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ABSTRACT OF THE THESIS
EFFECTS OF DROUGHT STRESS ON SECONDARY METABOLITE PRODUCTION AND YIELD IN OCIMUM BASILICUM
by
Daniela Maria Menendez
Florida International University, 2023
Miami, Florida
Professor Krishnaswamy Jayachandran, Major Professor
This research was meant to elucidate the relationship between drought stress, secondary metabolite production, and yield in sweet basil (Ocimum basilicum). To explore this relationship, a drip irrigation system that emitted water at different time intervals was designed, with four different treatment groups. There was no significant relationship between leaf chlorophyll concentration and the drought stress treatments. There was a significant relationship between the final height, dry and wet yield, and chemical concentration of the different water stress treatments. One of the most interesting findings of the study was that the high note of sweet basil, a phenylpropanoid known as eugenol, was found in similarly high concentrations throughout the different treatment groups. There were significant differences in concentration across terpenoids such as eucalyptol, germacrene D, and linalool. This study showed that there were significant effects on the yield and concentration of phytochemicals produced by sweet basil from drought stress.
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INTRODUCTION	
Climate change is predicted to dramatically increase the agricultural inputs necessary to maintain a consistent supply of agricultural products to consumers (Howden et al. 2009). More frequent and intense drought periods are predicted to challenge farmers to produce a similar level of crop quality and quantity, especially small farmers, who consist of 91% of all farmers in the United States of America (Hoppe et al. 2010). Increasing global evapotranspiration rates have pressured farmers to reconsider their irrigation strategies to prevent excess water stress from causing larger crop losses due to widespread drought (Chaves et al. 1992). Thus, agricultural producers need to understand how water stress will alter the quality and quantity of their crops. 
Plants utilize secondary metabolites to defend against pathogens and pests, to manage abiotic and biotic stressors, and to manage their interactions with other organisms. Abiotic stressors, such as water stress, are known to influence the production of secondary metabolites in plants, resulting in the activation or deactivation of genes that produce various classes of chemicals. The expression of genes linked to phenylpropanoid production, a class of chemicals that protect against UV radiation, has been shown to be tied to water stress in plants such as sweet basil (Ocimum basilicum) (Mandouloukai et al. 2017) and licorice (Glycyrrhiza glabra) (Nasrollahi 2014). Similarly, the production of terpenoids has been connected to drought stress in crops such as oregano (Morshedloo et al. 2017) and white grapes (Savoi et al. 2016). Stomatal closure due to water stress in sage resulted in increased terpenoid production; closing more stomata resulted in an elevated ratio of NADPH+H to NADP, which in turn led to the synthesis of higher concentrations of secondary metabolites (Selmar and Kleinwachter 2012).
Given the effect that drought can have on the production of specialized metabolites, one of the major agricultural industries that could be affected by climate change could be the spice and herb industry. Species like basil could face unique challenges under drought stress, specifically a reduction in essential oil production, overall yield, and reduced defenses to pest and disease infections. Purple basil (Ocimum basilicum var. purpurascens), for example, demonstrates a decrease in essential oil production and slows the development of new leaves under drought stress (Ekren et al. 2012). Sweet basil is more vulnerable to pest infestations and disease infection when exposed to water and heat stress, most prominently downy mildew (Roberts 2005). 
However, it is worth noting that certain studies have found that deficit irrigation, the practice of withholding irrigation to induce water stress, can increase the production of certain secondary metabolites and antioxidants (Khalid et al. 2006, Khan et al. 2012) in sweet basil. This information may be valuable to agricultural stakeholders who produce different chemical products from basil, such as medicine, fragrances, and cleaning products (Simon et al. 1990). 
This study examined the effects of controlled water stress treatments on sweet basil’s production of economically valuable secondary metabolites, overall plant health, and harvestable material to address this gap in sweet basil research. Sweet basil (Ocimum basilicum) is a model leafy vegetable to examine due to its gastronomic ubiquity, its rapid growth cycle, and its popularity among farmers and consumers (Simon et al. 1999).
[bookmark: _Toc128506883]Objectives
[bookmark: _fzszw5ojt0m4][bookmark: _Toc128486498][bookmark: _Toc128506080]The central goal of this drought experiment was to demonstrate how water stress affects the growth of sweet basil, while noting any significant changes in its phytochemistry and physical growth. Specific objectives include:
1. To understand the effects of different levels of water stress on sweet basil’s physical height and harvestable yield
2. To understand the effects of different levels of water stress on sweet basil’s leaf chlorophyll 
3. To understand the effects of different levels of water stress on sweet basil’s secondary metabolite production and concentration
[bookmark: _bbjcdfvhodgh][bookmark: _Toc128486499][bookmark: _Toc128506884]Hypothesis
1. [bookmark: _7grpt755oyrz][bookmark: _Toc128486500]The exposure of sweet basil to different levels of water stress will have significant effects on its phytochemical composition. 
2. [bookmark: _5wxeg5jiszf0][bookmark: _Toc128486501]There will be a significant correlation between the magnitude of these changes and the intensity of the water stress. The water stress treatments will have a significant effect on plant biomass production.
[bookmark: _Toc128506885]LITERATURE REVIEW
[bookmark: _Toc128506886]Basil
[bookmark: _Toc128506887]Botany and Uses of Basil
Ocimum basilicum, commonly known as sweet basil, is a popular member of the genus Ocimum (Simon et al. 1999). Members of the Ocimum genus are endemic to warm, temperate environments. It belongs to the mint family, Lamiaceae, which consists of plants that typically have square stems, aromatic qualities, and bisexual flowers with fused petals (ARS-GRIN 2004). Sweet basil is a tender herbaceous plant that can be grown as a perennial or annual plant in different regions of the world (Putievsky et al. 1999). Sweet basil does best in warmer climates, with long summer days being ideal for healthy growth. Sweet basil is intolerant of water stress and is successful in humid environments with consistent rainfall (Putievsky et al. 1999). Greenhouse production of sweet basil is overtaking outdoor production as the most common production method for basil, due to controlled environment agriculture owing more protection from pests and diseases and profit to basil greenhouse operations (Walters and Lopez 2022). Hydroponic production is commonly utilized for sweet basil production as well (Walters and Currey 2015).
Sweet basil is notable for its versatility as a product. Sweet basil is produced as a culinary herb, as a source of chemicals for pharmaceutical and cosmetic products, as an ornamental plant, and as a source of essential oils (Simon et al. 1999). Sweet basil is utilized as a fresh-market herb in restaurants and sold in grocery stores (Simon et al. 1990). Sweet basil can also be dried and processed into various food products, such as pesto, or added into soups and broths. 
[bookmark: _Toc128506888]U.S Production and Importation of Culinary Herbs
The fresh herb market in the United States is a steadily growing industry, according to a UNESCO Acceso Market Brief. There is steady growth in demand for more fresh herbs in the United States, with a jump in growth of 10-12% from 2004 to 2014 (UNESCO Acceso Market Brief #20 2014). Most culinary herbs imports are sourced from Central America, South America, and the Middle East. UNESCO notes that a United States International Trade Commission report from 2013 showed that the top importers of basil into the United States were Mexico (42%) and Egypt (39%), with Colombia, Peru and Israel trailing behind. 
	Year-round demand for fresh herbs is constrained by the geographical limitations of most of the United States, even with the advent of controlled environment agriculture in major metropolitan regions across the country (Benke et al. 2017). California and Florida lead the United States in culinary herb production (specifically for basil production), most likely due to their favorable warm, humid climates and long growing seasons (FDACS Florida Agriculture Overview and Statistics, CDFA California Agricultural Production Statistics). The National Agricultural Statistics Service’s 2017 Census shows that most fresh-cut herb production (quantified in farms per state) comes from California, Florida, Oregon, New York, Oregon, Michigan, Massachusetts, North Carolina, and Wisconsin (NASS 2017). It is worth noting that there are few to no central sources of consumer market research on individual culinary herb products within the United States, so there is a limited understanding of the annual demand for specific culinary herbs and their byproducts (UNESCO Acceso Market Brief #20 2014). 
Economically Important Secondary Metabolites in Sweet Basil
Basil is rich in phenylpropanoids and terpenoids, two classes of secondary metabolites produced by the leaves of sweet basil. Various terpenoids and phenylpropanoids are responsible for the unique flavor and smell of sweet basil. (Simon et al. 1990, Hiltunen 1999). Most of these chemicals are extracted from the essential oil of sweet basil via steam distillation (Charles and Simon 1990).
Methyl chavicol, otherwise known as estragole, is used in various fragrances for perfumes, soaps, and aromatherapy products, and in food and alcoholic products as a flavoring agent (Merck 2013, Kirk-Othmer 2006). Eugenol is a phenylpropanoid utilized in perfumes, a type of antiseptic for dental work, a flavoring agent, an ingredient in several cleaning and cosmetic products, a dehydrating agent, and more (Merck 2013, Kirk-Othmer 2006). Linalool is a monoterpenoid used in perfumes, household cleaning products, detergents, pet care products, perfumes, pesticides, and flavoring agents for food (Merck 2013, Hawley 2007, Kirk-Othmer 2006). Methyl eugenol is a phenylpropanoid utilized as an insect attractant and flavoring agent, and is present as an ingredient in perfumes, cleaning supplies, and animal anesthetic (Merck 2013, Kirk-Othmer 2006). Eucalyptol is a monoterpenoid used in cleaning supplies, candy, cough drugs and cough syrup, flavoring agents in medicine, and fragrances (Merck 2013, Hawley 2007, Kirk-Othmer 2006). Beta-caryophyllene is a sesquiterpene that is used as a flavoring agent in food and medicine, in cleaning products, and in perfumes (Merck 2013, Hawley 2007, Kirk-Othmer 2006). There are various other phenylpropanoids, terpenoids, and secondary metabolites that fall under neither of those definitions that are present in sweet basil. However, they are typically present in smaller concentrations, so they are not specifically bred for higher concentrations in sweet basil. Other Ocimum species, however, have different secondary metabolite profiles than sweet basil. For example, the essential oil of camphor basil (Ocimum kilimandscharicum Guerke) possesses higher amounts of camphor than that of sweet basil (Chaturvedi et al. 2018).
[bookmark: _Toc128506889]Role of Secondary Metabolites in Basil
Kessler and Baldwin 2022 posit that plants utilize volatile organic compounds in reaction to various abiotic and biotic stresses, from drought stress to cold stress, to pathogens, to herbivory and more. Basil similarly has been shown to produce terpenoids and phenylpropanoids in response to abiotic and biotic stress, in addition to aiding their reproductive strategies. Methyl eugenol and linalool has been shown to be a pollinator attractant in Ocimum species, to the point of sweet basil being utilized as a companion plant to attract pollinators for other crops (Jiang et al. 2016). Ocimum species have also been planted to attract predatory insects towards other crops planted in a similar space, and to act as banker plants for agricultural pests due to their unique phytochemical composition (Gang 2005, Yarou et al. 2020, Yarou et al. 2018, Song et al. 2013, Batista et al. 2017, Dicke and Baldwin 2010). Similarly, secondary metabolites have been connected to owing plants anti-bacterial, anti-viral, and anti-fungal defenses against various pathogens (Quinata-Rodriguez et al. 2018, Dicke and Baldwin 2010). Basil and derivatives of its secondary metabolites have been specifically known to harbor defenses against specific pathogens. Methyl chavicol has been shown to protect different Ocimum species from pathogens like Colletotrichum gloeosporioides (Costa et al. 2015), Moniliophthora perniciosa (Costa et al. 2015), and Botrytis fabae (in addition to linalool) (Oxenham et al. 2005). In regards to the central focus of this experiment, there is evidence that suggests that sweet basil produces increased levels of methyl chavicol and methyl eugenol under heightened water stress (Mandoukolakani et al. 2017, Ekren et al. 2012). However, Rastogi et al. 2019 found that cold stress, flooding stress, drought stress and salinity stress reduced the expression of genes correlated to the production of certain secondary metabolites (like eugenol and methyl eugenol). There is no conclusive answer as to why the results of these different studies differ, but it could possibly be due to differing experimental methods and different forms of analysis. 
[bookmark: _Toc128506890]Water Stress
[bookmark: _Toc128506891]Implications for U.S Agriculture 
Scientists have predicted that climate change will have significant effects on agriculture within the United States, in addition to the rest of the world (Adams et al. 1988, Rosenzweig and Parry 1994, Rosenzweig et al. 2001). Two of the largest agricultural producers in the United States, Florida, and California, are uniquely at risk from climate change (Her et al. 2017, Lobell et al. 2006). California has severe issues with water scarcity, in terms of allocating its limited water resources to its various industries (Tanaka et al. 2006). California also relies on irrigated agriculture for a sizable amount of its revenue (Dinar and Crowley 2020), especially with variable rainfall rates affecting the crops still utilizing rainfed agriculture (Lobell et al. 2007). California’s most prolific crops are strawberries, almonds, grapes, pistachios, peaches, and olives, according to a 2021 report from the California Department of Food and Agriculture. California has also experienced more severe natural disasters because of climate change, such as flooding, severe heat waves, and wildfires (AghaKouchak et al. 2018). Different parts of Florida experience both reduced and increased rainfall rates, both due to climate change (Schwartz and Bosart 1979). Florida’s severe thunderstorms and tropical storm systems have increased in severity with the increasing effects of global warming (Malmstadt et al. 2009, Carlton and Jacobson 2013). As of 2020, according to Florida’s Department of Agriculture, Florida’s largest agricultural crops are tomatoes, oranges, bell peppers, grapefruits, strawberries, sugar cane and watermelons. Climate change has already resulted in decreased productivity of some of Florida and California’s most important agricultural exports (Her et al. 2017, Lobell et al. 2006). Climate change has been directly linked to lower yields and decreased productivity in sugarcane (Zhao and Li 2015) and citrus in Florida (Miller 1991, Rosensweig et al. 1996). Climate change has also been directly tied to lower yields and decreased productivity in some of California’s most important crops, such as grapes (Jones 2004, Pathak et al. 2018) and fruits like peaches and avocados (Pathak et al. 2018).
[bookmark: _Toc128506892]Effects on Sweet Basil Yield
Water content is one of the largest limiting factors to plant growth. Vascular plants have adapted to survive with less and less water in times of drought (Xu et al. 2010). However, this can have serious consequences for modern agricultural practices and global agricultural supply chains that rely on stable production cycles to feed the rest of the world (Howden et al. 2007, Ahmed and Stepp 2016). Water stress generally results in lower yields overall in vascular plants, in addition to culinary herbs and sweet basil itself. Water stress has been connected to lower overall yields on crops such as wheat (Mirabhar et al. 2009), summer savory (Baher et al. 2002), chickpea (Mafakheri et al. 2010), potato (Onder et al. 2005), maize (Khan et al. 2001), sunflowers (Aladadi and Oraki 2011), and more. Water stress has been connected to lower yields in various species of Ocimum in addition to Ocimum basilicum (Gurav et al. 2022, Ekren et al. 2012, Khalid 2006).
[bookmark: _Toc128506893]Effects on Photosynthesis in Sweet Basil 
Water stress has largely been tied to lower rates of photosynthesis and lower concentrations of chlorophyll in vascular plants (Xu et al. 2010, Kawamitsu et al. 2000) At a certain threshold, water stress results in greater stomatal closure in plants, to conserve water (Boyer 1970). Water stress can damage or negatively affect the chloroplast organs in the plant, preventing it from executing photosynthesis at a more productive rate (Iturbe Ormaetxe et al. 1998). Leaf chlorophyll is an indicator of overall plant health, with certain non-destructive tools capable of measuring the average amount of chlorophyll in a plant (Wu et al. 2010, Blacker and Schepers 1995). This enables agriculturalists to precisely schedule fertilizer routines to their own needs.
Water stress has been connected to lower photosynthetic rates and lower chlorophyll concentrations in crops such as maize (Sanchez et al. 1983), chickpea (Mafakheri et al. 2010), soybean (Egli and Bruening 2004), pea plants (Noguees et al 1998), and more. Similarly, lower photosynthetic rates and chlorophyll concentrations have been connected to Ocimum species such as in Ocimum gratissimum (Hazzoumi et al. 2015), and Ocimum basilicum (Heidari and Golpayegani 2012, Agami et al. 2016), though there is a distinct lack of literature on this specific topic.
[bookmark: _Toc128506894]Effects on Secondary Metabolite Production in Basil 
Selmar and Kleinwachter 2012 gives an explanation as to why drought stress results in increased production of secondary metabolites. Stomatal closure due to water stress in different plants can increase the production of secondary metabolites; closing more stomata results in an elevated ratio of NADPH+H to NADP, which in turn led to the synthesis of higher concentrations of secondary metabolites, such as simple phenols, complex phenols, terpenoids, and alkaloids (Selmar and Kleinwachter 2012). Water stress is connected to higher concentrations of secondary metabolites in crops like licorice (Nasrollahi 2014), oregano ((Morshedloo et al. 2017), white grapes (Savoi et al. 2016), and many more. Specifically, phenylpropanoids and terpenoids have been found to be positively correlated with water stress in several crops, with drought stress being linked to higher expression rates in genes associated with the production of those secondary metabolites (Selmar and Kleinwachter 2012, Gang et al. 2001, Iijima et al. 2004). Water stress has also been connected to higher concentrations of secondary metabolites (typically terpenoids and phenylpropanoids) in Ocimum species, as seen in Gang et al. 2001, Iijima et al. 2004, Gurav et al. 2022, Mandoulakani et al. 2017, Simon et al. 1992, Khalid 2006, Fuller et al. 2018, and more. However, it should be noted that Mandoulakai et al. 2017 found that certain secondary metabolites such as eugenol, a phenylpropanoid, decreased in concentration with increased water stress in sweet basil. It is inconclusive as to why these differences occur among similar groups of phenylpropanoids within sweet basil.
[bookmark: _Toc128506895]METHODOLOGY
[bookmark: _Toc128506896]Site Description
The basil seeds for the study were initially germinated at Florida International University’s (FIU) Organic Garden. This location is found at SW 17th Street, Miami, FL 33174, with the coordinates of 25.754169, -80.345069.
The basil plants were ultimately transplanted twice and grown to harvest under the experimental treatments at Florida International University’s (FIU) Biology Greenhouse, not to be confused with the Wertheim Conservatory close to it. The Biology Greenhouse is utilized for student projects, class experiments and exercises in botany and horticulture, and for faculty projects. This greenhouse is 1390 square feet in area, with the growing bench utilized being 50 square feet in area (10 feet long and 5 feet wide). The greenhouse is a gable-rigid frame greenhouse made of steel structural supports and ultraviolet-stabilized polyethylene. Average daytime temperature was kept at 82 degrees Fahrenheit (28 degrees Celsius) with a range of 75 to 90 degrees Fahrenheit throughout the year. The relative humidity fluctuated around 45% to 70% throughout the year, which would shift towards the higher end during outdoor rainfall. There was no supplemental lightning in the greenhouse, but the constant cleaning of the polyethylene panels prevents them from blocking any sunlight from outside. This location is found at 11200 SW 8th Street, Miami, FL 33199, and the coordinates are 25.75900636929717, -80.37307136549764.
[bookmark: _Toc128506897]Experimental Design
In the FIU Organic Garden, seven 72 cell trays from The Bootstrap Farmer were filled with Burpee Organic Seed Starting mix and sown with sweet basil seeds from Burpee, coming to a total of 504 basil seedlings. A germination rate of 70% was assumed when sowing the seeds. The basil plants were placed under humidity domes from The Bootstrap Farmer after one week to encourage growth and reduce contamination (Shao et al. 2018). The humidity domes were removed once the first cotyledons emerged. 108 of the tallest germinated seedlings with the most leaves were chosen to be transplanted into 426 ml cells in the Biology Greenhouse. The total time between initial seed sowing and first transplanting was three weeks.
After two more weeks, each plant was transplanted into their final half-gallon sized plastic pot. The soil was a homogenized mix, at a 3:2:1 ratio of potting soil (Jolly Gardener’s Pro-Line C/B Growing Mix), sand (Sakrete Multi-Purpose Sand) and perlite (American Garden Perlite). This resulted in a potting mix that held less water than the average potting mix, reducing the carryover nuisance effects of the different irrigation events on the basil plants. 
Each plant was given two tablespoons of fertilizer p and treated with an organic pesticide (Bonide Neem Oil) once transplanted. Water stress treatments were initiated 25 days after the final transplanting occurred to prevent extra stress from affecting the plants. The water stress treatments lasted 70 days. From first sowing to termination, 131 days passed, while 94 days passed between final transplanting to termination.
[image: A picture containing grill, several
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[bookmark: _Toc128587971]Figure 1 Seed starting trays for sweet basil seeds. Left: Trays on 8/31/2022.
[bookmark: _Toc128506898]Water Stress Treatments
To examine the effects of water stress on sweet basil, a gradient of water stress across four separate treatments was created. Each treatment consisted of 27 basil plants, which were 61 days old at the beginning of the treatments, for a total of 108 plants. Each treatment group had a drip irrigation system consisting of vinyl tubing (Everbilt Clear Vinyl, ¼ inch), three nine-port irrigation manifolds (Rain Bird, 9 Outlet Pressure Regulating Manifold On/Off), and a B09D Digital Hose End Timer (DIG) to control the emission of “irrigation events” across different amounts of time. Each plant had one dripper (Rain Bird, 2.0 GPH Spot Watering Emitters) which was connected to the hose timer, at a rate of two gallons per hour (GPH). The central difference between each treatment was the amount of time that passed between each “irrigation event”, which was defined as when the timer goes off and irrigates the plant for five minutes. Each irrigation event emitted approximately 126 ml of water at the base of the plant. One treatment (1D) was watered every day, another treatment (2D) was watered every two days, the 4D treatment was watered every four days, and the 8D treatment was watered every eight days. 
[image: ]
[bookmark: _Toc128587972]Figure 2 Potted sweet basil seedlings. Above: Transplanted seedlings in half-gallon pots on 9/30/22. Below: Sweet basil plants at beginning of water stress treatments.
[bookmark: _Toc128506900]	Yield and Height
	A tape measure was used to measure the height of each basil plant in centimeters (cm) at the beginning of the treatments, and when each basil plant was harvested and terminated. Each plant was measured from the top of the soil to the tallest apical bud on the basil plant. 
	Upon termination, each basil plant was cut from down to a height of 15 centimeters. The branches and leaves of each plant were cut from the central stem of the plant and bagged separately from the stems. This was done to measure yield of the leaves and branches as their own product, versus the whole plant itself. The whole plant yield was still measured during the data analysis stage. The wet weight of each plant’s leaves and branches were weighed separately in grams (g) from the central stems on a scale that measured up to two significant figures after the decimal point. To calculate the dry weight of the harvested material, the bagged stems and leaves plus branches were inserted into a Lingberg/Blue oven at 45 degrees Celsius for 72 hours. The harvested material was then reweighed in a similar fashion to the wet weight initially. 
Sampling and Data Collection
[bookmark: _Toc128506901]	Leaf Chlorophyll Concentration 
Following Friedenrich’s protocol (Freidenrich et al. 2019), the Soil Plant Analysis Development sensor (SPAD-502) was utilized to monitor the concentration of leaf chlorophyll in each treatment group. Once treatments were initiated, the SPAD sensor was used to non-destructively measure a representative sample of each treatment group each week until termination. Nine random plants per treatment group were screened weekly with the SPAD sensor, with three different mature leaves from the middle to top canopy of the plant sampled. The sensor of the SPAD reader was placed in the center of the leaf each time. 
[bookmark: _Toc128506902]	Biomass Collection for Secondary Metabolite Analysis
Within the same week as the termination of the basil plants, two leaves of each plant were taken from the third node from the top of the plant. These leaves were individually collected and stored in 2 mL plastic tubes, marked with an individual treatment and plant identification code. These tubes were frozen in liquid nitrogen preserve the current chemical properties of the plant tissue samples.
Secondary Metabolite Analysis
[bookmark: _Toc128506903]	Sample Preparation
The collected samples were placed into a freeze drier (Harvest Right Freeze Dryer) for 48 hours at -65 degrees Celsius. The dry samples were ground into a homogenized powder by adding two ceramic beads to each sample tube and inserting the tubes into a Fisher Scientific Bead Mill 24. The bead mill was set to a speed of 3.10 for one minute, for three cycles and 30 seconds of dwell time between cycles. 50 mg of ground sample material was weighed out into new 2 mL tubes with an analytical scale. This procedure was developed and modified by Dr. Diego Salazar-Amoretti.
[bookmark: _Toc128506904]	Secondary Metabolite Extraction
[bookmark: _Toc128506905]The sample tubes were pulsed in a centrifuge and knocked on a hard surface to collect the tissue powder at the bottom. Two new ceramic beads were added to the sample tubes. A repeater pipet with a 10 mL pipet tip was utilized to pipet 1 mL of solvent into each tube (Lisec et al. 2006). The solvent was a 1:1 mixture of dichloromethane and ethanol, with caryophyllene oxide included as an internal standard (0.01 mg/mL). The sample tubes were then placed into the same bead mill, at a speed 2.10, for 15 seconds per cycle, a dwell time of 1 minute, for a total of 10 cycles. Those same tubes were then placed in a centrifuge at 14.8 rpm for 5 minutes, and 600 μL of supernatant was transferred into autosampler vials.
GC/MS Analysis
Chemical analysis was performed using GCMS (Agilent 7860B with a 5977A mass detector) equipped with an HP-5MS capillary column (30m, 0.250 mm, 0.25 um) and helium as a carrier gas (1.2 ml/min flow). For each sample, 1.2uL was injected into a 4 mm ID single taper inlet liner with wool (Restek) in splitless mode, with the inlet kept at a constant temperature of 250 degrees. The oven was heated as follows: 50°C, hold for 2 min; ramp 1: 5°C min-1 to 75°C; ramp 2: 7°C min-1 to 240°C; ramp 3: 10°C min-1 to 275°C, hold for 6 minutes. The mass spectrometer was used at the following conditions: electron ionization source with positive ionization, 70 eV, full scan (30–650 a.m.u).
[bookmark: _Toc128506906]Statistical Analysis
	Data analysis was conducted with SPSS Statistics 28 (IBM) for the data analysis. One-way ANOVA tests were conducted to analyze the significance of the differences between treatment groups in terms of height, yield and leaf chlorophyll content. An alpha level of ∝=0.05 was utilized for determining if the results were statistically significant. 
Chemical data collected via GCMS was extracted in CDF file format and processed in RStudio (R version 4.2.1) with the package MetaMS to identify compound retention times and peak areas. Accuracy of peak detection was checked against the original data, and chromatographic artefacts removed. Compound identities were assigned using the mass spectral library published by the National Institute of Standards and Technology (NIST). Final dataset was centered and normalized. Missing values were addressed using a mean interpolation approach. 
[bookmark: _Toc128506907]The effect of the experimental treatments on the major aroma components of the experimental basil cultivar were assessed using ANOVA and post-hoc all-pairs mean comparison (JMP 16). A metabolomic approach was also used to determine the overall change in the volatile chemical profile of basil across the watering gradient. An untargeted multivariate approach we used via principal component analysis (JMP 16). 

RESULTS AND DISCUSSION
[bookmark: _Toc128506908]Physical Results
[bookmark: _Toc128506909]Height and Leaf Chlorophyll
With a One-Way Analysis of Variance Test (ANOVA) it was found that the SPAD measurements of the four different treatments taken across the growing period were not statistically significant from one another (p=0.144). Using post-hoc tests with Tukey HSD, there were similarly no statistically significant differences between the four treatments, with the most significant difference being between Treatment 1D and 8D (p=0.028). It should be noted that the Tukey HSD test cannot be used to analyze the differences between the different treatments since the initial ANOVA test did not prove the treatments to be statistically significantly different from one another. The greatest average SPAD measurements over the growth period were, in order, Treatment 8D (35.15±1.673), Treatment 4D (33.19±1.53), Treatment 2D (31.69±1.555), and Treatment 1D (30.26±1.264). The average SPAD measurement of the whole group was 32.573±0.782.
The final heights of all the treatments were found to be statistically significant from one another (p=<0.001), and statistically different from their starting heights as well. The Tukey HSD test found the mean differences between the different treatments to be statistically significantly different from one another, except for Treatment 1D and Treatment 4D not being statistically significantly different from one another (p=0.938). The highest average final heights for the different treatments are, in order: Treatment 2D (85.22±1.09 cm), Treatment 4D (77.47±2.78 cm), Treatment 1D (76.167±2.075 cm) and Treatment 8D (64.85±1.229 cm). The average final height for all replicants was 75.998±1.179 cm. The treatment groups that grew the most on average are, in order: Treatment 2D (56.370 cm), Treatment 4D (53.0556 cm), Treatment 1D (47.167 cm), and Treatment 8D (36.926 cm).
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[bookmark: _Toc128587973]Figure 3 Boxplot graphs of the SPAD measurements and final heights of the sweet basil treatment groups. Above: Average SPAD measurements of each treatment group across the stress experiment. Below: Average final heights of each treatment group.
[bookmark: _Toc128506910]Dry Yield
	The average mass of dry stems of the four treatment groups were all statistically significantly different from one another (p=<0.001). The mean differences of the average dry stem mass of Treatments 1D, 2D, and 4D were all statistically significantly different from Treatment 8D, but not from one another. The average mass of the leaves and branches of the different treatment groups were statistically significantly different from one another (p=<0.001). The average mean differences of the leaves and branches that were statistically significantly different were Treatment 1D from Treatment 8D, Treatment 2D from Treatment 4D, and Treatment 4D from Treatment 2D and Treatment 8D. The total dry mass of the different treatment groups was statistically significantly different across the different treatment groups (p=<0.001). The statistically significant mean differences between the different treatment groups with Tukey’s HSD test were Treatment 8D against Treatments 1D, 2D and 4D. The mean difference between Treatments 2D and 4D was also statistically significant as well.
	The greatest means for the total dry mass of each treatment group is, in descending order: Treatment 4D (16.119±1.54 g), Treatment 1D (13.640±1.236 g), Treatment 2D (10.989±0.667 g, and Treatment 8D (5.156±0.326 g).
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[bookmark: _Toc128587974]Figure 4 Boxplots of the dry yield of the different treatment groups in grams (g). Above: Dry stem yield by treatment group. Middle: Dry leaves and branches yield by treatment group. Bottom: Dry total yield by treatment group.
[bookmark: _Toc128506911]Wet Yield
An ANOVA test found that the average masses of the wet stems, wet leaves and branches, and wet total mass across the different treatments were all statistically significantly different from one another (p=<0.004). Using Tukey’s HSD test, the only statistically significant mean differences for the wet stem masses of the different treatment groups were that of Treatment 8D against Treatments 1D, 2D, and 4D. For the wet masses of the leaves and branches, the mean differences between the different treatment groups were all statistically significant, except for the difference between Treatment 4D and 1D. This statement also directly applies to the mean differences between the average total wet mass of the different treatment groups.
The greatest means for the total wet mass of each treatment group is, in descending order: Treatment 4D (92.817±7.878 g), Treatment 1D (83.459±6.185 g), Treatment 2D (61.056±4.396 g), and Treatment 8D (17.602±3.903 g).
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[bookmark: _Toc128587975]Figure 5 Boxplots of the wet yield of the different treatment groups in grams (g). Above: Wet stem yield by treatment group. Middle: Wet leaves and branches yield by treatment group. Bottom: Wet total yield by treatment group.
[bookmark: _Toc128506912]Chemical Results
	The most chemicals present in the highest concentrations of all four treatment groups include eucalyptol, linalool, germacrene D, eugenol, and linolenic acid. Eucalyptol, linalool, and germacrene D are all terpenoids, while eugenol as a phenylpropanoid and linolenic acid is a fatty acid.
	The three terpenoids mentioned all gradually decreased in concentration as the water stress treatments increased in severity, only to unexpectedly increase in the most severe treatment of the group, Treatment 8D (p<0.0001). Eugenol, however, maintained the same concentration across all four treatments, with no statistically significant differences between them (p<0.45). Linolenic acid concentrations in Treatments 1D and 2D were both lower than Treatments 4D and 8D. 
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[bookmark: _Toc128587976]Figure 6 Boxplots of detected amounts of linolenic acid, linalool, germacrene D, eucalyptol, and eugenol in the analyzed samples. Corresponding letters correlate with similar levels.
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[bookmark: _Toc128587977]Figure 7 Primary Component Analysis of chemicals more prevalent in the sweet basil samples analyzed. Top: Three-dimensional representation of the chemical data. Bottom: Two-dimensional representation of the chemical data.
[image: Diagram

Description automatically generated]
[bookmark: _Toc128587978]Figure 8 Heat-Map Visualization of GC-MS data of analyzced basil samples.
Discussion
In the literature the effects of water stress on the photosynthetic rates of Ocimum species, including sweet basil, there is no data that suggests that photosynthesis rates would increase or improve under water stress, in addition to the literature that suggests otherwise for different crops (Heidari and Golpayegani 2012). This leads us to believe that this result may have come from a malfunction with the SPAD meter utilized in this study, or some unknown mechanism tied to chlorophyll production and water stress that needs to be elucidated on. The tallest treatment group was Treatment 2D, with the highest average final height at harvest and the highest difference between the starting height and the end height.
Treatment 4D had the highest total wet and dry mass out of all the treatment groups, in addition to having the highest mass of wet and dry leaves and branches. This does not fit into the original hypothesis posed here; one possible explanation for the increased overall yield of Treatment 4D is that Treatments 1D and 2D experienced significant leaf drop due to overwatering. There is evidence for this claim in photos taken of the different groups later during the application of the treatments, which show the bottom half of the basil plants in Treatment 1D and 2D bereft of leaves and branches when compared to Treatment 4D and 8D.
One of the most interesting departures from the literature discussed here is the lack of expected phenylpropanoids in the basil plants analyzed. Eugenol is considered a “high note” in sweet basil and is maintained in the same pathway as other phenylpropanoids, which has been known to increase in concentration when under severe water stress (Mandoulakani et al. 2017). However, there was no significant difference in the concentration of eugenol throughout the different replicants and treatment groups sampled. One possible explanation for this could be tied to the specific seed source and origin of the basil replicants, Burpee Seeds and Plants. The basil seeds utilized for this experiment were likely bred to maintain the key traits of sweet basil for consumers against abiotic and biotic stress. Thus, eugenol would be the perfect candidate as a chemical to selectively breed for, as the chemical analysis shows that through the different water stress treatments, it stays the same. The terpenoids that appear in the chemical analysis demonstrate strange behavior under the most severe water stress condition by increasing in concentration. Germacrene D, linalool, and eucalyptol are important chemicals in sweet basil that could still be bred for in different cultivars and varieties for a more unique fragrance, which is noteworthy for plant breeders and stakeholders who are interested in developing new fragrances and products with a more unique scent profile. Understanding how water stress further increases the concentration of terpenoids in different cultivars and varieties of basil is crucial to innovating new and exciting flavors and fragrances from members of the Ocimum genus.
It is worth noting that the heat-map visualization of the chemicals analyzed demonstrated the clustering of the different treatments across multivariate chemical space. This shows that changes in chemistry across the experimental treatments are systemic and “hard wired”, as all samples in the same treatment respond similarly in terms of their chemistry. The data here shows the same plant exhibiting two types of survival strategies under water stress: the “moderate” response to cease production of certain secondary metabolites to focus resources elsewhere, or the “chronic” response to increase secondary metabolite production. The switch from the moderate stress response to the chronic stress response can be clearly seen in the concentrations of linalool, linolenic acid, eucalyptol, and germacrene D, while the concentrations of eugenol remain constant throughout the different stress treatments.
[bookmark: _Toc128506914]CONCLUSION
	Sweet basil is an exciting culinary herb with massive amounts of potential for agricultural shareholders, plant breeders, and fragrance developers. In this experiment, four different treatments of water stress were applied to twenty-seven replicants of sweet basil plants each. These water stress treatments involved increasing the gap in time between irrigation events, starting with one day, two days, four days, and eight days. The drought gradient created during the growth period demonstrated statistically significant differences in height, dry and wet yield, and secondary metabolite concentration. Leaf chlorophyll was measured throughout the growth period but there was no statistically significant difference between the average leaf chlorophyll measurements taken during this experiment. In direct opposition of the literature available on sweet basil and the secondary metabolites produced under increased water stress, there was a distinct lack of high concentrations of phenylpropanoids in the basil plants sampled. In addition to this, the most notable phenylpropanoid present (eugenol) was found in high concentrations across all four treatments, with no statistically significant differences in concentration across the different treatments. 
	This study and its unique water stress application method have interesting implications for future studies. Using a gradient of water stress with a drip irrigation system is a relatively straightforward method to replicate for future experiments with different parameters. More precise drip irrigation applicators could examine the effects of water stress to a more exact degree. Chemical samples could be taken throughout the entire water stress experiment to examine how the chemistry of the basil changes over time, lending greater insight into the different survival mechanisms within sweet basil. Different Ocimum species could also be analyzed, such as those that possess less common secondary metabolites and less common combinations and concentrations of secondary metabolites. Different propagative sources of basil could also be utilized; using clones of a single basil plant versus standard seeds of a basil plant could elucidate any genetic differences and mutations that may appear. Finally, examining less economically important species and cultivars of basil with this method could provide agricultural stakeholders, fragrance developers and plant breeders valuable knowledge about new agricultural products. Species such as Ocimum kilimandscharicum and Ocimum gratissimum are not sought after as widely as sweet basil for its flavor and fragrance. Using the method listed in this study could help understand the key to the next big culinary herb responsible for a consumer’s new favorite scent.
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