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Abstract: Basil, renowned for its aromatic properties, exhibits commendable drought tolerance and
holds significant value both as an edible and medicinal plant. Recognizing the scarcity of studies
addressing basil’s response to drought stress, we undertook a comprehensive analysis of the volatile
metabolome and transcriptome of sweet basil across four distinct levels of drought stress. Our
metabolic analysis meticulously identified 830 metabolites, with 215 differentially accumulated
metabolites discerned. Notably, the primary constituents of sweet basil volatiles exhibited minimal
alterations, while the differentially accumulated metabolites were predominantly lipids and
terpenes. The transcriptome analysis unveiled 27,181 differentially expressed DEGs, with a
predominant focus on metabolic pathways and biosynthesis of secondary metabolites. Integrating
insights from both transcriptome and volatile metabolomic analyses highlighted the pivotal roles of
Alpha-linolenic acid, flavonoid, and lignin metabolism in fortifying the resistance of sweet basil
against drought stress. This holistic approach not only enriches our understanding of the molecular
intricacies underpinning basil’s drought resistance but also furnishes valuable insights for the
molecular breeding of basil varieties endowed with enhanced drought tolerance.

Keywords: volatile metabolome; transcriptome; Ocimum  basilicun;  drought stress;
phenylpropanoids; lipids

1. Introduction

Drought stress poses a persistent challenge in agriculture [1], resulting in diminished crop yields
and substantial economic losses globally [2]. In response to the escalating aridity, plants undergo a
cascade of morphological, physiological, and molecular transformations [3,4]. Notably, diverse plant
species exhibit distinct adaptations to drought stress, involving intricate mechanisms such as abscisic
acid biosynthesis regulation [5,6], adjustments in stomatal density [7], and protein modifications [8].
Signal pathways specific to different plants responding to drought stress encompass characteristic
features, including phenylalanine and flavonoid metabolic pathways [9,10], as well as ABA
metabolism and signaling pathways [11-13]. Understanding how plants respond to drought stress is
pivotal for the development of drought-tolerant varieties.

Basil (Ocimum basilicun L.), an annual herb plant belonging to the Lamiaceae family, has
gained prominence due to its versatility as a widely cultivated aromatic plant. Basil leaves are integral
to Western cuisine [14], also boast pharmaceutical properties [15,16]. Abundant in volatile oils such
as linalool, eucalyptol, and eugenol [17], basil essential oil exhibits calming and soothing effects on
the nervous system, along with anti-inflammatory, antimicrobial, and insect-repelling activities [18—
20].

Originating from tropical Asia, bail thrives in warm and arid environments, with temperature
and water stress posing significant challenges to its growth [21]. While plants respond to drought
stress by modulating gene expression and metabolite content [22,23], comprehensive omics studies

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202312.2263.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2023

2

on basil under drought conditions are limited. Although de novo transcriptome sequencing of basil
leaves under various stresses has been conducted [24], elucidating the molecular mechanisms of
drought tolerance remains elusive.

To gain deeper insights into the impact of drought stress on sweet basil and unravel the
associated molecular mechanisms, we conducted an experiment using sweet basil as the
experimental material. Potted seedlings subjected to drought stress by withholding water, and their
leaves were subsequently analyzed both transcriptomically and metabolomically. The outcomes of
this study are anticipated to unveil drought-responsive genes and metabolites, providing theoretical
support for molecular breeding and cultivation practices aimed at enhancing basil’s drought
tolerance.

2. Materials and Methods

2.1. Plants and Drought Treatment

The experimental material comprised sweet basil. The cultivation process involved planting
seeds into 32-hole trays, and two weeks after germination, the seedings were transferred to 12 cm
diameter pots. The nutrient-rich soil used for cultivation included a mixture of clay at a 3:2 ratio. The
seedlings were nurtured in an artificial climate chamber, maintaining a light intensity of 12000 lux at
25 °C from 7:00 to 19:00 daily, followed by darkness at 23 °C for the remaining hours. Pinching out
the tops of the plants occurred when six true leaves appeared. To initiate the drought treatment,
regular watering of the soil continued until the plants reached approximately 11 cm in length. Soil
water content (SWC) was monitored using a moisture detector (Horde Electronic Soil Moisture
Detector, China). The maximum SWC observed equated to fully watered pots (FW). Based on the
relative SWC, the degree of drought stress was categorized as follows: control (CK) with 70-75% of
fully watered content, mild drought (LD) with 50-55% of fully watered content, moderate drought
(MD) with 30-35% of fully watered content, and severe drought (SD) with 10%—-15% of fully watered
content. Each SWC treatment group comprised ten pots.

2.2. Volatile Metabolic profiling analysis

Basil leaves were ground into a powder using liquid nitrogen, and three replicates of each assay
were conducted. The volatile compounds were analyzed by Wuhan Metware Biotechnology Co., Ltd.
(Wuhan, China) on the Agilent 8890-7000D platform. For this analysis, 500 mg of each sample was
weighed in a 20 mL headspace bottle with saturated NaCl solution. The samples were subjected to
shaking at 60 °C for 5 minutes, and a 120 um divinylbenzene/carboxen/polydimethylsiloxane fiber
filter was exposed to the headspace to absorb volatiles for 15 minutes. Subsequently, GC-MS
separation and identification were performed after analysis at 250 °C for 5 minutes.

Volatile organic compounds (VOCs) were identified and quantified using an 8890 GC and 7000
DMS system (Agilent, USA) equipped with a 30m x 0.25mm x 0.25um DB-5MS capillary column.
Helium gas at 1.2 mL/minute served as the carrier gas and was programmed to begin at 40 °C (3.5
minutes), increase by 10 °C/minute to 100 °C, 7 °C/minute to 180 °C, 25 °C/minute to 280 °C, and
maintain 280 °C for 5 minutes. Mass spectrometry (MS) employed a 70 eV electron impact ionization
mode. Temperatures for the quadrupole mass detector, ion source, and transfer line were set at 150
°C, 230 °C, and 280 °C, respectively. To identify volatile compounds, mass spectra were compared
with NIST data and linear retention index.

2.3. Transcriptome sequencing

Total RNA from basil leaves was isolated using Plant RNA isolation kits (Thermo Fisher, MA).
The RNA libraries for CK, LD, MD, and SD samples were prepared and sequenced, with three
biological replicates conducted for each variety. The cDNA library ws constructed and sequenced by
Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China).

Following the removal of poly-N and low-quality raw reads, the clean reads were assembled
into expressed sequence tag clusters (contigs). De novo transcripts were constructed, and Q30 and
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GC contents were calculated using Trinity [24]. Htseq counts were employed to determine read
counts for each gene, and Cufflinks software was used to calculate fragments per kilobase million
(FPKM).

2.4. Bioinformatics Analysis

To identify significantly regulated VOCs between each group, criteria of variable importance in
projection (VIP) 2 1 and absolute Log2FC(fold change) > 1 were applied. The screening process was
facilitated by the MetaboAnalystR package, extracting VIP values from Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA) results, which also encompassed score plots and
permutation plots. Prior to OPLS-DA, the data underwent log transformation (log2) and mean
centering. A total of 200 permutation tests were conducted to prevent overfitting.

Differentially expressed VOCs and DEGs were defined as described previously [25]. Unigenes
underwent annotation with GO terms using the (http://www.geneontology.org) platform and were
further analyzed with Blast2GO. The KEGG database was employed to annotate KEGG pathways,
utilizing Blastall software for this purpose.

2.5. Physiological measurements

The Alpha-linolenic acid content in basil leaves was assessed through GC-MS [26].
Quantification of flavonoid content in the samples was conducted using HPLC [27]. The endogenous
lignin content was quantified employing a thioglycolic acid lignin method [28].

All data were analyzed and compiled using Excel 2010. Data variance was calculated utilizing
SPSS27 software, and statistical significance was assessed through Duncan's multiple comparison
method (p < 0.05).

3. Results

3.1. Volatile metabolome analysis of sweet basil under four different gradient drought stresses

To explore the impact of drought stress on the VOCs in sweet basil, volatile metabolic profiling
of sweet basil leaves was conducted under four gradient drought stress conditions. Physiological
changes in sweet basil under these stress conditions are depicted in Figure 1. A total of 830 VOCs
were identified (Supplementary Table S1), with linalool, eucalyptol, and eugenol representing a
substantial proportion. The categorized VOCs included terpenoids (22.41%), esters (16.14%),
heterocyclic compounds (14.94%), ketones (8.8%), hydrocarbons (7.11%), aromatics (6.87%),
alcohols (6.63%), aldehydes (5.18%), amines (2.89%), and other compounds (9,04%), where terpedoids
and esters collectively constituted 38.55% of the VOCs (Figure 2a).

CK LD
Figure 1. Phenotypes of four gradients drought stress.

To analyze the dynamic changes of basil under drought stress, Principal Component Analysis
(PCA) was performed. As shown in Supplementary Figure S1, some basil samples under CK and LD
treatments clustered together, while the separation of other samples indicated significant changes in
metabolites.

OPLS-DA was employed to identify differential metabolites by extracting components of the
independent variable X and dependent variable Y and calculating correlations between them. The
results revealed R2X values higher than 0.93, R?Y scores higher than 0.99, and Q2 values higher than
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0.52 in the CK vs. LD, LD vs. MD, and MD vs. SD samples, respectively. This confirmed the presence
of differential metabolites responsive to drought (Supplementary Figure S2).
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Figure 2. Analysis of metabolites:(a) Component analysis of the identified VOCs of sweet basil.(b)
Component analysis of the identified differential VOCs of sweet basil under drought stress.(c)
Histogram of up-regulated and down-regulated metabolites from paired comparisons.(d) Venn
diagram of differential metabolites in a multiple pairwise comparison of CK vs. LD, CK vs. MD and
CK vs.SD. (e) Fold-changes (FCs) of 21 common differentially accumulated metabolites in the CK.

MD. SD groups. Blue indicates downregulated expression, and red indicates upregulated expression.

For further elucidation of VOCs accumulating differentially in response to drought stress, LC-
MS was utilized for volatile metabolic analysis. Metabolites with VIP values > 1 and p < 0.05 were
considered significantly differentially accumulated. A total of 215 differentially accumulated
metabolites were identified (Supplementary Table S2), categorized as esters (17.64%), terpenoids
(16.28%), heterocyclic compounds (13.95%), ketones (11.16%), hydrocarbons (7.44%), aromatics
(6.98%), alcohols (6.51%), aldehydes (5.58%), amines (4.19%), and other compounds (10.23%)
(Figure 2b). Results indicated one upregulated differential metabolite at CK vs. LD, 32 differential
metabolites (26 up- and 6 downregulated) at CK vs. MD, 162 differential metabolites (148 up- and 14
downregulated) at CK vs. SD, 11 differential metabolites (10 up- and 1 downregulated) at LD vs. MD,
and 42 differential metabolites (40 up- and 2 downregulated) at MD vs. SD (Figure 2c).

Exploring the common differential metabolites in CK vs. LD, CK vs. MD, and CK vs. SD, a total
of 173 differential metabolites were identified (Figure 2d). = Focusing on CK vs. MD and CK vs. SD
due to the minimal differences in CK vs. LD, 21 common metabolites were found in these two
comparison groups (Supplementary Table 53).

To pinpoint drought stress-related metabolites in sweet basil leaves and discern their
increasing/decreasing trends, 21 differentially accumulated metabolites common to drought stress
and water sufficiency treatments were analyzed. Under drought stress, 19 metabolites exhibited an
increase, while two metabolites displayed a decrease in both comparison groups. Notably, the
contents of 2-methyl-quinoxaline and (1-nitropropyl)-benzene decreased gradually, while the rest
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metabolites increased continuously under drought stress. Minimal changes in metabolites were
observed in the LD stage, but as it progressed to the MD and SD stages, the differences became stark
(Figure 2e).

3.2. Transcriptome analysis of sweet basil under four different gradient drought stresses

The sequencing analysis was conducted on the same materials used in the metabolomic analysis,
yielding 86.63 Gb of clean data. Each sample reached 5 Gb, and the percentage of Q30 bases exceeded
93%. A total of 108,807 unigenes were assembled, with an N50 length of 2017bp and an average GC
ratio of 50.01% (Supplementary Table S4). The sequencing data exhibited high quality, making it
suitable for further analysis. A PCA analysis of 12 samples revealed strong correlations between
replicates within each group and weaker correlations between treatments (Figure 3a). The CK and
MD treatment groups displayed the weakest correlation, while a good correlation was observed
between CK and LD.
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Figure 3. Transcriptome data analysis:(a) Principal component analysis(PCA) between samples of
different drought treatments. (b) Histogram of upregulated and downregulated DEGs in different
comparison groups. (c) Venn diagram of differential DEGs in a multiple pairwise comparison of CK
vs. LD, CK vs. MD and CK vs.SD. (d) Top 20 enriched KEGG pathways in different comparison
groups of DEGs.

A total of 27,181 differentially expressed DEGs were identified in this study. A comparison of
upregulated and downregulated DEGs in different drought treatments is illustrated in Figure 3b. For
LD/CK, there were 2,361 DEGs (1,072 upregulated and 1,289 downregulated); for MD/CK, 13,300
DEGs (6,816 upregulated and 6,484 downregulated); for SD/CK, 16,607 DEGs (7,506 upregulated and
9,101 downregulated); for MD/LD, 10,822DEGs (5,382 upregulated and 5,440 downregulated); for
SD/MD, 10,272 DEGs (4,007 upregulated and 6,265 downregulated). The Venn diagram demonstrates
that among all three treatment groups, 900 common DEGs were differentially expressed (Figure 3c),
suggesting their involvement in the response to drought stress.

To unravel the biological functions of DEGs, the top 20 enriched KEGG pathways among the
groups LD/CK, MD/CK, and SD/CK were screened (Figure 3d, Supplementary Table S5). Metabolic
pathways emerged as the most significant co-enrichment pathways. Glucose metabolism, such as
starch and sucrose metabolism, and lipid metabolism, like glycerolipid metabolism, contained a
substantial number of DEGs enriched in all three comparison groups.
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3.3. Combined analysis of GC-MS and RNA-Seq profile

To elucidate the relationship between metabolites and DEGs under drought stress, GC-MS and
RNA-Seq data were further analyzed. The findings revealed active responses in the alpha-linolenic
acid and phenylpropanoid pathways to drought stress. As depicted in Figure 4, 21 unigenes were
identified in the alpha-linolenic acid metabolic pathway. PLA2G, DAD1, and LCAT3 were identified
as the three key genes synthesizing alpha-linolenic acid. As drought intensity increased, the
expression of PLA2G and most of the DAD1 unigenes decreased, while all LCAT3 unigenes were
upregulated. Downstream of alpha-linolenic acid, the expression of DOX was upregulated, while
most LOX2S were downregulated.
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Figure 4. Differential expression of DEGs related to the linolenic acid metabolic pathway.Log2FC ratio
was used to represent the diferential changes in DEG content. Blue represents a decrease in content
and red represents an increase.

Regarding the phenylpropanoid pathway, which is associated with the flavonoid and lignin
pathways (Figure 5), it encompasses 62 differentially expressed unigenes. The majority of PAL and
4CL unigenes were upregulated, while two-thirds of C4H unigenes were downregulated. HCT, a
large family containing 24 differentially expressed unigenes, showed nine upregulated, six
downregulated, and nine upregulated in MD/CK and downregulated in SD/CK. CCR, containing
nine differentially expressed unigenes, displayed six upregulated and three downregulated. CAD,
F5H, and COMT, essential genes for lignin synthesis, had two downregulated unigenes for F5H, while
CAD and COMT had two differentially expressed unigenes, with one upregulated and one
downregulated.
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Figure 5. Differential expression of DEGs related to the phenylpropanoid pathway, flavonoid and
lignin pathway. Log2FC ratio was used to represent the diferential changes in DEG content. Blue
represents a decrease in content and red represents an increase. The DEGs written in gray were not
differentially expressed in this study.

3.4. Verification of metabolite content

Through the integrated analysis of omics, it was discerned that alpha-linolenic acid and
phenylpropanoid metabolism played pivotal roles in regulating the drought stress resistance of sweet
basil. Subsequently, the variations in alpha-linolenic acid, flavonoid, and lignin contents under
different degrees of drought stress were further investigated. In comparison to CK, alpha-linolenic
acid and lignin contents demonstrated a significant increase under all three levels of drought stress.
The flavonoid content exhibited a significant decrease in LD and a significant increase in MD and SD
(Figure 6).

Lignin {me’)
Flavancid (me‘a}

SN Lo M sl [EN Lo ) 5D

Figure 6. Verification of metabolite content.(a) alpha-linolenic acid content, (b) lignin content, (c)
flavonoid content. The different letters mean the significant differences (P<0.05).

4. Discussion

Ocimum basilicum L. is an annual medicinal aromatic plant renowned for its essential oil, which
holds significant economic value. While basil exhibits good drought tolerance, prolonged drought
stress can result in diminished plant yield, reduced quality, and even plant mortality. Therefore,
investigating the drought response mechanism of basil is of paramount importance. In this study, an
analysis of the morphological characteristics, volatile metabolome, and transcriptome data of sweet
basil under varying degrees of drought stress was conducted. The results revealed pronounced
differences in the accumulation of volatile metabolites, signal transmission, and gene expression in
sweet basil as drought severity increased.
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Sweet basil leaves were found to contain 830 volatile metabolites using an SPME-GC-MS
method. The primary components of VOCs included terpenoids, esters, heterocyclic compounds,
hydrocarbons, aromatics, alcohols, aldehydes, ketones, and other compounds. Notably, linalool,
eucalyptol, and eugenol were the main components (Supplementary Table S1). These findings align
with reports on the essential oil composition in different basil species [17]. A total of 173 differentially
expressed VOCs were identified under drought stress. However, with the exception of benzaldehyde,
the content of major components such as linalool, cineole, and others exhibited no significant changes,
indicating that the primary volatiles of basil remain relatively stable under drought stress. This
stability has been corroborated by postharvest drying experiments with basil [29]. Twenty-one
common metabolites were identified in CK vs. MD and CK vs. SD comparison groups, among which
19 metabolites were upregulated, and only two substances were downregulated. With the increasing
severity of drought stress, the content of benzene and quinoxaline decreased, suggesting their
potential participation in the synthesis of other metabolites as substrates.

In this study, the top 20 enriched KEGG pathways of DEGs demonstrated that both primary and
secondary metabolism exhibited positive responses to drought stress (Figure 3d). The enriched
pathways encompassed glucose metabolism, lipid metabolism, photosynthesis, secondary
metabolite synthesis, and others. This pattern mirrors the KEGG enrichment pathways observed in
other plants under drought stress, such as maize [30], millet [31], soybean [32], and rice [33].
Intriguingly, the different DEGs were mainly enriched in phenylpropyl and flavonoid biosynthesis,
as well as lipid metabolism. These pathways likely play a crucial role in the response of basil plants
to drought stress.

A plant's metabolism plays a pivotal role in its resistance to stress. The accumulation of
specialized metabolites, including flavonoids, terpenes, and phenols, is known to be significant
across various plant species [34-37]. The combined analysis of transcriptome and volatile
metabolomic data identified differences in the alpha-linolenic acid and phenylalanine metabolic
pathways (Figures 4 and 5). Previous studies have highlighted the importance of alpha-linolenic acid
metabolism and the phenylalanine metabolism pathway in drought stress responses [38—41]. In this
study, the content of alpha-linolenic acid increased under drought stress, which differs from a
previous report indicating a decrease in linolenic acid content under drought stress [38]. This
discrepancy may be attributed to differences in plant species and the degree of drought.

The phenylpropanoid metabolic pathway serves as a crucial route from which various
secondary metabolites, such as flavonoids and lignins, originate. In the present study, with the
increasing severity of drought stress, the content of flavonoids decreased and then increased, while
the content of lignins continued to rise. These findings suggest that the phenylpropanoid metabolic
pathway may be a key regulatory pathway in the response of sweet basil to drought stress.

5. Conclusions

In this study, the volatile metabolome and transcriptome of sweet basil were systematically
analyzed under various degrees of drought stress. The results revealed that the primary components
of sweet basil volatiles remained stable under the influence of drought stress. Significant enrichment
was observed in the DEGs associated with phenylpropanoid and flavonoid biosynthesis, as well as
lipid metabolism. The resistance of sweet basil to drought stress was found to be predominantly
influenced by the metabolic pathways of alpha-linolenic acid, flavonoid, and lignin. These findings
provide valuable insights for screening drought-tolerant basil varieties and advancing the molecular
breeding of basil with enhanced drought tolerance.

Supplementary Materials: Figure S1: Principal component analysis (PCA) between different drought treatment
and quality control (QC) ; Figure S2: Orthogonal partial least squares-discriminant analysis (OPLS-DA) scores.
Table S1: Information of all metabolites detected in the samples; Table S2: Information of differentially expressed
metabolites; Table S3: Information of 21 differentially accumulated metabolites common to drought stress; Table
S4: Summary of RNA sequencing and assembly; Table S5: KEGG pathway analysis data.
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