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Abstract

:

Featured Application


The volatile organic compounds emission from plants could be used as an indicator of stress.




Abstract


Drought and flooding are some of the most common stressful conditions for plants. Due to the recent climate changes, they can occur one after another. This study is focused on the effect of antagonistic abiotic stress such as drought and flooding on the different metabolites from Ocimum basilicum leaves. Six-week-old plants of Ocimum basilicum were exposed to drought or flooding stress for 15 days, followed by antagonist stress for 14 days. The assimilation rates decrease drastically for plants under consecutive stresses from 18.9 to 0.25 µmol m−2 s−1 starting at day 3 of treatment. The stomatal conductance to water vapor gs was also reduced from 86 to 29 mmol m−2 s−1. The emission of green leaf volatiles compounds increases from 0.14 to 2.48 nmol m−2 s−1, and the emission of monoterpenes increased from 2.00 to 7.37 nmol m−2 s−1. The photosynthetic pigment concentration (chlorophyll a and b, and β-carotene), the flavonoid content, and total phenolic content decrease for all stressed plants. The results obtained in this study could indicate that the water status (drought and/or flooding) directly impacts basil plants’ physiological parameters and secondary metabolites.
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1. Introduction


Basil (Ocimum basilicum), also known as sweet basil, is a medicinal plant from the Lamiaceae family. Basil plants are being used in various industries, including pharmaceutical, cosmetics, food, and in religious ceremonies [1,2]. Due to its remarkable properties, i.e., antidiabetic, wound healing, antioxidant, radiation protective, immunomodulatory, antifertility, anti-inflammatory, antimicrobial, antistress, and anticancer activities, basil could be exploited in traditional medicine [1,3,4,5].



The chemical composition of basil plants depends on the variety, geographic origin, time of harvesting, and growth conditions [6,7]. Basil’s essential oil composition depends on the cultivar [8]. For example, Ocimum basilicum var. purpureum essential oil has mainly methyl chavicol (57.3%), while the principal chemical component in Ocimum basilicum var. thyrsiflora is linalool (68%) [7]. In a study that included 38 different genotypes of Ocimum basilicum L., it was shown that seven chemotypes—high-linalool, linalool−eugenol, methyl chavicol, methyl chavicol−linalool, methyl eugenol–linalool, methyl cinnamate–linalool, and bergamotene—could be detected [9]. In another study with 27 cultivars, only five chemotypes were proposed: eugenol–linalool, linalool, estragole–linalool, methyl cinnamate, and estragole [10].



The composition of volatile organic compounds (VOCs) emitted from plants can be quite different from the chemical composition of essential oils [6,11]. VOCs are emitted as a response to abiotic and biotic stress [6,11,12]. The VOCs that can be found in basil plant emissions are monoterpenes (β-myrcene, β-pinene, cis and trans β-ocimene, camphene, limonene, camphor, cis-β-terpineol, β-linalool, terpinen-4-ol, α-terpineol, bornyl acetate), sesquiterpenes (β-elemene, α-bergamotene), phenylpropanoids (eugenol, methyl eugenol, eugenol acetate, methyl chavicol), and fatty acid-derivative esters (octyl acetate, 1-octenyl acetate) [6,13].



Several studies conducted on basil plants found that their major phenolic compounds are: rosmarinic, chicoric, caffeic, caftaric, 4-hydroxybenzoic, salvianic acid, quercetin, kaempferol, and anthocyanins [14,15,16].



In recent years, more and more studies support the fact that climate can change rapidly [17,18] and can alter biological diversity and crop production. Environmental stress can be defined as changes in growth conditions within the plant’s natural habitat [19].



In general, environmental stress can be divided into two types: biotic (bacteria, fungi, and insects) and abiotic. Abiotic stress, such as water availability (drought and flooding), temperature, heavy metals, salinity, and light intensity, can influence plant development and crop yield [19].



The tolerance to abiotic stress, respectively drought and flooding, can be observed in all plants, but the tolerance level differs from species to species [20]. Plants respond to drought and flooding by various molecular genetic expressions, biochemical metabolism, and physiological processes [21]. In case of water deficiency, the plants can produce osmotic adjustments, increase cell wall elasticity to preserve tissue turgidity [21], and increase side chains of the pectic polymers [22]. A decrease in cell wall thickness was noticed in Black spruce under drought stress [23]. Another response to limit the effect of drought stress is restricting the leaf transpiration surface [24]. The impact of drought stress can be modified by applying a reduced intensity of light [25].



The importance of abiotic stresses to agriculture can be easily observed, considering that abiotic factors significantly limit crop yield worldwide and reduce productivity [26]. Many lands are exposed to abiotic stresses (e.g., drought, flooding, changes in temperature, light intensity, salinity). This fact is expected to increase due to climate change and anthropogenic activities [19]. Drought and flooding are key factors affecting productivity across world ecosystems [27]. The phenylpropanoid pathway is usually activated under stressful conditions (drought, flooding, temperature changes), leading to modifications in the composition of plant extracts [19]. The response of basil plants to abiotic stress has been extensively studied [6,28,29,30,31,32,33]; however, the physiological and biochemical response to antagonist drought−flooding stress on basil plants has not been reviewed.



This study aims to evaluate the impacts of the antagonist abiotic stress of drought−flooding on basil plants. The photosynthetic parameters (net assimilation rate and stomatal conductance to water vapor), volatile organic compounds (VOC), chlorophylls content, flavonoids, and phenolic compounds are expected to change over the time of stress application (29 days).




2. Materials and Methods


2.1. Plant Material


Experiments were carried out in 2020 using six-week-old plants of Ocimum basilicum (lot 1GRS. 7A/349702, Hori Tops, Holland) sawn in 0.5 L plastic pots filled with commercial garden soil and grown in growth chambers under controlled conditions of light (1000 µmol m−2 s−1), temperature (25 °C), and humidity (60–70%), and watered daily to field capacity.



As has been depicted in Figure 1, basil plants were subjected to drought stress for 15 days. Then, for 14 days, a part of those plants was watered normally (drought recovery plants), and the other part was subjected to flooding (drought flooding plants), also for 14 days. Other basil plants were subjected to flooding stress for 15 days. Then, for 14 days, a part of those plants was watered normally (flooding recovery plants), and the other part was subjected to drought (flooding drought plants), also for 14 days [34].




2.2. Photosynthetic Measurements


Photosynthetic parameters were determined with a portable gas exchange system GFS-3000 (Waltz, Effeltrich, Germany) [35], except for minor modifications in environmental conditions as stated below. This system has an environmental-controlled cuvette with an 8 cm2 window area and a full-window leaf chamber fluorimeter for sample illumination and fluorescence measurements. Each time, a leaf was measured at the following established conditions: light intensity of 1000 µmol m−2 s−1, leaf temperature of 25 °C, chamber air humidity of 65%, and CO2 concentration of 400 mmol mol−1. The leaf was stabilized under the standard conditions until stomata opened and steady-state CO2 and water vapor exchange rates were reached. Steady-state values of net assimilation (A) and stomatal conductance to water vapor (gs) were calculated as described before [36].




2.3. Volatile Sampling and GC–MS Analyses


Volatile organic compounds (VOC) were sampled via the outlet of the gas-exchange cuvette at a flow rate of 200 mL min−1 for 20 min with a constant flow air sample pump 210-1003 MTX (SKC Inc., Houston, TX, USA), using the procedure described before [12]. The adsorbent cartridges were analyzed using a Shimadzu TD20 automated cartridge desorber integrated with a Shimadzu 2010 Plus GC–MS instrument (Shimadzu Corporation, Kyoto, Japan) according to the method of [37] and [36]. The background (blank) VOC concentrations were subtracted from the concentrations with leaf samples, and volatile emission rates were calculated as described before [38].




2.4. Chromatographic Analysis of Photosynthetic Pigments


Basil leaf samples of 4 cm2 were frozen in liquid nitrogen. The pigments were extracted in ice-cold acetone (70%) as described before [39]. Each extraction was performed in three parallel samples.



Chlorophyll a, chlorophyll b, and β-carotene were evaluated using the UHPLC (NEXERA8030, Shimadzu, Japan) equipped with a diode array detector (DAD), using the procedure described before [12].




2.5. Flavonoid Content Analysis


The extracts obtained previously were used to determine the flavonoid content using a method with slight modifications [39]. Briefly, 0.250 mL sample were mixed with 1.250 mL sodium acetate (100 g/L), 0.750 mL of aluminum chloride (25 g/L), and 0.250 mL of water. After 15 min, the absorbance was measured at 434 nm against a blank sample prepared in the same conditions, using a double-beam UV-VIS spectrophotometer (Specord 200, Analytik Jena Inc., Jena, Germany). The calibration curve was prepared using rutin as a standard in the range of concentrations 0.02–0.4 mg rutin equivalents/mL. The results were expressed in mg rutin equivalents/mL. All analyses were performed in triplicate, and the results were reported as mean.




2.6. Total Phenolic Content—Folin-Ciocalteu Method


The extracts were obtained using fresh leaves 1:10 (w/v) in 60% methanol by maceration for 7 days at +4 °C. All extracts were filtered using 0.45 µm PTFE membrane. Total phenolic content was evaluated according to the Folin-Ciocalteu method with slight modifications [40,41].




2.7. Statistical Analysis and Data Handling


One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using GraphPad Prism version 9.2.0 for Windows (GraphPad Software, San Diego, CA, USA). Analysis of variance (ANOVA one-way) for statistical data analysis was used. Data sharing different letters are significantly different (p < 0.05), while data sharing the same letters are not significantly different (p > 0.05).





3. Results


3.1. Effects of Antagonist Stresses on Photosynthetic Characteristics


The antagonistic effect of drought−flooding on the photosynthetic parameters of basil leaves was assessed by measuring the net assimilation rate (A) and stomatal conductance to water vapor (gs) (Figure 2).



On day 1, there were no differences among treatments in all measured parameters, indicating the uniformity of the selected plants for the experiment. A noticeable reduction of A (from 18.9 to 17.3 µmol m−2 s−1) and gs (from 86 to 70 mmol m−2 s−1) has been started at day three for plants subjected to drought stress. At basil plants subjected to flooding, a reduction of A (from 18.9 to 15.6 µmol m−2 s−1) and gs (from 86 to 79 mmol m−2 s−1) was observed on day 3. There is a constant decrease in photosynthetic parameters over the entire period for both stresses, but gs is less affected by flooding than drought stress. On day 15, the last day of the first treatment (drought or flooding, respectively), the A and gs decreased significantly (2.0 µmol m−2 s−1 and 12 mmol m−2 s−1, respectively) compared with the control plants.



In the second treatment (starting with day 16), the plants that were already in drought were placed in flooding, and both parameters (A and gs) started to recover until day 24 (at 17.2 µmol m−2 s−1 for A and 70 mmol m−2 s−1 for gs), followed by a slight decrease until day 29. The plants which had been watered normally (“recovery treatment”), the assimilation rates, and stomatal conductance to water vapor recovered at the level of control plants. In the case of the plants in which the first treatment was flooding and the second one drought, both parameters increased for the first three days and decreased drastically until day 29 (at 0.3 µmol m−2 s−1 for A and 29 mmol m−2 s−1 for gs). Plants that were in the recovery treatment showed A and gs at a level of 16.6 µmol m−2 s−1 and 84 mmol m−2 s−1, respectively.




3.2. The Influence of Stress on Volatile Organic Compounds Emission


Different green leaf volatile compounds (GLV) and monoterpenes (MT) have been identified in the blend of volatile emission from O. basilicum leaves (Figure 3). The GLV identified in plants subjected to abiotic stresses were 3-methyl-pentane and 1-hexanol, and the MT identified were: alpha-pinene, camphene, sabinene, beta-pinene, 3-carene, D-limonene, gamma-terpinene, linalool, camphor, and alpha-terpineol.



The green leaf volatile emission for control plants is close to zero over all of the experiments. In the plants under flooding and drought stresses, the emission increases at a maximum of 2.43 ± 0.14 nmol m−2 s−1 on day 15 without statistically significant differences between first flooding or drought (Figure 3a). The emission for plants that were watered normally in the second treatment decreases close to zero on day 29. In contrast, the plants which were subject to the second treatment (flooding or drought stress) first decrease the emission (for one day in case of drought−flooding and three days for flooding–drought) followed by an increase until 2.48 ± 0.44 nmol m−2 s−1.



The leaves from O. basilicum emit different monoterpenes (MT) constitutively. The total average emission of MT from control leaves is 2.00 ± 0.34 nmol m−2 s−1. For plants under drought and flooding stress (as first treatment), the MT emissions increase until 5.10 ± 0.60 nmol m−2 s−1 and 6.29 ± 0.57 nmol m−2 s−1 respectively. For plants that were watered normally in the second treatment, the emission decreases until the level of control plants. In contrast, the emission from leaves from drought−flooding and flooding−drought plants decreases initially, followed by a sharp increase until 7.37 ± 0.07 nmol m−2 s−1 (Figure 3b).




3.3. The Effects of Antagonistic Stress on Photosynthetic Pigments


The pigment content in basil leaves was affected by flooding and drought stress (Figure 4). The concentrations of chlorophylls a and b decreased significantly for all stress treatments compared with the values found in the leaves of control plants.



Moreover, there are lower concentrations for both chlorophylls in plants that had been under a second stress (drought−flooding and flooding−drought) compared with the plants under one stress (drought−recovery and flooding−recovery).



The β-carotene contents in leaves of plants under drought stress were more than half compared with the control leaves (0.20 ± 0.02 µg/mg FW compared with 0.46 ± 0.02 µg/mg FW). The pigment concentration in leaves under drought−flooding has been found significantly lower than for drought−recovery. For the flooding−drought treatment, the values did not significantly decrease compared with flooding−recovery.




3.4. The Effects of Antagonistic Stress on Total Flavonoid Content


As has been observed in Figure 5, the total flavonoid content in basil leaves decreases for all stresses compared with control from 90 ± 10 mg rutin equivalents/mL to 39 ± 6 mg rutin equivalents/mL (p < 0.001). There are no statistical differences between different stress treatments (p = 0.103).




3.5. The Effects of Antagonistic Stress on Total Phenolic Content—Folin-Ciocalteu Method


As has been depicted in Figure 6, the total phenolic compounds in control leaves decrease for plants subject to stress conditions from 596 ± 35 mg gallic acid equivalents/mL to 296 ± 30 mg gallic acid equivalents/mL in the flooding−recovery treatment. The concentration of phenolic compounds did not change for the plants under the second treatment for both flooding and drought. Conversely, the concentrations are statistically different from drought compared with flooding (p < 0.001).





4. Discussion


Flooding and drought stress modifies a plethora of plant physiological functions ranging from cellular to organ. Plant roots are the first organs that sense the water limitation or excess, signaling stomatal closure and decreasing the carbon dioxide assimilation. In our experiment, the stomata conductance (gs) for plants under flooding and drought falls over the days of stress. In drought stress, stomatal conductance to water vapor decreases faster than for flooding. In contrast, the assimilation rate is more affected by flooding than drought. It has been shown that under drought conditions, the plant growth process is slowed down [42], and due to stomata closure, there are limitations of the diffusion of CO2 to chloroplasts [43]. Long-time exposure to drought often modifies phytohormonal levels in plants, including abscisic acids, salicylic acid, jasmonate, and other metabolites [44]. Such behavior has been found for different C3 plants in which drought mainly binds photosynthesis through stomatal closure [45]. The assimilation rate is decreasing as stomatal limitations dominate, irrespective of any metabolic impairment for mild drought stress. Furthermore, after re-hydration, the gs did not recover at the same values, suggesting permanent damage of the photosynthetic apparatus. Usually, high humidity determines the stomata opening, but all photosynthetic parameters decrease under the long flooding period. For example, soil flooding Lycopersicon esculentum plants induce stomata closure within a few hours [46] while Pisum sativum L. stomata close after 24 h from the start of flooding [46]. This stomatal closure under flooding may be due to the discharge of stress ethylene [47]. Basil plants exposed to flooding have reduced oxygen availability (hypoxia) in plant roots, being that it is difficult for gas diffusion to occur in the plant cells, which thus limits the gas exchange for photosynthesis and transpiration [48]. For plants under antagonist stresses, both photosynthesis parameters are decreasing despite which stress is the first one. For the flooding−drought plants, stomatal conductance to water vapor and assimilation rate decrease drastically at the end of the second treatment (day 29). Such behavior could be explained by the fact that flooding decreases contents of ribulose biphosphate and adenosine triphosphate, and in drought, the processes continue [45]. Moreover, for the plants under drought−flooding stress, such metabolic processes are less important.



Plant species are triggering emissions of various characteristic stress volatiles in response to different abiotic stress (drought and flooding). The first compounds emitted from leaves under stress conditions are green leaf volatiles (GLVs). Those compounds include various five- and six-carbon alcohols, aldehydes, and ketones and are formed through the oxylipin pathway from C18-polyunsaturated fatty acids as α-linolenic acid or linoleic acid [49,50]. The emission of GLVs from basil leaves under drought and flooding stress starts from the first day and increases until a maximum, followed by a plateau. The same effect has been shown for the lipoxygenase activity during drought stress in Rosmarinus officinalis [51] and the leaves of Q. robur trees exposed to drought stress [52]. Such an increase in GLV emissions could be due to the damage of the physical membrane as the enrichment of the lipoxygenase activity [53]. For the combined treatments, drought−flooding and flooding−drought, the emission of GLVs initially decreases, followed by an increase until a maximum. Such behavior has been shown for combined stress like drought and ozone [52] and corresponds to the effects of the lipoxygenase and hydroperoxide lyase systems which release those aldehydes and alcohols.



Because sweet basil is a very well-known spice worldwide due to its distinctively sweet odor and flavor, many investigations have been conducted to investigate the composition of terpenes in O. basilicum emission [14,15,16,28,29,54,55,56]. The volatile emission from basil leaves is mainly alpha-pinene, camphene, sabinene, beta-pinene, 3-carene, D-limonene, gamma-terpinene, linalool, camphor, and alpha-terpineol. The total emission of monoterpenes increases for plants under drought and flooding stress. The same pattern has been found for constitutively monoterpene-emitting species under drought [57,58,59,60] and flooding stress [61]. For plants under a second stress, the emission increase at the second maxim suggests overexpression of the non-mevalonate (MEP) pathway genes as terpene synthase [62]. Under drought or flooding stress, the volatile isoprenoid compounds can protect against abiotic stress when the stomata close. Furthermore, volatiles can protect against abiotic stress by stabilizing membranes and serving as antioxidants [63]. Some other compounds that can act as an elicitor to improve secondary metabolism S. officinalis plants were found to be nano-TiO2 [64].



Drought stress is one of the most severe limitations to photosynthesis, decreasing carotenoid pigments in the leaves. Lower chlorophyll content under drought stress may help plants reduce photooxidative damage, which occurs when photosynthesis is inhibited [65,66]. The chlorophyll a and b decrease in the leaves of plants under flooding stress compared with the control. Even more, the reduction is more production for plants under flooding−drought stress. The decline in photosynthetic pigments could be due to slow synthesis, fast destruction of chlorophylls, or a nitrogen deficiency due to dilution and leaching. Drought stress also induces leaf necrosis due to the lack of anthocyanin pigments in the late stage of vegetation [67]. The effects of drought stress can be compensated by applying a small quantity of putrescine (20 mg L−1) in Thymus vulgaris L. plants, which leads to a higher yield of essential oil (23.07%) [68,69].



The phenylpropanoid pathway in plants is disturbed by different abiotic factors such as cold, heat, drought, salinity, heavy metal toxicity, etc. [70]. Drought stress usually enhances phenolic acids and flavonoids [71]. Under drought conditions, the accumulation of glycine betaine was recognized to have positive functions in maintaining the integrity and stability of the membrane of cells [72].



Numerous studies have reported that the quality of products obtained from medicinal plants can be improved by applying drought stress [73,74,75]. In case of drought, flooding, and salt stress, due to stomata closure, the stress-induced synthesis and buildup of secondary metabolites, such as isoprenoids and phenolic compounds, is observed. This is an effect of oversupply of NADPH+H+ from the Calvin cycle due to a decrease in CO2 fixation [73,74], compared to plants grown in the normal condition which assimilates carbon and energy from photosynthesis and utilizes a part of it for cell maintenance, while the other part is used for plant growth and the synthesis of defensive compounds [73].



In contrast, in our study, the total flavonoids and phenols decrease for plants under stress conditions. It has been shown that severe drought induced a decrease of total flavonoids and phenols in leaves of Quercus ilex [76]. Such decreasing could indicate a lower capacity to regulate reactive oxygen species and the oxidative load in O. basilicum, a relative stress-sensitive species [77].




5. Conclusions


Considering the results obtained, drought and flooding cause physiological and metabolic alterations in the leaves of O. basilicum plants. The net assimilation rates and stomatal conductance to water vapor decrease drastically for plants under consecutive stresses, and emission of volatile organic compounds is enhanced (from 0.14 to 2.48 nmol m−2 s−1). Moreover, the emission of monoterpenes increased, especially for plants under drought−flooding stresses. A decrease in all the photosynthetic pigments was noticed. In chlorophyll a and b, a decrease was observed from 0.50 to 0.13, 0.20 to 0.04 µg/mg FW, and for β-carotene from 0.46 to 0.20 µg/mg FW. The flavonoid content also decreased in all plants subjected to abiotic stress. The treatment that had a significant impact on the basil plants was flooding, followed by drought. The minor influence had drought followed by recovery stage, and flooding followed by recovery stage. Our findings suggest that parameters are affected by basil plants’ water status (drought and/or flooding), but even after 15 days of treatment, they can recover almost at the initial parameters. If antagonist stress is applied after this period, all plant parameters drastically decrease.
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Figure 1. The design of the experimental plan. 
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Figure 2. The net assimilation rate (a) and stomatal conductance to water vapor (b) from O. basilicum plants under different stress conditions. The values are averages of three independent measurements. 
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Figure 3. The emission rate of green leaf volatile compounds (GLV) (a) and monoterpenes (b) from O. basilicum plants under different stress conditions. 
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Figure 4. Pigment concentration from O. basilicum leaves under different stress conditions. 
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Figure 5. Total flavonoid concentration in O. basilicum leaves under different stress conditions. 
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Figure 6. Total concentration of phenols in O. basilicum leaves under different stress conditions. 
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