
����������
�������

Citation: Walters, K.J.; Lopez, R.G.

Hydroponic Basil Production:

Temperature Influences Volatile

Organic Compound Profile, but Not

Overall Consumer Preference.

Horticulturae 2022, 8, 76.

https://doi.org/10.3390/

horticulturae8010076

Academic Editors: Genhua Niu and

Celina Gómez

Received: 27 July 2021

Accepted: 9 September 2021

Published: 14 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Hydroponic Basil Production: Temperature Influences
Volatile Organic Compound Profile, but Not Overall
Consumer Preference
Kellie J. Walters 1 and Roberto G. Lopez 2,*

1 Plant Sciences Department, University of Tennessee, Knoxville, TN 37996, USA; waltersk@utk.edu
2 Department of Horticulture, Michigan State University, East Lansing, MI 48824, USA
* Correspondence: rglopez@msu.edu

Abstract: Altering the growing temperature during controlled-environment production not only
influences crop growth and development, but can also influence volatile organic compound (VOC)
production and, subsequently, sensory attributes of culinary herbs. Therefore, the objectives of this
study were to (1) quantify the influence of mean daily temperature (MDT) and daily light integral
(DLI) on key basil phenylpropanoid and terpenoid concentrations, (2) determine if differences
in sensory characteristics due to MDT and DLI influence consumer preference, and (3) identify
the sweet basil attributes consumers prefer. Thus, 2-week-old sweet basil ‘Nufar’ seedlings were
transplanted into deep-flow hydroponic systems in greenhouses with target MDTs of 23, 26, 29, 32,
or 35 ◦C and DLIs of 7, 9, or 12 mol·m−2·d−1. After three weeks, the two most recently mature
leaves were harvested for gas chromatography–mass spectrometry (GC–MS) and consumer sensory
analysis. Panel evaluations were conducted through a sliding door with samples served individually
while panelists answered Likert scale and open-ended quality attribute and sensory questions. The
DLI did not influence VOC concentrations. Increasing MDT from 23 to 36 ◦C during production
increased 1,8 cineole, eugenol, and methyl chavicol concentrations linearly and did not affect linalool
concentration. The increases in phenylpropanoid (eugenol and methyl chavicol) were greater than
increases in terpenoid (1,8 cineole) concentrations. However, these increases did not impact overall
consumer or flavor preference. The MDT during basil production influenced appearance, texture,
and color preference of panelists. Taken together, MDT during production influenced both VOC
concentrations and textural and visual attribute preference of basil but did not influence overall
consumer preference. Therefore, changing the MDT during production can be used to alter plant
growth and development without significantly affecting consumer preference.

Keywords: 1,8 cineole; eugenol; linalool; methyl chavicol; Ocimum basilicum; sensory panel

1. Introduction

Interest in controlled-environment agriculture (CEA) is increasing due to demand
for year-round and consistent supply of locally grown food, recent supply chain issues,
food-borne illnesses, and technological innovations improving the economic feasibility of
CEA [1–3]. Producing crops in controlled environments has the potential to improve pro-
duction efficiencies by precisely manipulating the growing environment to obtain desired
yield and quality attributes [2]. While technology exists to precisely control the green-
house environment, knowledge of specific crop requirements that would allow growers to
utilize the technology to its greatest potential is lacking. If known, increased production
efficiencies and higher-quality products could be realized. Additionally, with potentially
greater capital and operating costs for CEA compared to conventional (field) production,
producing a higher-value product is highly advantageous. One potential method to in-
crease the quality of a food crop is by improving flavor. In a recent survey, 90% of grower
participants in the United States (U.S.) stated that their customers would pay more for
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crops with increased flavor [4]. This allows us to hypothesize that consumers would prefer
basil (Ocimum basilicum) with a more intense flavor.

The main contributors to basil flavor are volatile organic compounds (VOCs). Based
on a preliminary analysis of ‘Nufar’ sweet basil secondary metabolite concentrations, two
phenylpropanoids (eugenol and methyl chavicol) and two terpenoids (1,8 cineole and
linalool) make up a large proportion of the total VOC content (data not shown). Eugenol
is the major VOC in cloves (Syzygium aromaticum) and contributes a clove-like flavor and
aroma to basil [5]. The anise-like aroma and flavor characteristic of basil can be attributed
to methyl chavicol (estragole) [6]. The monoterpenoid linalool is commonly found in many
plants, contributing a flavor and aroma that has been described as having an aroma and
flavor of floral or spicy [7] or Fruit Loops® cereal. Finally, 1,8 cineole or eucalyptol has
an aroma and flavor analogous to eucalyptus (Eucalyptus globulus), whose essential oil
contains 70% to 80% 1,8 cineole [8].

Increasing temperature can increase VOC production. For example, dill (Anethum grave-
olens) VOC content increased with increasing temperature [9]. As temperature increases,
enzymatic activity and the production of VOCs can increase to a point. Chang et al. [10]
determined that the concentration of VOCs in basil ‘Sweet Genovese’ grown at 25 or 30 ◦C
for two weeks was 3-fold higher than in plants grown at 15 ◦C, but not all compounds
responded the same. Basil grown at 15 ◦C had more camphor and trans-farnesene, while
basil grown at 25 or 30 ◦C had higher eugenol and cis-ocimene, and temperature did not
affect the concentration of 1,8-cineole or linalool. Another study reported that basil grown
at 27 ◦C had a greater concentration of terpene VOCs compared to plants grown at 21 or
32 ◦C [11].

Growers often manipulate the growing environment to improve yield without con-
sidering how it will affect flavor, aroma, and ultimately consumer preference. Researchers
have analyzed changes in specific secondary metabolites in response to changing environ-
mental conditions, but that may not correlate with consumer preference. Other factors
influencing consumer preference include sensory thresholds of specific compounds, the
interaction of these compounds, variation in sensory ability, and preference in general.

Previous basil sensory evaluation studies have largely focused on aroma. Chang et al. [12]
conducted a study in which 21 trained panelists and 64 untrained consumer panelists both
identified that basil plants grown at 25 ◦C had a stronger aroma than those grown at 15 ◦C.
However, due to large variation in the frequency of basil use among consumer panelists,
researchers were unable to draw conclusions on consumer aroma preference.

An improved understanding of the extent to which individual environmental param-
eters, e.g., temperature or radiation intensity, could aid growers in minimizing quality
differences throughout the year, potentially improving their ability to market their crop
based on “improved flavor,” and finding a balance between crop quality, yield, and energy
efficiency. Therefore, connecting the analytical data on the concentration of VOCs that
contribute to flavor with consumer preferences is integral to improving crop flavor. Thus,
the objectives of this study were to (1) quantify the influence of mean daily temperature
(MDT) and daily light integral (DLI) on key basil phenylpropanoid and terpenoid con-
centrations, (2) determine if differences in sensory characteristics due to MDT and DLI
influence consumer preference, and (3) identify the sweet basil attributes consumers prefer.
We hypothesized that increasing both MDT and DLI would increase VOC concentrations
and impact sensory characteristics. Additionally, we hypothesized that consumers would
prefer more flavorful basil.

2. Materials and Methods
2.1. Growing Environment

Sweet basil ‘Nufar’ seeds (Johnny’s Selected Seeds; Winslow, MA, USA) were sown
in stone wool cubes (2.5 × 2.5 × 4 cm, AO plug; Grodan, Roermond, The Netherlands)
and grown for two weeks with a target air temperature of 23 ◦C and was measured by
0.13-mm type E thermocouples (Omega Engineering). Seeds and seedlings were irrigated
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overhead daily with reverse osmosis water supplemented with 12N-1.8P-13.4K water-
soluble fertilizer as reported by Walters et al. [13]. High-pressure sodium (HPS) lamps
provided a photosynthetic photon flux density (PPFD) of ~80 µmol·m−2·s−1, as measured
with a quantum sensor (LI-190R Quantum Sensor; LI-COR Biosciences, Lincoln, NE, USA)
every 15 s, and means were logged every hour by a CR-1000 datalogger (Campbell Scientific,
Logan, UT, USA) to create a 16 h photoperiod and maintain a target DLI of 10 mol·m−2·d−1.

Two weeks after sowing, 12 seedlings per treatment were transplanted on 20 October
2017 (rep 1) and 19 September 2018 (rep 2) into raft hydroponic systems (Active aqua
premium high-rise flood table; Hydrofarm) and the growing environment was monitored
and controlled as reported by Walters and Lopez [14]. Five greenhouse compartments
contained target air MDTs of 23, 26, 29, 32, or 35 ◦C. Each greenhouse contained three
hydroponic systems under 0%, ~30%, or ~50% shade cloth (Solaro 3215 D O FB and
Solaro 5220 D O; Ludvig Svensson, Kinna, Sweden) used to create target DLIs of 12, 9, or
7 mol·m−2·d−1, respectively, with actual DLIs and MDTs reported in Table 1.

Table 1. Mean daily light integral (DLI; mol·m−2·d−1 ± sd) and mean daily air temperature (MDT),
leaf, and nutrient solution temperatures during the three-week growing period for sweet basil
(Ocimum basilicum ‘Nufar’) with two replications in over time. Data were collected every 15 s with
means logged every hour.

Rep.
DLI MDT ◦C

Target Actual Target Air Actual Air Leaf Solution

1 12 12.9 ± 1.1 23 23.0 ± 1.3 26.3 ± 1.3 21.7 ± 1.4
9 10.1 ± 1.0 23 23.0 ± 1.3 - z 21.5 ± 1.1
7 7.4 ± 0.8 23 23.0 ± 1.3 - 21.4 ± 1.3
12 11.1 ± 1.1 26 25.6 ± 0.6 27.7 ± 0.9 23.9 ± 0.7
9 9.2 ± 1.0 26 25.6 ± 0.6 - 23.4 ± 0.7
7 8.0 ± 0.8 26 25.6 ± 0.6 - 23.5 ± 0.7
12 11.3 ± 1.2 29 28.9 ± 1.9 30.5 ± 0.8 26.0 ± 1.0
9 8.9 ± 1.1 29 28.9 ± 1.9 - 25.9 ± 0.9
7 6.6 ± 0.9 29 28.9 ± 1.9 - 25.7 ± 1.0
12 13.2 ± 1.3 32 31.4 ± 0.7 35.7 ± 1.2 28.7 ± 0.8
9 9.2 ± 1.0 32 31.4 ± 0.7 - 27.3 ± 0.8
7 7.2 ± 0.7 32 31.4 ± 0.7 - 26.2 ± 0.8
12 12.0 ± 1.3 35 35.7 ± 0.8 36.6 ± 0.8 30.3 ± 0.8
9 8.5 ± 0.9 35 35.7 ± 0.8 - 29.6 ± 0.7
7 5.5 ± 0.8 35 35.7 ± 0.8 - 29.2 ± 0.6

2 12 12.4 ± 3.2 23 24.9 ± 2.2 26.5 ± 1.5 24.6 ± 1.7
9 9.3 ± 2.3 23 24.9 ± 2.2 - 22.9 ± 1.0 y

7 7.8 ± 2.0 23 24.9 ± 2.2 - 23.0 ± 1.2
12 13.4 ± 3.5 26 27.0 ± 1.2 27.1 ± 2.0 26.4 ± 0.8
9 9.9 ± 2.9 26 27.0 ± 1.2 - 25.3 ± 1.1
7 7.1 ± 2.3 26 27.0 ± 1.2 - 24.9 ± 1.0
12 14.0 ± 4.1 29 29.2 ± 0.6 30.2 ± 0.9 26.8 ± 0.6
9 9.3 ± 2.9 29 29.2 ± 0.6 - 26.6 ± 0.8
7 6.1 ± 2.1 29 29.2 ± 0.6 - 26.6 ± 0.6
12 14.8 ± 3.8 32 31.3 ± 1.0 32.0 ± 1.8 28.9 ± 0.3
9 9.8 ± 2.5 32 31.3 ± 1.0 - 28.7 ± 0.5
7 7.3 ± 2.0 32 31.3 ± 1.0 - 28.6 ± 0.6 y

12 - 35 34.6 ± 1.8 33.6 ± 0.9 31.6 ± 1.3
9 10.3 ± 2.7 35 34.6 ± 1.8 - 30.2 ± 0.7
7 7.7 ± 2.4 35 34.6 ± 1.8 - 29.5 ± 0.8

z Data not collected; y partial data reported.

2.2. GC–MS Analysis

Three weeks after transplant, the two most recent, fully mature leaves of five plants
from each treatment were detached, frozen, and stored at −20 ◦C until gas chromatography–
mass spectrometry (GC–MS) analysis as reported by Walters et al. [13] with a method
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derived from Schilmiller et al. [15]. In brief, tissue was ground in liquid nitrogen, and an
aliquot was placed in a 1.5 mL microcentrifuge tube containing 500 µL of methyl tert-butyl
ether (MTBE) and a tetradecane internal standard and rocked for 3 min. Samples were
centrifuged and supernatant was transferred to GC auto sampler vials. Samples were
analyzed using an Agilent 7890A GC and single-quadrupole MS (Agilent, Santa Clara, CA,
USA). Metabolites were identified using standards and m/z values in the ChemStation
database. The tetradecane internal standard and leaf dry weight were used to normalize
compound concentrations. Compounds were quantified based on a standard response
curve containing the compounds of interest and the internal standard.

2.3. Sensory Analysis

The protocol for the sensory analysis portion of this study was approved by the
Institutional Review Board of Michigan State University (MSU; East Lansing, MI, USA;
STUDY00000169). The experimental procedure was thoroughly explained to all participants
and a written informed consent was obtained from each prior to participation. Eighty-
six participants were recruited through the MSU Communication Arts and Sciences Paid
Research Pool and screened prior to participation to ensure they had eaten basil in the four
months prior. The sensory panel was conducted using the Sensory Evaluation Laboratory
in the Department of Food Science and Human Nutrition at MSU. On 10 October 2018
(rep 2), the two most recent, fully mature leaves of each plant were harvested 1 to 4 h prior
to sampling to ensure freshness. The leaves were removed from the plant and rinsed in
deionized water. The samples were dried through air-drying and gentle patting with a
towel. One leaf was placed on a plate for panelist evaluation. The participants sampled
the basil leaves as described by Walters et al. [13] and answered Likert, open-ended, and
demographic questions.

2.4. Experimental Design and Statistical Analysis

The experiment was organized in a split-plot design with each of five MDTs in separate
greenhouse sections and three DLI treatments in each section. Only the highest DLI in
each MDT treatment in replication 2 was used for consumer sensory analysis (Table 1). The
experiment was completed twice in time for GC–MS analysis (reps 1 and 2) and once for
consumer sensory analysis (rep 2).

Analysis of variance was performed on VOC and Likert data using JMP (version 12.0.1,
SAS Institute Inc., Cary, NC, USA). When interactions were not present, data were pooled.
Linear regression analyses were conducted on VOC data using Sigma Plot (version 11.0,
Systat Software Inc., San Jose, CA, USA) and Tukey’s honestly significant difference
test (p < 0.05) was conducted on Likert data using JMP. Data were transformed to ac-
count for differences in values, variation, and sample size [(sample value–parameter
average)/parameter sd], then principal component analysis was conducted (using JMP).
Biplots were created combining principal component analysis with loading plots (JMP).
Factor analysis was conducted to determine the significant factors based on a rotated factor
loading value of >0.7. Correlations were determined by Pearson’s correlation coefficient
p < 0.05 (JMP).

3. Results
3.1. VOC Concentration

Due to the lack of a DLI×MDT interaction and main effect of DLI for any of the
VOCs quantified, DLIs were pooled for GC–MS analysis. As MDT increased from 23 to
36 ◦C, 1,8 cineole, eugenol, and methyl chavicol concentrations increased linearly; linalool
concentration was not affected (Figure 1A–D). Eugenol and methyl chavicol concentration
increased at similar rates as temperature increased [487 to 499 ng·mg−1 dry mass (DM) per
1 ◦C], while 1,8 cineole concentration increased at a lower rate (40 ng·mg−1 DM per 1 ◦C).
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Figure 1. Volatile Concentrations influenced by MDT. Concentrations [ng·mg‒1 dry mass (DM)] of 1,8 

cineole (A), linalool (B), eugenol (C), and methyl chavicol (D) of sweet basil (Ocimum basilicum 

‘Nufar’) grown at mean daily temperatures (MDT) from 23 to 36 °C for three weeks. Symbols rep-

resent the mean of 15 plants ± se. Lines represent linear regression. * and *** indicate significant at 

p ≤ 0.05 or 0.001, respectively. 

Figure 1. Volatile Concentrations influenced by MDT. Concentrations [ng·mg−1 dry mass (DM)] of
1,8 cineole (A), linalool (B), eugenol (C), and methyl chavicol (D) of sweet basil (Ocimum basilicum
‘Nufar’) grown at mean daily temperatures (MDT) from 23 to 36 ◦C for three weeks. Symbols
represent the mean of 15 plants ± se. Lines represent linear regression. * and *** indicate significant
at p ≤ 0.05 or 0.001, respectively.

3.2. Consumer Preference

The mean age of consumer panelists was 32.4 years, with an average of 1.3 adults and
0.5 minors in the household. Fifty-eight percent of panelists were female, 41% were male,
67% were Caucasian, and 19% were Asian. Average household income was $50,000, and
64% had at least a 4-year post-secondary education.

Consumers indicated no differences in flavor, aftertaste, aroma, leaf size, or overall
preference among basil grown from 25 to 35 ◦C (data not shown). However, they preferred
the appearance, texture, and color of basil grown at some of the higher MDTs compared to
25 ◦C (Figure 2A–C). Plants grown at a MDT of 25 ◦C were considered less bitter (more
sweet) than those grown at 31 ◦C (Figure 2D).
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Figure 2. Consumer preference influenced by MDT. Appearance (A), texture (B), color (C), and bitter-

ness/sweetness (D) of sweet basil (Ocimum basilicum ‘Nufar’) grown at mean daily temperatures 
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Figure 2. Consumer preference influenced by MDT. Appearance (A), texture (B), color (C), and bitter-
ness/sweetness (D) of sweet basil (Ocimum basilicum ‘Nufar’) grown at mean daily temperatures
(MDT) from 25 to 35 ◦C for three weeks, based on a 9-point Likert scale ranging from dislike extremely
(1) to like extremely (9). Means not followed by the same letter are significantly different by Tukey’s
honestly significant difference test (p < 0.05). Each bar represents 86 responses ± sd.

3.3. Comparison—Biplot and Correlations

A principal component analysis comparison of VOCs and consumer sensory pref-
erences, represented by a biplot including basil samples grown at 25, 27, 29, 31, and
35 ◦C, determined that two components accounted for 88.6% of the total data variability
(Figure 3). Component 1 separated basil grown at low MDT (25 ◦C) from those grown
at higher MDTs (e.g., 35 ◦C). Positive discriminating factors for component 1 were pref-
erence for appearance, texture, color, and leaf size while negative discriminating factors
were bitterness/sweetness and aftertaste preference. Component 2 positive discriminating
factors were flavor preference, overall liking, and 1,8 cineole, eugenol, and methyl chavicol
concentration, while there was no significant negative discriminating factor.

Appearance, texture, and color were positively correlated with each other, but appear-
ance and texture were negatively correlated with bitterness/sweetness (increased sweet-
ness; Figure 4). Aftertaste preference was positively correlated with bitterness/sweetness
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(increased sweetness). Additionally, methyl chavicol concentration was positively corre-
lated with flavor preference and overall liking, and 1,8 cineole and eugenol concentrations
were positively correlated with each other (Figure 4).
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Figure 3. Sensory preference and volatile organic compound principal component analysis. Principal
component analysis showing biplot differentiation of sweet basil (Ocimum basilicum ‘Nufar’) grown
at mean daily temperatures (MDT) from 23 to 36 ◦C for three weeks, based on consumer sensory
preferences (n = 86) and the concentration of two terpenoids and two phenylpropanoids (n = 15).

Horticulturae 2021, 8, x FOR PEER REVIEW 8 of 11 
 

 

 

Figure 4. Sensory preference and volatile organic compound correlation. Heat map illustrating the corre-

lation between volatile organic compounds (VOCs) and sensory preference characteristics of sweet 

basil (Ocimum basilicum ‘Nufar’) grown at mean daily temperatures (MDT) from 23 to 36 °C for 

three weeks. Blue and red represent negative and positive correlations, respectively. Asterisks 

indicate significant correlations based on Pearson’s correlation *, p < 0.05; **, p < 0.01. 

4. Discussion 

4.1. Volatile Organic Compound Concentration 

The linear increase in 1,8 cineole, eugenol, and methyl chavicol concentrations in re-

sponse to MDT (Figure 1) may be partially explained by a commonly referred to plant 

development temperature–response curve. Temperature–response curves are often used 

to describe the relationship between plant growth or development and MDT [16–20], but 

can also be adapted to describe enzyme kinetics and other processes involving enzymatic 

regulation, including the biosynthesis of VOCs such as terpenoids and phenylpropanoids. 

Temperature plays a large role in plant enzymatic activity; as temperature increases, en-

zymatic activity increases up to an enzyme-dependent maximum. Above that point, many 

enzymes cease to function regularly [21]. Therefore, based on the temperature–response 

curve for VOCs (Figure 1), MDTs in the present study fall in the linear range between Tb 

and Topt. 

The linear increase in 1,8 cineole concentration as MDT increased from 23 to 36 °C 

was less than the increases in eugenol and methyl chavicol concentrations. Similar results 

have been documented. Chang et al. [10] reported that increasing the air temperature from 

15 to 25 °C increased basil ‘Basil Sweet Genovese’ eugenol concentration while 1,8-cineole 

and linalool concentrations were unaffected. Though they documented no differences in 

1,8 cineole concentrations, their temperature range was lower (15 to 25 °C) than the pre-

sent study (23 to 36 °C). 

Differences in the magnitude of change (regression slope) between terpenoids and 

phenylpropanoids stem from the biosynthetic pathways. In addition to temperature af-

fecting enzymatic catalysis rate, specific enzyme concentrations can be directly regulated 

by temperature. For example, phenylalanine ammonia lyase (PAL) catalyzes the first com-

mitted step of phenylpropanoid biosynthesis and is a key regulatory enzyme for many 

compounds in addition to phenylpropanoids. PAL catalyzes the removal of ammonia 

(NH3) from phenylalanine [22] and is positively regulated by decreasing temperatures 

A
p

p
ea

ra
n

ce

A
ro

m
a

F
la

v
o

r

T
ex

tu
re

C
o

lo
r

L
ea

f 
si

ze

B
it
te

rn
es

s/
sw

ee
tn

es
s

A
ft

er
ta

st
e

1
,8

 C
in

eo
le

L
in

al
o

o
l

M
et

h
y

l 
ch

av
ic

o
l

E
u

g
en

o
l

O
v

er
al

l

Appearance -1

Aroma -0.8

Flavor -0.6

Texture -0.4

Color -0.2

Leaf size 0

Bitterness/sweetness 0.2

Aftertaste 0.4

1,8 Cineole 0.6

Linalool 0.8

Methyl chavicol 1

Eugenol

Overall

      Correlation

Figure 4. Sensory preference and volatile organic compound correlation. Heat map illustrating the correla-
tion between volatile organic compounds (VOCs) and sensory preference characteristics of sweet
basil (Ocimum basilicum ‘Nufar’) grown at mean daily temperatures (MDT) from 23 to 36 ◦C for three
weeks. Blue and red represent negative and positive correlations, respectively. Asterisks indicate
significant correlations based on Pearson’s correlation *, p < 0.05; **, p < 0.01.
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4. Discussion
4.1. Volatile Organic Compound Concentration

The linear increase in 1,8 cineole, eugenol, and methyl chavicol concentrations in
response to MDT (Figure 1) may be partially explained by a commonly referred to plant
development temperature–response curve. Temperature–response curves are often used
to describe the relationship between plant growth or development and MDT [16–20], but
can also be adapted to describe enzyme kinetics and other processes involving enzymatic
regulation, including the biosynthesis of VOCs such as terpenoids and phenylpropanoids.
Temperature plays a large role in plant enzymatic activity; as temperature increases, enzy-
matic activity increases up to an enzyme-dependent maximum. Above that point, many
enzymes cease to function regularly [21]. Therefore, based on the temperature–response
curve for VOCs (Figure 1), MDTs in the present study fall in the linear range between Tb
and Topt.

The linear increase in 1,8 cineole concentration as MDT increased from 23 to 36 ◦C
was less than the increases in eugenol and methyl chavicol concentrations. Similar results
have been documented. Chang et al. [10] reported that increasing the air temperature from
15 to 25 ◦C increased basil ‘Basil Sweet Genovese’ eugenol concentration while 1,8-cineole
and linalool concentrations were unaffected. Though they documented no differences in
1,8 cineole concentrations, their temperature range was lower (15 to 25 ◦C) than the present
study (23 to 36 ◦C).

Differences in the magnitude of change (regression slope) between terpenoids and
phenylpropanoids stem from the biosynthetic pathways. In addition to temperature affect-
ing enzymatic catalysis rate, specific enzyme concentrations can be directly regulated by
temperature. For example, phenylalanine ammonia lyase (PAL) catalyzes the first com-
mitted step of phenylpropanoid biosynthesis and is a key regulatory enzyme for many
compounds in addition to phenylpropanoids. PAL catalyzes the removal of ammonia
(NH3) from phenylalanine [22] and is positively regulated by decreasing temperatures [23].
However, this regulation affects many secondary metabolites and does not necessarily
increase phenylpropanoids. For example, eugenol concentration in basil was higher when
the growing temperature was higher [10]. This may be caused by different PALs playing a
role in different biosynthetic pathways. However, terpene concentration is largely regulated
by enzymatic activity and resource competition; the total amount of terpenes positively
correlated with terpene synthase activities and negatively correlated with phenylpropanoid
concentrations and PAL activity [24].

Walters et al. [13] found that VOC concentrations increased as radiation intensity
increased from 100 to 600 µmol·m−2·s−1 PPFD (DLI of 6 to 35 mol·m−2·d−1). The lack of
differences between DLI treatments in the current study may be due to the more narrow
DLI range (5.5 to 14.8 mol·m−2·d−1), increased radiation intensity variability due to solar
radiation in greenhouse production compared to sole-source lighting, or a plant age of
5 weeks compared to 2 weeks used by Walters et al. [13].

4.2. Consumer Preferences and Correlations

Though the concentrations of three compounds that contribute to the characteristic
flavor of basil increased as MDT increased from 25 to 35 ◦C, consumer preference for
flavor, aroma, and aftertaste did not change. Previously, researchers determined that
consumers can detect an increase in basil aroma as growing temperatures increase from 15
to 25 ◦C, but there was no difference in consumer preference [12]. However, consumers
are more sensitive to flavor than aroma [25]. As Walters et al. [13] found, though VOC
concentrations increased as radiation intensity increased from 100 to 600 µmol·m−2·s−1

PPFD (DLI of 6 to 35 mol·m−2·d−1), the aroma of basil grown under 100 µmol·m−2·s−1

was the least-preferred and likability was similar among plants grown under 200, 400,
or 600 µmol·m−2·s−1. Therefore, though consumers may perceive an increase in aroma
intensity, if the aroma exhibits the characteristic aroma they expect, they may not have a
concentration preference.
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Previous research found that the concentration of linalool, 1,8 cineole, and eugenol of
indoor-grown basil increased with increasing radiation intensity and the concentrations in-
fluenced consumer’s flavor preference [13]. However, in this study, while the concentrations
of 1,8 cineole, eugenol, and methyl chavicol increased with increasing temperature, flavor
preference was not influenced. Eugenol and methyl chavicol concentrations were higher in
the greenhouse-grown plants in this study compared to the indoor-grown seedlings, with
eugenol concentrations up to 225-fold higher and methyl chavicol concentrations ~1 to
6-fold higher. These differences may be due to plant age, as the seedlings grown indoors
were two weeks old and the greenhouse-grown plants were five weeks old. Previous
research demonstrated that terpenoid and phenylpropanoid concentrations of basil ‘Caesar’
were much greater in 4- to 6-week-old plants compared to 2- to 3-week-old plants [26]. In
contrast, 1,8 cineole concentrations overall were comparable between the seedling radiation
intensity study and the current study, but the concentration increased more in response
to increasing radiation intensity during seedling production than increasing MDT during
finished production. Taken together, the higher phenylpropanoid concentrations and atten-
uated increase in 1,8 cineole concentration may account for the lack of differences in flavor
preference attributed to MDT during production.

Even though overall preference was not significantly different between basil grown
at different MDTs, principal component and Pearson correlation analyses indicated that
methyl chavicol concentration was positively correlated with flavor and overall preference
(Figure 4). Thus, increasing the anise or licorice flavor correlated with improved consumer
flavor and overall preference. Similarly, in a study comparing the oil aroma profile of basil,
methyl chavicol was the compound most positively correlated with overall preference [27].

Though bitterness has evolutionarily been an indicator of the presence of harmful
secondary metabolites and used in plant defense mechanisms, it is a characteristic of many
preferred foods and beverages today. However, it is still generally negatively correlated
with consumer preference. In the present study, consumers indicated that basil grown
at 31 ◦C was slightly bitter while basil grown at 25 ◦C was more neutral, neither sweet
nor bitter (Figure 2D). Additionally, aftertaste preference was positively correlated with
less bitterness (Figure 4). Researchers have determined that bitter tastes tend to be per-
ceived after other tastes and linger longer contributing to aftertaste [28]. Therefore, since
increased bitterness is commonly associated with negative consumer preference, it can also
be associated with a reduced aftertaste preference.

Positive discriminating factors associated with higher MDTs are greater preference
for appearance, texture, color, and leaf size (Figure 3). Though these were different among
basil grown at different temperatures, these factors did not influence overall preference.
While visual and textural attributes can contribute to overall consumer preference, unless
the appearance, texture, or color is deemed unacceptable, the correlation data indicate that
factors including flavor preference may be larger indicators of overall preference (Figure 4).

5. Conclusions

Increasing MDT from 25 to 35 ◦C during basil production increased 1,8 cineole,
eugenol, and methyl chavicol concentrations linearly. This temperature range did not
affect linalool concentration. Increases in phenylpropanoids (eugenol and methyl chavi-
col) were greater than increases in terpenoid (1,8 cineole) concentrations. However, these
increases did not influence overall consumer preference or flavor preference. MDT dur-
ing basil production influenced appearance, texture, and color preference although these
parameters, again, did not influence overall consumer preference. Taken together, MDT
during production does influence both VOC concentrations and textural and visual at-
tributes of basil but did not influence overall consumer preference. Therefore, changing
MDT during production can be used to alter plant growth, morphology, development, and
yield [14], without influencing consumer preference.
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