327–336. 

28. Gosselin, A.; Trudel, M. Interactions between root-zone temperature and light levels on growth, 
development and photosynthesis of Lycopersicon Esculentum mill. cultivar “vendor.” Sci. Hortic. 
(Amsterdam) 1984, 23, 313–321. 

29. Cometti, N.N.; Bremenkamp, D.M.; Galon, K.; Hell, L.R.; Zanotelli, M.F. Cooling and concentration of 
nutrient solution in hydroponic lettuce crop. Hortic. Bras. 2013, 31, 287–292. 

30. He, J.; Qin, L.; Lee, S.K. Root-zone CO2 and root-zone temperature effects on photosynthesis and nitrogen 
metabolism of aeroponically grown lettuce (Lactuca sativa L.) in the tropics. Photosynthetica 2013, 51, 330–340. 

31. Cai, Y.; Luo, Q.; Sun, M.; Corke, H. Antioxidant activity and phenolic compounds of 112 traditional Chinese 
medicinal plants associated with anticancer. Life Sci. 2004, 74, 2157–2184. 

32. Ghasemzadeh, A.; Jaafar, H.Z.E.; Rahmat, A.; Edaroyati, P.; Wahab, M. Effect of different light intensities 
on total phenolics and flavonoids synthesis and anti-oxidant activities in young ginger varieties (Zingiber 
officinale Roscoe). Int. J. Mol. Sci. 2010, 11, 3885–3897. 



 14 of 14 

 

33. Dixon, R.A.; Paiva, N.L. Stress-induced phenylpropanoid metabolism. Plant Cell 1995, 7, 1085–1097. 
34. Blokhina, O.; Virolainen, E.; Fagerstedt, K. V. Antioxidants, oxidative damage and oxygen deprivation 

stress: A review. Ann. Bot. 2003, 91, 179–194. 
35. Li, Q.; Wang, W.; Wang, W.; Zhang, G.; Liu, Y.; Wang, Y.; Wang, W. Wheat F-Box protein gene TaFBA1 is 

involved in plant tolerance to heat stress. Front. Plant Sci. 2018, 9: 521. 
36. Savoi, S.; Wong, D.C.J.; Arapitsas, P.; Miculan, M.; Bucchetti, B.; Peterlunger, E.; Fait, A.; Mattivi, F.; 

Castellarin, S.D. Transcriptome and metabolite profiling reveals that prolonged drought modulates the 
phenylpropanoid and terpenoid pathway in white grapes (Vitis vinifera L.). BMC Plant Biol. 2016, 1–17. 

37. Mandoulakani, A.B.; Eyvazpour, E.; Ghadimzadeh, M. The effect of drought stress on the expression of key 
genes involved in the biosynthesis of phenylpropanoids and essential oil components in basil (Ocimum 
basilicum L.). Phytochemistry 2017, 139, 1–7. 

38. Nunes, J. de M.; Bertodo, L.O.O.; da Rosa, L.M.G.; Poser, G.L. Von; Rech, S.B. Stress induction of valuable 
secondary metabolites in Hypericum polyanthemum acclimatized plants. South African J. Bot. 2014, 94, 182–189. 

39. Kirakosyan, A.; Kaufman, P.; Warber, S.; Zick, S.; Aaronson, K.; Bolling, S.; Chul, S. Applied environmental 
stresses to enhance the levels of polyphenolics in leaves of hawthorn plants. Physiol. Plant. 2004, 121, 182–186. 

40. De Abreu, I.N.; Mazzafera, P. Effect of water and temperature stress on the content of active constituents 
of Hypericum brasiliense Choisy. Plant Physiol. Biochem. 2005, 43, 241–248. 

 

© 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/). 

 


