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Introduction

Fennel (Foeniculum vulgare Mill.) is widely used to produce natural bio-materials. Elevated CO2 (eCO2) concentrations in the atmosphere improve the net photosynthesis of plants.



Methods

The aim of the present study was to investigate distinct changes in fennel growth characteristics and phytonutrient contents under different CO2 concentrations. The effects of 400 and 800 ppm concentrations on plant growth and antioxidant activity were observed under hydroponics.



Results and Discussion

Plant growth was improved by eCO2 concentrations. We also observed diverse changes in nutrient solution (pH, electrical conductivity, and dissolved oxygen) and environmental factors (temperature and humidity) in greenhouse under light or dark conditions. Electrical conductivity increased under dark and eCO2 conditions, whereas the pH decreased. Additionally, we performed transcriptome analysis and identified CO2-responsive differentially expressed genes. In the 800 ppm group, genes involved in photosynthesis and Karrikin response were upregulated whereas those involved in syncytium formation were downregulated. Four upregulated differentially expressed genes involved in flavonoid biosynthesis and total flavonoid content were relatively increased under the 800 ppm CO2 condition. In contrast, antioxidant activity, including total phenolic content, scavenging activity, ferric ion reducing antioxidant power, and reducing power were decreased in fennel under relatively high eCO2 concentrations. Moreover, different light intensities of 12 or 24 lx did not affect the growth and antioxidant activity of fennel, suggesting eCO2 has a stronger effect on plant improvement than light intensity. The results of the present study enhance our understanding of the positive effects of CO2 on the growth and antioxidant activity of fennel.
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Introduction

The concentrations of carbon dioxide (CO2) in the atmosphere are rising rapidly owing to the use of fossil fuels and forest destruction following the industrial revolution; in addition, CO2 emissions due to industrial fossil fuel combustion are a major cause of global warming (Oh et al., 2016). According to the Intergovernmental Panel on Climate Change (IPCC), the average global temperature and CO2 concentration have increased by 0.8°C and 68.9 ppm, respectively, from 1984 to 2020, due to global warming (IPCC, 2022). Furthermore, the average global temperature will rise by 4.7°C by 2100, and the projected CO2 concentration is 940 ppm (NIMS, 2022).

The levels of CO2 in the atmosphere have been increasing continuously since the 1960s. According to the National Oceanic and Atmospheric Administration (NOAA)’s Global Monitoring Lab analysis, the atmospheric levels of CO2 peaked at approximately 414 ppm in 2021, and was 316.91 ppm in 1960 (NOAA, 2022). Agriculture contributes significantly to anthropogenic global warming, and the reduction of agricultural emissions could play an important role in mitigating climate change. However, it is extremely challenging to meet the growing demands for food, energy, and water while mitigating climate change.

Despite causing global warming, CO2 enrichment has been demonstrated to improve crop yield in agricultural greenhouses (Dion et al., 2011). In addition to causing plants to partially close their stomata, increasing CO2 concentrations enhance photosynthetic efficiency (Huang et al., 2007), thereby reducing water loss and increasing carbon acquisition efficiency from water (Huang et al., 2007). Therefore, plants exhibit physiological responses, such as improved photosynthesis and stomatal conductance, in response to elevated CO2 (eCO2) concentrations. Additionally, CO2 concentrations influence the contents of plant phenolic compounds, including tannins (Ainsworth and Rogers, 2007; Akula and Ravishankar, 2011). Plant phenolic compounds have several clinical benefits, such as preventing and alleviating symptoms of allergy, arteriosclerosis, inflammation, and oxidative stress. Owing to the extended life expectancy of humans, there is an increasing interest in natural products, including phenols and flavonoids (Badgujar et al., 2014; Hwang et al., 2015).

Environmental factors, such as light, CO2 concentration, temperature, and humidity, can cause diverse changes in plant development. Particularly, light intensity and CO2 concentrations are important as they serve as energy source and carbon substrate, respectively, for plant growth and carbon assimilation (Muneer et al., 2014; Pan et al., 2020). Studies have demonstrated that plant growth was improved in terms of dry matter accumulation, carbon assimilation, and photosynthetic pigment concentration by the combined effect of eCO2 and light intensity (Proietti et al., 2013; Naing et al., 2016; Pan et al., 2020). In plants, eCO2 has been reported to increase the light saturation point, resulting in increased efficiency of light use, indicating improved carbon fixation and photosynthetic light capture by eCO2 (Faralli et al., 2016). Excessive light intensity has been observed to influence reactive oxidative species, leading to an increase in total phenol (Dey and Harborne, 1997; Edreva, 2005; Oh et al., 2009). The intensity and quality of light has been shown to have diverse impacts on the regulation of plant growth. For example, suitable light intensities led to increase in the fresh weight, dry weight, and stem diameter of tomatoes (Fan et al., 2013). Furthermore, different light intensities led to changes in plant growth, chlorophyll content, and biomass of tomatoes (Fan et al., 2013).

Fennel (Foeniculum vulgare Mill.) is a perennial herb of the family Apiaceae that is cultivated in the Mediterranean area for food and its medicinal properties (Oktay et al., 2003). Currently, it is cultivated in many other areas, including Korea (Lee and Kim, 2020). Fennel is used as a food ingredient in salads, spices, alcoholic drinks, and tea, as well as a medicine, as a carminative, diuretic, anti-inflammatory, anti-microbial, and galactagogue (Mahfouz and Sharaf-Eldin, 2007; Malhotra, 2012). The major components of fennel are trans-anethole, estragole, fenchone, and limonene (Lee and Kim, 2020). Trans-anethole, the main phenolic compound in fennel oil, is associated with the prevention of cardiovascular diseases, cancer, and oxidative-stress induced inflammation (Badgujar et al., 2014; Lee and Kim, 2020). In addition, the phenolic glycoside, estragole, exhibits disinfectant and antiseptic properties, and fenchone exhibits antibiotic and antifungal activities (Lee and Kim, 2020).

Fennel seed extract and essential oil exhibit inhibitory effects on bacteria, oxidative stress, and browning (Oktay et al., 2003; Oktay et al., 2003; Roby et al., 2013; Roby et al., 2013; Lee and Kim, 2020; Lee and Kim, 2020). However, no study has investigated the potential effects of eCO2 on fennel. The rapidly increasing atmospheric CO2 concentrations will have diverse effects on agricultural species. In the present study, we investigated whether eCO2 could affect the transcriptome of fennel. We surveyed plant growth, transcriptome, and antioxidant activity under eCO2 under hydroponics. We hypothesized that eCO2 will alter antioxidant activity via changes in the transcriptome in biomass-related metabolic pathways. Although eCO2 concentrations and light are known for their positive effect on light utilization efficiency, examining the distinct effect of the carbon substrate on plant growth in comparison with light intensity is necessary. Thus, we attempted to compare the distinct effects of eCO2 and light intensity on plant growth and antioxidant activities.



Materials and methods


Plant materials and growth conditions

Fennel (Foeniculum vulgare Mill.) seeds provided by Asia Seed Company (Asia Seed Co., Seoul, Korea) were germinated in a growth chamber under dark conditions for two weeks at the Sangji University at a mean temperature of 20 °C and 70% humidity. The seedlings were transplanted into rock wool cubes (40 × 40 × 40 mm) for hydroponics, and the plants were grown in a plastic film covered greenhouse (150 × 300 × 150 mm) using a deep flow technique with a mean temperature of 27 °C, mean humidity of 80%, and 12/12-h light/dark photoperiod. We used LED modules (MSIP-REI-3SI-SIF-300, OSRAM, Seoul, Korea) as light sources in the greenhouse. CO2 was supplied to each greenhouse at concentrations of 400 ppm or 800 ppm. We observed changes in CO2 temperature and humidity in the plants under the different CO2 conditions. We measured the temperature and humidity of the greenhouse using an Arduino AM2302 sensor (Figure S1A). CO2 was measured using a CM1107 as dual beam non-dispersive infra-red detector from CUBIC (Wuhan, China). The CO2 sensor is able to measure CO2 concentrations in the 0–5,000 ppm range, with an error of ± 30 ppm (Figure S1A). A 20-L aluminum cylinder tank with a gas regulator was used to supply CO2, which had a pressure gauge inside the bottle, and a bubbler counter and a power adapter (Figure S1B). A constant CO2 concentration of 400 ppm or 800 ppm was maintained using an Arduino UNO R2 kit with an ATMEGA4809 microcontroller (Microchip Technology Inc., Shanghai, China), and the constant CO2 was supplied both day and night. The environmental data detected using the Arduino sensors were transmitted to an IBM 3500 computer in real time at one-minute intervals. The nutrient solution was used in the hydroponics systems at weekly intervals according to previous studies (An and Lee, 1991; Kim and Na, 2018). The nutrient solution comprised 606 mg KNO3, 115 mg NH4H2PO4, 236 mg Ca (NO3)2·4H2O, 246 mg MgSO4·7H2O, 22.6 mg Fe-EDTA, 2.9 mg H3BO3, 1.8 mg MnSO4·4H2O, 0.2 mg ZnSO4·7H2O, 0.08 mg CuSO4·5H2O, and 0.03 mg NH4M0O4·2H2O. All chemical components of the nutrient solution were obtained from DAEJUNG CHEMICAL and METALS company (Gyeonggi-do, Korea). To observe plant growth under different light intensities, fennel was grown in the greenhouses under different light intensities of 12 lx and 24 lx with a mean temperature of 26 °C, mean humidity of 30%, and 12/12-light/dark photoperiod. The light intensity was adjusted in the dark greenhouse by controlling the number of the LED modules. To confirm the experimental light intensities, we measured the light intensities using a DT-92 mini light meter (CEM Co., Shenzhen, China). Humidity and temperature were measured in the greenhouses using an AM2302 sensor (Aosong Electronic Co., Guangzhou, China), which has a measuring error of ± 2% humidity, via a polymer humidity capacitor. To observe the nutrient solution changes, we measured the electrical conductivity (EC), pH, and dissolved oxygen (DO) by Lutron WA-2017SD Multi Water Quality Meter (Lutron electronic enterprise Co., Coopersburg, PA, USA).



Plant growth survey

To compare plant growth under different CO2 conditions, we observed plant length, stem diameter, number of tillers, SPAD, and above-ground weight in fennels cultivated under CO2 concentrations of 400 or 800 ppm five weeks after planting. Plant length was measured from the rock wool cube to the top part, and stem diameter was measured using Vernier calipers. The SPAD value was measured using a SPAD meter (SPAD-502plus, Minolta, Japan). All measurements were performed in triplicates. The above-ground weights were measured using the leaf and stem tissues excluding roots, before and after dehydration, using a drying machine at 60°C for 24 h.



De novo transcriptome analysis

RNA was extracted from leaf tissues subjected to 400 and 800 ppm CO2 concentrations using the Accuprep® Universal RNA Extraction Kit with three replicates. RNA quality was estimated using a spectrophotometer (NanoDrop-nabi, MicroDigital, Seongnam-si, Korea). The RNA extracted from the six samples were subjected to library preparation according to the manufacturer’s instructions, and then sequenced using Illumina NovaSeq 6000 (Illumina Inc., San Diego, CA, USA) with paired-end reading. To generate the genome information of fennels, we used merged raw RNA sequencing data for de novo transcriptome assembly using Trinity assembler (https://github.com/trinityrnaseq/trinityrnaseq). The assembled contigs were used to find transcripts, including open reading frames over 100 amino acids, using Trans Decoder (https://github.com/TransDecoder/TransDecoder). The annotation of long open reading frames was performed by BLAST (Altschul et al., 1990) using UniProtKB/Swiss-Prot data (https://www.ebi.ac.uk/uniprot/download-center). The redundant transcripts were removed using the CD-hit program (Li and Godzik, 2006). Gene expression levels were estimated using the Trinity Perl script, and then the differentially expressed genes (DEGs) between plants under 400 ppm and 800 ppm CO2 conditions were identified using the edgeR method (Robinson et al., 2010) with a threshold false discovery rate (FDR) of 0.05. Functional enrichment analysis (FDR< 0.05) of DEGs among the total genes detected in fennels was conducted using DAVID (https://david.ncifcrt.gov/). Gene set enrichment analysis was conducted using the R package clusterProfiler (Yu et al., 2012), enrichplot (https://bioconductor.org/packages/release/bioc/html/enrichplot.html), and pathview (Luo and Brouwer, 2013), with Arabidopsis thaliana gene sets, because the functional information of many genes in fennel are still unknown.



Fennel extracts

Plant extracts were collected from fennel leaves after the drying process according to a previously described method (Kao et al., 2011). The dried leaves and stems (0.5 g) were extracted with 25 mL 99% methanol (Daejung, Korea) at 58°C for 24 h using a shaking incubator (ED-SI300R, HYSC, Korea), and the supernatants were then collected from plant extracts using a centrifuge (Allegra X-30R Centrifuge, BECKMAN COULTER, USA) at 1300 RCF (×g) for 10 min. Fennel methanol extract was used to measure antioxidant activity.



Total phenolic content

TPC was measured using the Folin-Ciocalteu method (Slinkard and Singleton, 1977; Odabasoglu et al., 2004) with some modifications. A mixture of 50 μL fennel extract and 50 μL Folin-Ciocalteu’s phenol reagent (Sigma-Aldrich, Burlington, MA, USA) was incubated for 6 min in the dark at room temperature of around 25 to 27°C. The reactant was mixed with 0.5 mL of 7% sodium carbonate solution (Daejung) and 250 μL of distilled water, and then incubated for 90 min under dark conditions. The absorbance of the solution was measured at 760 nm using a spectrometer (OPTIZEN POP, KLAB, Korea). The standard curve equation was generated using gallic acid (Daejung) as the standard at different concentrations, and used for the quantification of TPC (Figure S3).



Total flavonoid content

TFC was measured using a previously described method (Zhishen et al., 1999) with some modifications. A mixture of 50 μL fennel extract and 100 μL 5% sodium nitrate solution was incubated for 6 min at room temperature of around 25 to 27°C, and 150 μL of 10% aluminum chloride solution (Daejung) was added. After 5 min, 200 μL of 1 M sodium hydroxide solution (Daejung) was added, and the mixture was incubated for 1 h at 37°C. The absorbance of the solution was measured at 510 nm using a spectrophotometer. A TFC standard curve was obtained using quercetin (Sigma-Aldrich) for fennel methanol extract (Figure S3). The calibration curve was generated based on different concentrations of quercetin.



Free radical scavenging (DPPH) activity

Free radical scavenging (DPPH) was estimated according to a procedure described previously (Brand-Williams et al., 1995) with some modifications. A mixture of 100 μL plant extracts and 900 μL 0.1 mM DPPH solution was incubated for 10 min at room temperature of around 25 to 27°C, and the absorbance of the solution was then measured at 515 nm using a spectrometer. Gallic acid was used as the standard, and the standard curve was generated as described above (Figure S3). The control absorbance was measured using a 0.1 mM DPPH solution. DPPH scavenging activity was calculated for each treatment as follows:

	



Nitrate-scavenging activity

Nitrate scavenging activity was estimated using a method described previously (Kato et al., 1987) with some modifications. A mixture of 50 μL of plant extract, 50 μL of sodium nitrite solution (Daejung), and 300 μL of 0.1 N HCl (pH 1.2) was incubated for 1 h at 37°C, and 1 mL of 2% acetic acid solution and 100 μL of Griess reagent (Sigma-Aldrich) were then added. After incubation for 15 min at room temperature of around 25 to 27°C, the absorbance of the solution was measured at 520 nm using a spectrometer. Nitrate scavenging activity was calculated as follows for each treatment:

	

where A represents the absorbance of the sodium nitrite solution containing Griess reagent and plant extracts, B represents the absorbance of the sodium nitrite solution containing Griess reagent, and C represents the absorbance of the sodium nitrite solution containing distilled water and plant extracts.



Ferric reducing antioxidant power assay

The FRAP assay was performed as described previously (Benzie and Strain, 1996) with some modifications. The FRAP reagent was composed of 300 mM acetate buffer (pH 3.6; Sigma-Aldrich), 10 mM 2,4,6-tripyridyl-s-trianzine (Sigma-Aldrich), and 20 mM ferrous chloride (Sigma-Aldrich) at a 10:1:1 (v/v/v) ratio. Plant extracts (30 μL) were mixed with 900 μL of FRAP reagent shortly before the FRAP assay was performed. After 10 min at 37°C, the solution absorbance was measured at 590 nm using a spectrometer. Gallic acid was used as the standard, and the standard curve was plotted as described above. The FRAP was quantified based on the standard curve equation of Gallic acid (Figure S3).



Reducing power assay

The reducing power assay was performed as described previously (Oyaizu, 1986), with some modifications. A mixture of 300 μL of plant extract, 300 μL of 200 mM phosphate buffer (pH 6.6; Sigma-Aldrich), and 300 μL of 1% potassium ferricyanide (Sigma-Aldrich) was incubated in a water bath (JSWB-22(T), JSR, Korea) for 20 min at 50°C. The reactants were mixed with 300 μL of 10% trichloroacetic acid (Sigma-Aldrich) solution and then centrifuged at 13,000 rpm using a Centrifuge 5415 C machine (Eppendorf, Germany). Ferric chloride (300 μL; Sigma-Aldrich) was added to 300 μL of the supernatant, and the absorbance of the solution was measured at 700 nm using a spectrometer.



Statistical analysis

The CO2-treated groups (400 or 800 ppm) were analyzed to determine significant differences using two-tailed Student’s t-test. The statistical data were analyzed using MS Excel 2016 (Microsoft Corp., Redmond, WA, USA). The results are presented as the mean along with the standard deviation from three independent biological replications. The equations and R-squared value of standard curves were determined using MS Excel 2016 (Microsoft).




Results


Effects of eCO2 concentration on fennel growth

To evaluate the effects of eCO2 on plant growth, we observed the phenotypic changes in fennels under 400 or 800 ppm CO2 conditions (Figure 1). The fennels showed distinct growth characteristics five weeks after planting (Figure 1A). The relatively high CO2 concentrations promoted shoot and root development, with fennels exhibiting increased shoot length and root phenotype. There were significant differences in plant length, stem diameter, SPAD value, and tissue weight in fennel plants between the 400 and 800 ppm groups. However, there were no significant differences in number of tillers (Figure 1B). In particular, the SPAD value in the 800 ppm group was double that in the 400 ppm group (45.87 vs. 25.85, respectively). The fresh weights of leaves and stem tissues were largely higher in the 800 ppm group, at 43.86 and 77.09 g, respectively, when compared with 12.97 and 11.24 g, respectively, in the 400 ppm group. Plant length was significantly different between the 400 and 800 ppm groups (49.81 vs. 57.64 cm, respectively). Additionally, the dry weights of tissues increased significantly in fennels under the 800 ppm CO2 condition. However, the differences in plant tissues between the fresh and dry weights decreased, indicating relatively high contents in the 800 ppm group. The results indicate that relatively high CO2 concentrations promoted plant growth and leaf chlorophyll concentrations.




Figure 1 | Growth characteristics in fennel under different CO2 treatments (400 and 800 ppm). (A) Phenotypes of fennel four weeks. (B) Growth differences is fennel over five weeks between CO2 treatments. The values represent the mean ± standard deviation (n = 9). Statistical significance is based on two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, n.s, non-significance).





Effects of CO2 supply and light on hydroponics environment

To determine the effect of CO2 supply in hydroponics under different light conditions, we observed distinct changes in environmental factors (temperature and humidity) and nutrient solution composition (EC, pH, and DO) in the fennel plants for five weeks after planting (Figure 2). The CO2 concentrations in each sealed greenhouse were maintained using a customized CO2 system (Figure 2). In days without light, the temperature and humidity increased in the greenhouse under the 800 ppm conditions when compared with those under the 400 ppm condition. Furthermore, lower temperature and higher humidity were observed in the greenhouses under the dark condition than under the light condition. The EC was relatively high in late dark conditions for hydroponics (light condition: 1.53 vs. 1.54 mS for the 400 and 800 ppm groups, respectively, dark condition 2 vs. 2.2 mS for the 400 and 800 ppm groups, respectively). In addition, the pH in the nutrient solution for the 800 ppm group was higher than that in the 400 ppm group. The DO decreased under light conditions in the 800 ppm group when compared with those in the 400 ppm group. These results indicate that the environment and nutrient solutions were changed considerably in fennel under the dark condition owing to distinct photosynthesis and transpiration characteristics based on differences in light intensity and eCO2.




Figure 2 | Environmental factors and nutrient solution characteristics after CO2 treatment for five weeks. (A) Environmental factors (CO2 concentration, and atmospheric temperature and humidity). (B) Nutrient solution (electrical conductivity, pH, and dissolved oxygen). The background colors represent the different light mean ± standard deviation (n = 9). The line symbols indicate the CO2 treatment (circle; 400 ppm, triangle; 800 ppm).





De novo transcriptome analysis

To survey transcriptional changes in response to different CO2 concentrations, we conducted RNA sequencing analysis in fennels under the 400 and 800 ppm treatments. We assembled a total of 174,266,880 bases with an average contig length of 1250, and 139,352 transcripts were detected (data not shown). The 31,737 assembled contigs were analyzed to determine the DEGs, and the assembled contigs were highly correlated in each experiment under the 400 or 800 ppm conditions (Figure S2A). A total of 4,965 DEGs, including 1,776 downregulated and 3,189 upregulated genes, were detected in fennels cultivated under the different CO2 concentrations (Figure S2B).

To determine the significantly altered gene functions of DEGs, we conducted a functional enrichment analysis of the upregulated and downregulated genes in the 800 ppm group (Figure 3). We detected 17 groups (14 and 3 groups for the upregulated and downregulated DEGs, respectively) of overrepresented Gene Ontology terms (FDR< 0.05), including cellular component, biological process, and molecular function. Many groups were associated with photosynthetic mechanisms in chloroplasts, thylakoid lumen-related cellular component, photosystem-related functions, and response to light. In addition, the DEGs involved in lipid catabolic process, translation-related functions, hydrolase activity, and flavonoid biosynthetic process were significantly upregulated in fennels under the 800 ppm condition. However, 3 ethylene-activated signaling pathway, transcription, and syncytium formation were downregulated in the 800 ppm group.




Figure 3 | Over-represented Gene Ontology (GO) functions of CO2-responsive genes (false discovery rate [FDR]< 0.05). The over-represented GO functions were determined by DAVID functional annotation tool (https://david.ncifcrf.gov). The parenthesis indicates the number and percentage of genes involved in each Go function. The bar color represents the different GO functions. The dashed line indicates the threshold (-log100.05) for statistical significance.



To detect overrepresented pathways in a priori-defined gene set, we conducted gene set enrichment analysis (Figure 4) and determined the connections and regulation of genes involved in prominent Gene Ontology biological processes (pigment biosynthetic process, response to far-red/red light, response to Karrikin, and syncytium formation) (Figure 4A). The DEGs of the four pathways were mainly upregulated in the 800 ppm group, in which 39 DEGs were upregulated and six were downregulated. The eight DEGs related to syncytium formation showed four upregulated and four downregulated genes. To determine whether relatively high CO2 concentration (800 ppm) affected the biomass increase in fennels, we observed the gene expression patterns under flavonoid biosynthesis (Figure 4B). Notably, several genes involved in the flavonoid biosynthetic pathway were upregulated, whereas no genes were downregulated, suggesting flavonoid content increase under 800 ppm.




Figure 4 | Gene set enrichment analysis of CO2-responsive genes. (A) The connection of genes among the prominent Gene Ontology (GO) functions based on enrich GO function. The colored circles represent the different regulations of genes with log fold-change (FC) values (red; upregulation, green; downregulation). (B) Expression patterns of differentially expressed genes (DEGs) in the flavonoid biosynthesis pathway based on Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/). The DEGs were mapped using the pathview package in R. The colored boxes represent the different gene regulation characteristics based on log FC value (red; upregulation, green; down regulation) (21.1.104 > S-adenosyl-L-methionine-dependent methyltransferases [SAM MTase], 5.5.1.6 > transparent testa 5 [TT5], 1.1420.6 > flavonoid synthase 1 [FLS1], 1.1.1.219 > dihydroflavonol 4-reductase [DFR], 1.1.1234 > DFR).





Antioxidant activity

To confirm the possibility of biomass increase under the 800 ppm condition, we conducted antioxidant activity assays for TPC, TFC, DPPH, nitrite-scavenging, FRAP, and reducing power in the leaves and stems of fennels in the 400 and 800 ppm groups (Figure 5). We confirmed that TFC was significantly increased in both the leaves and stems of fennel, confirming the upregulation of the flavonoid pathway-related DEGs. The TFC was 9.93 vs. 15.92 mg QE/mL for the 400 and 800 ppm groups in the leaves and 2.73 vs. 4.86 mg QE/mL for the 400 and 800 ppm groups, respectively, in the stems. However, the rest of the antioxidant activity assays showed significantly decreased activity in the leaves of the fennels in the 800 ppm group; compared to the 400 ppm group, the antioxidant activities in the 800 ppm group were decreased by 35.29% in the TPC assay (0.17 vs. 0.11 Mg GAE/mL for the 400 and 800 ppm groups, respectively), 50.76% in the reducing power assay (1.32 vs. 0.65 O.D. in the 400 and 800 ppm groups, respectively), 52.8% in the DPPH scavenging activity assay (88.66% vs. 39.48% in 400 and 800 ppm groups, respectively), and 35% in the FRAP assay (2.2 O.D. vs. 1.43 O.D. in the 400 and 800 ppm groups, respectively). Although the plants in the 800 ppm group exhibited slightly increased nitrite-scavenging activity, no significant differences were detected between the stems and leaves of the fennels.




Figure 5 | Antioxidant activity (Total flavonoid contents, total polyphenol contents, free radical scavenging [DPPH] activity, nitrite scavenging activity, ferric reducing antioxidant power [FRAP] activity, and reducing power activity) of fennel extract following treatment with 400 and 800 ppm CO2. The values represent the mean ± standard deviation (n = 9). Statistical significance is based on two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, n.s, non-significance).





Growth and antioxidant activity of fennel under different light intensity conditions

As the plants grew in the hydroponics systems, the fennels were exposed to strong light intensity because of the limited spatial extent between artificial light and growth space. The length of fennel increased under the 800 ppm CO2 condition, as mentioned above (Figure 1B). Therefore, we investigated whether the improved plant traits were more strongly affected by light intensity or eCO2 concentrations, by observing plant growth and antioxidant activities in fennel under different light intensities (12 lx and 24 lx) (Figure 6). When we observed changes in environmental factors and nutrient solution composition, there were no notable differences between 12 lx and 24 lx (Figure S4). We confirmed increased humidity, EC, and DO, and decreased temperature and pH in the greenhouse under dark condition regardless of light intensity. For a day, the distinct changes between light and dark conditions was similar to eCO2. Furthermore, we examined six plant traits, including SPAD, plant length, stem thickness, tiller number, and fresh and dry weights of fennel under the same concentrations (230 ppm) of CO2 (Figure 6A). We found significantly increased (p< 0.001) SPAD units in fennel under the 24 lx conditions than under the 12 lx conditions. No significant differences in other plant traits were observed in fennel under the two light conditions. Four weeks after planting, the average lengths of the plants were 32 cm and 48 cm in the 400 and 800 ppm groups, respectively (data not shown). However, the fennel had short plant lengths under different light conditions (22.33 cm and 21.43 cm under the 12 lx and 24 lx conditions, respectively) because of the low CO2 concentrations in the growth room. During the same period of plant growth (four weeks after planting), unlike eCO2 concentration, the different light conditions did not affect the lengths of the fennel plants or the antioxidant activities of the plant extracts (Figure 6B). The results suggest that CO2 has a stronger effect on plant improvement than light intensity.




Figure 6 | Fennel growth survey under different light conditions (12 lx and 24 lx) and no CO2 treatment. (A) Growth characteristics in fennel among different treatments. (B) Contents of antioxidant substances. The values represent the mean ± standard deviation (n = 9). Statistical significance is based on two-tailed Student’s t-test (*p < 0.05, n.s, non-significance).






Discussion

Previous studies have reported that eCO2 concentrations affect plant physiology (Eamus et al., 1995; Taylor et al., 2001); however, the growth responses of fennel under different CO2 conditions are still unknown. In the present study, we found that under eCO2 concentrations, the fennel plants exhibited distinct growth responses, including increases in plant length, stem diameter, tiller number, and SPAD value. The results are consistent with the results of previous studies reporting that several plants, such as Zea mays, sugarcane, and Sorghum bicolor, exhibit improved growth responses in terms of leaf area, plant height, and total mass under high CO2 conditions (De Souza et al., 2008; Sicher and Barnaby, 2012; Adishesha et al., 2017; Khanboluki et al., 2018; Huang et al., 2019; Mina et al., 2019).

Leaf growth is enhanced under CO2 conditions through cell expansion (Ranasinghe and Taylor, 1996). Under eCO2 concentrations, leaf weight increased in millet, lambsquarters, and soybean (Miri et al., 2012). In addition, high CO2 concentrations resulted in increased chlorophyll contents in many plants, including millet, soybean, pigweed, and lambsquarters (Miri et al., 2012). High CO2 concentrations generally increase the photosynthetic parameters of plants (Hao et al., 2013; Wang et al., 2018). We also observed increased SPAD value in fennel under relatively high CO2 concentrations. The result was partially supported by the increased concentrations of leaf chlorophyll under eCO2.

For understanding the physiology of stomata and gas exchange, it is important to elucidate the stomatal responses of vegetation to atmospheric CO2 concentrations. eCO2 concentrations lead to reduction in stomatal density and leaf-level transpiration (Lawson et al., 2003; Haworth et al., 2013; Kirschbaum and McMillan, 2018). In addition, a decrease in transpiration rate negatively affects relative humidity during plant growth (Mishra and Pradhan, 1972). In our study, we found that the temperature and humidity generally increased in plastic film-covered greenhouses under 800 ppm CO2 regardless of photoperiod, suggesting that the humidity decreased under relatively low CO2 concentrations. The temperature was increased in the greenhouse for plant growth until beginning of crop maturation, whereas the humidity was decreased (Mendoza-Pérez et al., 2018). Therefore, the results suggest that the relatively high degrees of temperature and humidity were caused by improved plant growth and/or stomatal reduction under high eCO2 concentrations. Furthermore, we observed distinct temperature and humidity characteristics between the light and dark conditions. Similarly, (Hein et al., 2019) humidity was decreased in response to an increase in temperature and vapor pressure deficit value. The results suggest that humidity was increased in the greenhouses by the decreased temperature under dark condition.

EC is a salt/electrolyte concentration index in nutrient solution and is related to the number of ions available for plant roots (Nemali and van Iersel, 2004). High EC increases the chlorophyll, leaf water, ascorbic acid, and crude protein contents in pakchoi (Brassica campestris L. ssp. Chinensis) under hydroponic conditions (Ding et al., 2018). In addition, EC in nutrient solution varies under different light conditions, with relative EC increasing as the night time increases (Albornoz et al., 2014). Similarly, we observed increased SPAD values in fennel under dark conditions. Moreover, elevated atmospheric CO2 concentrations reduce pH in the ocean because CO2 is soluble in water (Feely et al., 2006). Similarly, we observed decreased pH in the nutrient solution under relatively high CO2. In addition, substrate-EC negatively interacts with substrate-pH in the growing medium in greenhouses (Dickson, R., Fisher, P., 2017. High pH is often caused by excess leaching. Greenhouse management.). In the present study, we also observed slightly lower pH caused by increased EC in the nutrient solution under dark conditions compared to under light conditions. Moreover, DO showed a relatively high concentration during the change in light conditions from light to dark due to photosynthesis-induced oxygen accumulation. The DO is generally the highest at sunset during the day and gradually decreases at night. However, in our study, the DO did not decrease in the hydroponics because of the air supply system.

In addition, our RNA sequencing analysis revealed transcriptional changes in genes associated with photosynthesis and antioxidants in fennel under relatively high CO2 concentrations, many genes related to photosynthetic responses were upregulated. The results are consistent with those of the study by Zhao et al. (Zhao et al., 2019), who reported that many genes involved in photosystems I and II were significantly upregulated in grapes under increased CO2 concentrations. In addition, we identified upregulated DEGs in the Karrikin signaling pathways. Karrikins are produced following burning of plant material, in smoke, and act as plant growth regulators (Chiwocha et al., 2009; Flematti et al., 2015). In particular, Karrikins promote plant development and germination because they function similar to the plant hormone strigolactone (Andreo-Jimenez et al., 2015). Karrikins also improve net photosynthesis rate and chlorophyll content in carrots as a result of increased stomatal conductance and high intercellular CO2 concentrations (Akeel et al., 2019). Therefore, the Karrikin genes upregulated by eCO2 may promote fennel growth. Additionally, four genes (transparent testa 5, S-adenosyl-L-methionine-dependent methyltransferases, dihydroflavonol 4-reductase, and flavonoid synthase 1) involved in flavonoid biosynthesis were upregulated in the plants in the 800-ppm group. The induced transparent testa 5 mRNA expression led to an increase in TFC in Arabidopsis transgenic lines (Rao et al., 2019). S-adenosyl-L-methionine-dependent methyltransferases reportedly play important roles in flavonoid-related metabolic pathways (Joshi and Chiang, 1998). The high expression levels of dihydroflavonol 4-reductase, a key enzyme involved in anthocyanin biosynthesis, resulted in an increase in the TFC in Camellia transgenic lines (Jiang et al., 2020). Flavonoid synthase overexpression led to flavonoid accumulation as well as the suppression of anthocyanin synthesis in Crabapples (Tian et al., 2015). On the basis of previous studies and the results of the present study, we hypothesize that CO2 supply could increase flavonoid contents in fennel by altering gene expression levels.

In the present study, we investigated the effect of eCO2 on the antioxidant activity of fennel and found that total polyphenol content, scavenging activity, FRAP, and reducing power were decreased significantly in equal quantities of fennel leaves and stem under 800 ppm CO2 conditions. However, the dry weight of the plants in the 800 ppm group was approximately 4.9 times that of the plants in the 400 ppm group; therefore, considering that the antioxidant activity was assayed in equal amounts of plant extracts and the improved plant growth in the 800 ppm group, the antioxidant activities were similar between the groups under the two CO2 conditions. Previous studies have reported that eCO2 leads to improved antioxidant accumulation in vegetables; antioxidants such as total phenols, total flavonoids, and ascorbic acid were increased by CO2 supply (Dong et al., 2018). However, TPC decreased in Brassica rapa and Gynostemma pentaphyllum under high CO2 concentrations (Karowe and Grubb, 2011; Chang et al., 2016). CO2 reportedly affects the content of flavonoid and phenolic compounds in young Malaysian ginger (Ghasemzadeh et al., 2010). We confirmed that TFC was significantly increased in both the flavonoid pathway-related DEGs. Furthermore, light intensity affects antioxidant system activity in basil and lettuce; for example, under strong light intensity, the DPPH, ABTS, and FRAP showed decreased activities in basil, and increased activity in lettuce (Sutulienė et al., 2022). Although the effects of light intensity on antioxidant activity have been reported in other plants, we did not observe significant differences in fennel under different light conditions, unlike in the case of CO2. For example, the fennel showed no significant differences in plant growth and antioxidant activity, whereas significant differences were observed between the 400 ppm and 800 ppm groups. The results suggest relatively stronger effects of eCO2 concentration on plant growth and antioxidant activities than light intensity in the 12 and 24 lx range. The results suggest that eCO2 concentration increases plant growth and antioxidant contents in fennel in agricultural settings.



Conclusions

We analyzed the effects of eCO2 on plant growth and antioxidant activity in hydroponic systems. Several traits related to plant growth, including plant length, leaf length, SPAD value, and fresh and dry weights were improved in fennel under five weeks of relatively eCO2. In addition, changes in the environment and nutrient solutions were observed in hydroponics under different light conditions. The pH decreased in the nutrient solution under dark and eCO2 conditions, as a result of increased EC. In the transcriptome analysis, we detected eCO2-responsive genes involved in response to red/far-red light, pigment biosynthetic process, and response to Karrikin, and observed that several genes were upregulated in the flavonoid biosynthesis pathway. eCO2 increased amounts of total flavonoids in fennel, whereas five antioxidants, excluding, flavonoids, were decreased. We investigated whether the improved plant traits were more strongly affected by light intensity or eCO2. Subsequently, we observed different effects on fennel between eCO2 and light intensity for the same plant growth period. The increased eCO2 concentration led to significant changes in plant growth and antioxidants, while the increased light intensity did not significantly affect the growth or antioxidant activities of fennel. This result suggests that the eCO2 had relatively strong effects on plant growth compared with light intensity. Our findings can provide a basis for improving the agricultural traits of fennel, which is a natural source of functional materials under eCO2.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number GSE218441.



Author contributions

NJ and SH designed the study. NJ, JL, JB, HP, JR and SH data collected and analyzed. NJ and SH wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Korea institute of Planning and Evaluation for Technology in Food, Agriculture and Forestry (IPET) and Korea Smart Farm R&D Foundation (KosFarm) through Smart Farm Innovation Technology Development Program, funded by Ministry of agriculture, Food and Rural Affairs (MAFRA) and Ministry of Science and ICT (MSIT), Rural Development Administration (RDA) (grant number: 421038-03), and the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (grant number: 2020R1G1A1006539).



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1067713/full#supplementary-material

Supplementary Figure 1 | Constant CO2 concentration of 400 or 800 ppm controlled using Arduino UNO R2 with an ATMEGA-489 microcontroller. (A) The CO2 sensor has a range of measurement of 0 to 5,000 ppm and an error ± 30 ppm. (B) CO2 20-L aluminum cylinder tank with gas regulator.

Supplementary Figure 2 | RNA sequencing of CO2-treated fennel at 400 ppm or 800 ppm. (A) The hierarchical clustering of differentially expressed genes in the replicated samples. (B) The number of up- or downregulated genes.

Supplementary Figure 3 | The standard curves of total phenol, total flavonoid, DPPH, and ferric reducing antioxidant power.

Supplementary Figure 4 | Environmental factors and nutrient solution characteristics after light intensity treatment for five weeks. (A) Environmental factors (CO2 concentration, and atmospheric temperature and humidity). (B) Nutrient solution (electrical conductivity, pH, dissolved oxygen). The background colors represent the different light mean ± standard deviation (n = 9). The line symbols indicate the light intensity treatment (circle; 12 lx, triangle; 24 lx).



References

 Adishesha, K., Janagoudar, B. S., Amaregouda, A., Shanawad, U. K., and Chandranaik, M. (2017). Morphological charaters of maize (Zea mays l.) genotypes to elevated carbon dioxide and temperature regimes. Int. J. Pure Appl. Biosci. 5, 163–170. doi: 10.18782/2320-7051.5477

 Ainsworth, E. A., and Rogers, A. (2007). The response of photosynthesis and stomatal conductance to rising [CO2]: mechanisms and environmental interactions. Plant Cell Environ. 30, 258–270. doi: 10.1111/j.1365-3040.2007.01641.x

 Akeel, A., Khan, M., Jaleel, H., and Uddin, M. (2019). Smoke-saturated water and karrikinolide modulate germination, growth, photosynthesis and nutritional values of carrot (Daucus carota l.). J. Plant Growth Regul. 38, 1387–1401. doi: 10.1007/s00344-019-09941-w

 Akula, R., and Ravishankar, G. A. (2011). Influence of abiotic stress signals on secondary metabolites in plants. Plant Signal. Behav. 6, 1720–1731. doi: 10.4161/psb.6.11.17613

 Albornoz, F., Lieth, J., and González-Fuentes, J. A. (2014). Effect of different day and night nutrient solution concentrations on growth, photosynthesis, and leaf NO3- content of aeroponically grown lettuce. Chilean J. Agric. Res. 74, 240–245. doi: 10.4067/S0718-58392014000200017

 Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

 Andreo-Jimenez, B., Ruyter-Spira, C., Bouwmeester, H. J., and Lopez-Raez, J. A. (2015). Ecological relevance of strigolactones in nutrient uptake and other abiotic stresses, and in plant-microbe interactions below-ground. Plant Soil 394, 1–19. doi: 10.1007/s11104-015-2544-z

 An, W., and Lee, B. (1991). Basic studies on the development of hydroponic system of water dropwort, oenanthe stolonifera DC., 2; optimal composition of macronutrients. J. Korean Soc. Hortic. Sci. 32, 425–433.

 Badgujar, S. B., Patel, V. V., and Bandivdekar, A. H. (2014). Foeniculum vulgare mill: a review of its botany, phytochemistry, pharmacology, contemporary application, and toxicology. Biomed. Res. Int. 2014, 842674. doi: 10.1155/2014/842674

 Benzie, I. F., and Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: the FRAP assay. Anal. Biochem. 239, 70–76. doi: 10.1006/abio.1996.0292

 Brand-Williams, W., Cuvelier, M.-E., and Berset, C. (1995). Use of a free radical method to evaluate antioxidant activit. LWT - Food Sci. Technol. 28, 25–30. doi: 10.1016/S0023-6438(95)80008-5

 Chang, J.-d., Mantri, N., Sun, B., Jiang, L., Chen, P., Jiang, B., et al. (2016). Effects of elevated CO2 and temperature on gynostemma pentaphyllum physiology and bioactive compounds. J. Plant Physiol. 196-197, 41–52. doi: 10.1016/j.jplph.2016.02.020

 Chiwocha, S., Dixon, K., Flematti, G., Ghisalberti, E., Merritt, D., Nelson, D., et al. (2009). Karrikins: A new family of plant growth regulators in smoke. Plant Sci. 177, 252–256. doi: 10.1016/j.plantsci.2009.06.007

 De Souza, A. P., Gaspar, M., Da Silva, E. A., Ulian, E. C., Waclawovsky, A. J., Nishiyama, M. Y. Jr., et al. (2008). Elevated CO2 increases photosynthesis, biomass and productivity, and modifies gene expression in sugarcane. Plant Cell Environ. 31, 1116–1127. doi: 10.1111/j.1365-3040.2008.01822.x

 Dey, P. M., and Harborne, J. B. (1997). Plant biochemistry. Amsterdam: Elsevier.

 Dickson, R., and Fisher, P. (2017). High pH is often caused by excess leaching. GreenHouse Management 40, 1–6.

 Ding, X., Jiang, Y., Zhao, H., Guo, D., He, L., Liu, F., et al. (2018). Electrical conductivity of nutrient solution influenced photosynthesis, quality, and antioxidant enzyme activity of pakchoi (Brassica campestris l. ssp. chinensis) in a hydroponic system. PloS One 13, e0202090. doi: 10.1371/journal.pone.0202090

 Dion, L.-M., Lefsrud, M., and Orsat, V. (2011). Review of CO2 recovery methods from the exhaust gas of biomass heating systems for safe enrichment in greenhouses. Biomass Bioenerg. 35, 3422–3432. doi: 10.1016/j.biombioe.2011.06.013

 Dong, J., Gruda, N., Lam, S. K., Li, X., and Duan, Z. (2018). Effects of elevated CO2 on nutritional quality of vegetables: A review. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00924

 Eamus, D., Duff, G. A., and Berryman, C. A. (1995). Photosynthetic responses to temperature, light flux-density, CO2 concentration and vapour pressure deficit in eucalyptus tetrodonta grown under CO2 enrichment. Environ. pollut. 90, 41–49. doi: 10.1016/0269-7491(94)00088-U

 Edreva, A. (2005). The importance of non-photosynthetic pigments and cinnamic acid derivatives in photoprotection. Agric. Ecosyst. Environ. 106, 135–146. doi: 10.1016/j.agee.2004.10.002

 Fan, X.X., Xu, Z.G., Liu, X.Y., Tang, C.M., Wang, L.W., and Han, X.L. (2013). Effects of light intensity on the growth and leaf development of young tomato plants grown under a combination of red and blue light. Sci Hortic 153, 50–55. doi: 10.1016/j.scienta.2013.01.017.

 Faralli, M., Grove, I., Hare, M., Boyle, R., Williams, K., Corke, F., et al. (2016). Canopy application of film antitranspirants over the reproductive phase enhances yield and yield-related physiological traits of water stressed oilseed rape (Brassica napus L.). Crop and Pasture Science 67, 751–765. doi: 10.1071/CP15421

 Feely, R. A., Sabine, C. L., and Fabry, V. J. (2006). Carbon dioxide and our ocean legacy. http://www.pmel.noaa.gov/pubs/PDF/feel2899/feel2899.pdf

 Flematti, G. R., Dixon, K. W., and Smith, S. M. (2015). What are karrikins and how were they ‘discovered’ by plants? BMC Biol. 13, 108. doi: 10.1186/s12915-015-0219-0

 Ghasemzadeh, A., Jaafar, H. Z., and Rahmat, A. (2010). Elevated carbon dioxide increases contents of flavonoids and phenolic compounds, and antioxidant activities in Malaysian young ginger (Zingiber officinale roscoe.) varieties. Molecules 15, 7907–7922. doi: 10.3390/molecules15117907

 Hao, X., Li, P., Feng, Y., Han, X., Gao, J., Lin, E., et al. (2013). Effects of fully open-air [CO2] elevation on leaf photosynthesis and ultrastructure of isatis indigotica fort. PloS One 8, e74600. doi: 10.1371/journal.pone.0074600

 Haworth, M., Elliott-Kingston, C., and McElwain, J. C. (2013). Co-Ordination of physiological and morphological responses of stomata to elevated [CO2] in vascular plants. Oecologia 171, 71–82. doi: 10.1007/s00442-012-2406-9

 Hein, N. T., Wagner, D., Bheemanahalli, R., Šebela, D., Bustamante, C., Chiluwal, A., et al. (2019). Integrating field-based heat tents and cyber-physical system technology to phenotype high night-time temperature impact on winter wheat. Plant Methods 15, 41. doi: 10.1186/s13007-019-0424-x

 Huang, J.-G., Bergeron, Y., Denneler, B., Berninger, F., and Tardif, J. (2007). Response of forest trees to increased atmospheric CO2. crit. Rev. Plant Sci. 26, 265–283. doi: 10.1080/07352680701626978

 Huang, Y., Fang, R., Li, Y., Liu, X., Wang, G., Yin, K., et al. (2019). Warming and elevated CO2 alter the transcriptomic response of maize (Zea mays l.) at the silking stage. Sci. Rep. 9, 17948. doi: 10.1038/s41598-019-54325-5

 Hwang, J.-S., Lee, B. H., An, X., Jeong, H. R., Kim, Y.-E., Lee, I., et al. (2015). Total phenolics, total flavonoids, and antioxidant capacity in the leaves, bulbs, and roots of allium hookeri. Korean J. Food Sci. Technol. 47, 261–266. doi: 10.9721/KJFST.2015.47.2.261

 Intergovernmental Panel on Climate Change (2022). Available at: www.climate.go.kr/home/09_monitoeing/meteo/temp_avg (Accessed February 04, 2022).

 Jiang, L., Fan, Z., Tong, R., Zhou, X., Li, J., and Yin, H. (2020). Functional diversification of the dihydroflavonol 4-reductase from Camellia nitidissima chi. in the control of polyphenol biosynthesis. Genes (Basel) 11, 1341. doi: 10.3390/genes11111341

 Joshi, C. P., and Chiang, V. L. (1998). Conserved sequence motifs in plant s-adenosyl-L-methionine-dependent methyltransferases. Plant Mol. Biol. 37, 663–674. doi: 10.1023/a:1006035210889

 Kao, Y.-T., Lu, M.-J., and Chen, C. (2011). Preliminary analyses of phenolic compounds and antioxidant activities in tea pollen extracts. J. Food Drug Anal. 19, 470–477. doi: 10.38212/2224-6614.2177

 Karowe, D. N., and Grubb, C. (2011). Elevated CO2 increases constitutive phenolics and trichomes, but decreases inducibility of phenolics in brassica rapa (Brassicaceae). J. Chem. Ecol. 37, 1332–1340. doi: 10.1007/s10886-011-0044-z

 Kato, H., Lee, I. E., Van Chuyen, N., Kim, S. B., and Hayase, F. (1987). Inhibition of nitrosamine formation by nondialyzable melanoidins. Agric. Biol. Chem. 51, 1333–1338. doi: 10.1080/00021369.1987.10868212

 Khanboluki, G., Hosseini, H. M., Holford, P., Moteshare zadeh, B., and Milham, P. J. (2018). Effect of elevated atmospheric CO2 concentration on growth and physiology of wheat and sorghum under cadmium stress. Commun. Soil Sci. Plant Anal. 49, 2867–2882. doi: 10.1080/00103624.2018.1547388

 Kim, J., and Na, H. (2018). Development of domestic cultivation kit using water celery (Oenanthe stolonifera DC.) seed. J. Bio-Env. Con. 27, 86–93. doi: 10.12791/KSBEC.2018.27.1.86

 Kirschbaum, M. U., and McMillan, A. (2018). Warming and elevated CO2 have opposing influences on transpiration. which is more important? Curr. For. Rep. 4, 51–71. doi: 10.1007/s40725-018-0073-8

 Lawson, T., Oxborough, K., Morison, J. I., and Baker, N. R. (2003). The responses of guard and mesophyll cell photosynthesis to CO2, O2, light, and water stress in a range of species are similar. J. Exp. Bot. 54, 1743–1752. doi: 10.1093/jxb/erg186

 Lee, J.-Y., and Kim, C. Y. (2020). Anti browning and antioxidant properties of foeniculum vulgare seed extracts. Korean J. Food Preserv. 27, 188–196. doi: 10.11002/kjfp.2020.27.2.188

 Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659. doi: 10.1093/bioinformatics/btl158

 Luo, W., and Brouwer, C. (2013). Pathview: an R/Bioconductor package for pathway-based data integration and visualization. Bioinformatics 29, 1830–1831. doi: 10.1093/bioinformatics/btt285

 Mahfouz, S., and Sharaf-Eldin, M. (2007). Effect of mineral vs. biofertilizer on growth, yield, and essential oil content of fennel (Foeniculum vulgare Mill.). Planta Med. 21, 361–366. doi: 10.1055/s-2007-987419

 Malhotra, S. (2012). “Fennel and fennel seed,” in Handbook of herbs and spices. Ed.  K. V. Peter (Cambridge, UK: Woodhead Publishing Limited), 275–302.

 Mendoza-Pérez, C., Ramírez-Ayala, C., Ojeda-Bustamante, W., Trejo, C., López-Ordaz, A., Quevedo-Nolasco, A., et al. (2018). Response of tomato (Solanum lycopersicum l.) to water consumption, leaf area and yield with respect to the number of stems in the greenhouse. Rev. la Facultad Cienc. Agrar. UNCuyo 50, 87–104.

 Mina, U., Kumar, R., Gogoi, R., Bhatia, A., Harit, R., Singh, D., et al. (2019). Effect of elevated temperature and carbon dioxide on maize genotypes health index. Ecol. Indic. 105, 292–302. doi: 10.1016/j.ecolind.2017.08.060

 Miri, H. R., Rastegar, A., and Bagheri, A. R. (2012). The impact of elevated CO2 on growth and competitiveness of C3 and C4 crops and weeds. Eur. J. Exp. Biol. 2, 1144–1150.

 Mishra, D., and Pradhan, G. (1972). Effect of transpiration-reducing chemicals on growth, flowering, and stomatal opening of tomato plants. Plant Physiol. 50, 271–274. doi: 10.1104/pp.50.2.271

 Muneer, S., Kim, E. J., Park, J. S., and Lee, J. H. (2014). Influence of green, red and blue light emitting diodes on multiprotein complex proteins and photosynthetic activity under different light intensities in lettuce leaves (Lactuca sativa L.). International Journal of Molecular Sciences 15, 4657–4670. doi: 10.3390/ijms15034657

 Naing, A. H., Jeon, S. M., Park, J. S., and Kim, C. K. (2016). Combined effects of supplementary light and CO2 on rose growth and the production of good quality cut flowers. Can J Plant Sci 96, 503–510. doi: 10.1139/cjps-2015-0304

 National Institute of Meteorological Sciences (2022). Available at: www.nims.go/kr/?sub_num=969 (Accessed February 04, 2022).

 National Oceanic and Atmospheric Administration (2022). Available at: www.noaa.gov (Accessed July 15, 2022).

 Nemali, K. S., and van Iersel, M. W. (2004). Light intensity and fertilizer concentration: I. estimating optimal fertilizer concentrations from water-use efficiency of wax begonia. HortScience 39, 1287–1292. doi: 10.21273/HORTSCI.39.6.1287

 Odabasoglu, F., Aslan, A., Cakir, A., Suleyman, H., Karagoz, Y., Halici, M., et al. (2004). Comparison of antioxidant activity and phenolic content of three lichen species. Phytother. Res. 18, 938–941. doi: 10.1002/ptr.1488

 Oh, M.-M., Carey, E. E., and Rajashekar, C. (2009). Environmental stresses induce health-promoting phytochemicals in lettuce. Plant Physiol. Biochem. 47, 578–583. doi: 10.1016/j.plaphy.2009.02.008

 Oh, S., Son, I.-C., Wi, S. H., Song, E. Y., and Koh, S. C. (2016). Photosynthetic and growth responses of Chinese cabbage to rising atmospheric CO2. Korean J. Agric. For. Meteorol. 18, 357–365. doi: 10.5532/KJAFM.2016.18.4.357

 Oktay, M., Gülçin, İ., and Küfrevioğlu, Ö.İ. (2003). Determination of in vitro antioxidant activity of fennel (Foeniculum vulgare) seed extracts. LWT - Food Sci. Technol. 36, 263–271. doi: 10.1016/S0023-6438(02)00226-8

 Oyaizu, M. (1986). Studies on products of browning reaction antioxidative activities of products of browning reaction prepared from glucosamine. Japanese J. Nutr. dietetics 44, 307–315. doi: 10.5264/eiyogakuzashi.44.307

 Pan, T., Wang, Y., Wang, L., Ding, J., Cao, Y., Qin, G., et al. (2020). Increased CO2 and light intensity regulate growth and leaf gas exchange in tomato. Physiologia plantarum 168(3), 694–708. doi: 10.1111/ppl.13015.

 Proietti, S., Moscatello, S., Giacomelli, G. A., and Battistelli, A. (2013). Influence of the interaction between light intensity and CO2 concentration on productivity and quality of spinach (Spinacia oleracea L.) grown in fully controlled environment. Adv Space Res 52, 1193–1200. doi: 10.1016/j.asr.2013.06.005.

 Ranasinghe, S., and Taylor, G. (1996). Mechanism for increased leaf growth in elevated CO2. J. Exp. Bot. 47, 349–358. doi: 10.1093/jxb/47.3.349

 Rao, M. J., Xu, Y., Huang, Y., Tang, X., Deng, X., and Xu, Q. (2019). Ectopic expression of citrus UDP-GLUCOSYL TRANSFERASE gene enhances anthocyanin and proanthocyanidins contents and confers high light tolerance in arabidopsis. BMC Plant Biol. 19, 1–13. doi: 10.1186/s12870-019-2212-1

 Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

 Roby, M. H. H., Sarhan, M. A., Selim, K. A.-H., and Khalel, K. I. (2013). Antioxidant and antimicrobial activities of essential oil and extracts of fennel (Foeniculum vulgare l.) and chamomile (Matricaria chamomilla l.). Ind. Crops Prod. 44, 437–445. doi: 10.1016/j.indcrop.2012.10.012

 Sicher, R. C., and Barnaby, J. Y. (2012). Impact of carbon dioxide enrichment on the responses of maize leaf transcripts and metabolites to water stress. Physiol. Plant 144, 238–253. doi: 10.1111/j.1399-3054.2011.01555.x

 Slinkard, K., and Singleton, V. L. (1977). Total phenol analysis: automation and comparison with manual methods. Am. J. Enol. Vitic. 28, 49–55.

 Sutulienė, R., Laužikė, K., Pukas, T., and Samuolienė, G. (2022). Effect of light intensity on the growth and antioxidant activity of sweet basil and lettuce. Plants (Basel) 11, 1709. doi: 10.3390/plants11131709

 Taylor, G., Ceulemans, R., Ferris, R., Gardner, S., and Shao, B. (2001). Increased leaf area expansion of hybrid poplar in elevated CO2. from controlled environments to open-top chambers and to FACE. Environ. pollut. 115, 463–472. doi: 10.1016/s0269-7491(01)00235-4

 Tian, J., Han, Z.-y., Zhang, J., Hu, Y., Song, T., and Yao, Y. (2015). The balance of expression of dihydroflavonol 4-reductase and flavonol synthase regulates flavonoid biosynthesis and red foliage coloration in crabapples. Sci. Rep. 5, 1–14. doi: 10.1038/srep12228

 Wang, A., Lam, S. K., Hao, X., Li, F. Y., Zong, Y., Wang, H., et al. (2018). Elevated CO2 reduces the adverse effects of drought stress on a high-yielding soybean (Glycine max (L.) Merr.) cultivar by increasing water use efficiency. Plant Physiol. Biochem. 132, 660–665. doi: 10.1016/j.plaphy.2018.10.016

 Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an r package for comparing biological themes among gene clusters. OMICS 16, 284–287. doi: 10.1089/omi.2011.0118

 Zhao, X., Li, W.-F., Wang, Y., Ma, Z.-H., Yang, S.-J., Zhou, Q., et al. (2019). Elevated CO2 concentration promotes photosynthesis of grape (Vitis vinifera l. cv.’Pinot noir’) plantlet in vitro by regulating RbcS and rca revealed by proteomic and transcriptomic profiles. BMC Plant Biol. 19, 1–16. doi: 10.1186/s12870-019-1644-y

 Zhishen, J., Mengcheng, T., and Jianming, W. (1999). The determination of flavonoid contents in mulberry and their scavenging effects on superoxide radicals. Food Chem. 64, 555–559. doi: 10.1016/S0308-8146(98)00102-2


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jo, Lee, Byeon, Park, Ryoo and Hwang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M2.jpg
Nitate scavenging activity (%)






OEBPS/Images/fpls-13-1067713-g004.jpg
ugz . .nms .Umgulaﬁoﬂ

. Downeglaion
B

e—r f— o
Y ) P Q{0 1
Symyn@mm L oo

L)

Bl (] - — s
(R}
' (] [ W ool
]
0o . i 56 .
0 - ] o e D
: i L ot —{ 205
Qs Ny
o whop| |t iogsa
Gsrw. o ot mm} 2418 D) 24128 e
w oK) | e
W l
) ' ] | N
i Responsetofred gt = —
Rﬁpu@km\n on g s - Lmnz—u(jmmn
D4 . a1 It
‘ Resprstored gt ums)—f( ) s
o1 fo] ety Ve
/] e i =
/ I = J 4] L8
) r L8 fo. e
. Ut a1
[ e _]
. .CN\ .wa et
om 1 1 i fad) b
' woul) [ i #«wmuy‘Qw‘W”’
s
[
a3t vt
Plgmmb@hmpms
Wi o
[ ke
‘ i (U THWH| [1MH0
1K) My
.CNI. el 4;:m oyl I sy By
L | s, @y
% }. Ut Dhyoliin Obylomyieln (1573 |
ms. d .NST





OEBPS/Images/fpls.2022.1067713_cover.jpg
& frontiers | Frontiers in Plant Science

Elevated CO, concentration
induces changes in plant
growth, transcriptome, and
antioxidant activity in fennel
(ZFoeniculum vulgare Mill.)





OEBPS/Images/fpls-13-1067713-g006.jpg
241x

121

24 Ix

12 Ix

283238388 ¢-°
(%) Aesse (Hdda) Aanoe BuiBuaneos

| I
241

121x

3833832533

(qwry39 Bu) usiuoo jousydAod [eioL.

24 Ix

12 1x

(W30 6uw) ajuo> piouoney feioL

241x

121

(Wu00L “'0) somod Buranpay

12 Ix

(9%) AuAnoe BuiBuaAeos AN

(Coam) Rinioe cvasa

3 3 8 8 2

24 Ix

12 1x

24 be

23853333233 °

(wo) sseuoIy} WS

241x

121x

04
035

(B wbemAig

P anien Qvds






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Elevated CO2 concentration induces changes in plant growth, transcriptome, and antioxidant activity in fennel (Foeniculum vulgare Mill.)

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and growth conditions

          



          		

            Plant growth survey

          



          		

            De novo transcriptome analysis

          



          		

            Fennel extracts

          



          		

            Total phenolic content

          



          		

            Total flavonoid content

          



          		

            Free radical scavenging (DPPH) activity

          



          		

            Nitrate-scavenging activity

          



          		

            Ferric reducing antioxidant power assay

          



          		

            Reducing power assay

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Effects of eCO2 concentration on fennel growth

          



          		

            Effects of CO2 supply and light on hydroponics environment

          



          		

            De novo transcriptome analysis

          



          		

            Antioxidant activity

          



          		

            Growth and antioxidant activity of fennel under different light intensity conditions

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1067713-g002.jpg
=800 ppm

~+-400 ppm
~+-800 ppm

Time of Day (Hours)
Time of Day (Hours)

g =@ e %
& I

g
(2,) aamjesadway.

Time of Day (Hours)
Time of Day (Hours)






OEBPS/Images/fpls-13-1067713-g005.jpg
100

© © O © O o o o o
D 0 M~ © O T ™M N T

(%) Aesse (Hdda) Axanoe buibuaaessg

o

- 0 o < N
T R T T e 9@ @ <@ <
o o o o
(qw/ayo Hw) sjuajuod jouaydAjod jejol

o

© < « © 0 v <= N

(/3o Hw) sjusuo09d piIouoAe]d [ejol

o

Stem

Leaves

Stem

Leaves

Stem

Leaves

1.6

< N - «Q © < N
- - o o o o

(wugoZ "@ o) 1amod Buionpay

2.5

- o

(+z2dIM) AjAnoe dvyd

(=} (=} o o o o
© wn < ™ N -

(o,) AyIAnoe BuibuaAeoss a}l}IN

70

o

Stem

Leaves

Stem

Leaves

Stem

Leaves





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
st () - (1 Sl S

Tontrol absrobance,





OEBPS/Images/fpls-13-1067713-g003.jpg
Over-represented GO functions (FDR < 0.09)

Down-regulation

up-regulation

111213 (14| 1

10

9

2133 4

1

G0:0006949~syncytium formation (6 genes, 0.8%)

G0:0006949~syncytium formation (6 genes, 0.8%)

G0:0003677~DNA binding (95 genes, 13.3%)

G0:0006351~transcription, DNA-templated (102 genes, 14.3%)
G0:0006355~regulation of transcription, DNA-templated (107 genes, 15%)
G0:0003700~transcription factor activity, sequence-specific DNA binding (98 genes, 13.7%)
G0:0009873~ethylene-activated signaling pathway (21 genes, 2.9%)
G0:0009813~flavonoid biosynthetic process (13 genes, 1%)
GO0:0010598~NAD(P)H dehydrogenase complex (plastoquinone) (10 genes, 0.7%)
G0:0010218~response to far red light (11 genes, 0.8%)

G0:0016021~integral component of membrane (342 genes, 25.4%)
G0:0030095~chloroplast photosystem Il (7 genes, 0.5%)
G0:0009654~photosystem |l oxygen evolving complex (13 genes, 1%)
G0:0022625~cytosolic large ribosomal subunit (13 genes, 1%)
G0:0022626~cytosolic ribosome (16 genes, 1.2%)

G0:0004553~hydrolase activity, hydrolyzing O-glycosyl compounds (23 genes, 1.7%)
GO:0005975~carbohydrate metabolic process (40 genes, 3%)
G0:0031225~anchored component of membrane (19 genes, 1.4%)
G0:0046658~anchored component of plasma membrane (21 genes, 1.6%)
G0:0018298~protein-chromophore linkage (14 genes, 1%)
G0:0009768~photosynthesis, light harvesting in photosystem | (9 genes, 0.7%)
G0:0031409~pigment binding (9 genes, 0.7%)

G0:0009522~photosystem | (12 genes, 0.9%)

G0:0016168~chlorophyll binding (14 genes, 1%)

G0:0009523~photosystem Il (14 genes, 1%)

G0:0006412~translation (47 genes, 3.5%)

G0:0003735~structural constituent of ribosome (44 genes, 3.3%)
G0:0005840~ribosome (39 genes, 2.9%)

G0:0016788~hydrolase activity, acting on ester bonds (19 genes, 1.4%)
G0:0016042~lipid catabolic process (24 genes, 1.8%)

GO:0052689~carboxylic ester hydrolase activity (28 genes, 2.1%)
GO0:0031977~thylakoid lumen (21 genes, 1.6%)

G0:0009543~chloroplast thylakoid lumen (32 genes, 2.4%)
GO:0005576~extracellular region (164 genes, 12.2%)
GO:0009507~chloroplast (436 genes, 32.4%)

|_] Biological process

0 10

Molecular function

20
-log,o FDR

Il Cellular component

50 60





OEBPS/Images/fpls-13-1067713-g001.jpg
400 ppm

800 ppm

2
8

Py
8

Plant length (cm)
o 3 8 8 38

3
8

50

SPAD value
8

0

. 6 T S
= — 5
S
08 =4
8 §
Eos <3
S [}
S o4 =]
£
202 1
)
0 0
400 ppm 800 ppm 400 ppm 800 ppm 400ppm 800 ppm
90 w400 pom & 5 [ macopm
80 | Weooppm 45 | maopom -
B0 =4 i
£ 60 235 €
D50 e
° = 225
2 40 g
= s 2
g 30 2'1 5
= 20 oy
10 05
0 0
Leaves S Lasioas o L S





