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Abstract: Recent evidence suggests that the effects of temperature significantly affect the growth and
development of basil plants with detrimental impacts on yield. The current research investigated
the interactive effects of varying temperature and CO2 levels on the shoot and root morphology and
growth of early and late-season basil plants. Basil plants were subjected to control (30/22 ◦C), low
(20/12 ◦C), and high (38/30 ◦C) temperature under ambient (420 µL L−1) and elevated (720 µL L−1)
CO2 concentrations. Decreasing the temperature to 20/12 ◦C caused more adverse effects on the
morphological traits of the early-season basil. Relative to the control treatments, low- and high-
temperature stresses decreased 71 and 14% in marketable fresh mass, respectively. Basil exhibited
an increase in plant height, node and branch numbers, specific leaf area, anthocyanin and nitrogen
balance index, root tips, and root crossings when subjected to high-temperature stress. Furthermore,
elevated CO2 affected many morphological features compared to ambient CO2 concentrations. The
findings of this study suggest that varying the growth temperature of basil plants would more
significantly impact the shoot and root morphologies and growth rates of basil than increasing the
CO2 concentrations, which ameliorated the adverse impacts of temperature stress.

Keywords: genovese; leaf area; root length; nitrogen balance index; anthocyanin; epicuticular
leaf waxes

1. Introduction

Climate change is increasingly recognized as a serious, global agricultural concern
affecting plant growth and development with detrimental impacts on the yields of many
important crops. Over the past century, there have been a dramatic increase in atmospheric
carbon dioxide (CO2) concentrations with a corresponding rise in global temperatures [1].
Global atmospheric CO2 is rising (above 417 µL L−1 in 2021) [2] and is projected by climate
models to reach 540 to 970 µL L−1 by 2100 because of human activities, declining carbon
sinks, and natural global cycles [3,4]. As delineated in the fourth U.S. climate assessment,
global temperature is projected to rise in the range of 1.5 ◦C and 4.5 ◦C in the next century
due to the levels of atmospheric CO2 and other greenhouse gases increasing at an alarming
rate [1]. Atmospheric CO2 and temperature are critical in the photosynthesis, physiological,
and developmental processes that occur in many crops, especially C3 crops, including basil
(Ocimum basilicum L.) [5,6]. Since climate change induces multiple abiotic stressors that
affect crop yield worldwide, the impact of elevated CO2 and temperature stress on basil
growth and development has been distinguished as a vital area for additional studies. A
great deal of the research to date, nonetheless, has focused on individual abiotic stresses and
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not their interactions with less consideration on the morphology and growth parameters
of basil roots and shoots. Hence, it is imperative to understand the interactive effects of
elevated CO2 and temperature stress on basil growth and morphology to ensure sustainable
crop production.

Basil is an essential herbaceous aromatic plant with a noteworthy contribution to
enhancing cuisine nutrition, healthy living, and landscape aesthetics. Globally, a large
proportion of high-quality basil is cultivated for its essential oil, dry leaves, and flowers [7,8].
Generally, basil is widely adapted to various climates and regions, and therefore it is
cultivated throughout the globe. However, recent evidence suggests that basil growth and
development can be seriously impaired by low-temperature stress and is susceptible to
growth temperatures below 10 ◦C [9,10]. Low-temperature stress can be deleterious to
basil growth and morphology, especially during its seedling and vegetative stage, with
resultant effects on reduced productivity [10]. Chilling causes brown discoloration of
interveinal leaf areas (LA), increases leaf-blade thickening, decreases plant growth, and
deteriorates quality and marketability [9,10]. Moreover, low-temperature stress decreases
plant height (PH) and fresh mass (FM) of basil by 36% and 63%, respectively, after 15 days
of treatment [11]. However, according to previous studies, basil is a thermophilic plant that
can sustain growth at a temperature in the range of 29 ◦C and 35 ◦C [9,12]. Corroborating
this information, Walters and Currey [13] recorded increased biomass, PH, FM, dry mass
accumulation (DM), node numbers (NN), and internode length of basil when the growth
temperatures were increased to 29 ◦C.

The response of basil plants to elevated atmospheric CO2 has not been extensively
explored. However, previous research has indicated that elevated CO2 will significantly
impact basil growth and development primarily because of the significant role CO2 plays
in the respiration and photosynthesis of C3 plants [5,14]. Al Jaouni et al. [15] reported that
biomass production increased by 40% along with the photosynthetic and respiratory rate
of basil, which significantly improved by 80% when atmospheric CO2 was increased from
360 to 620 µL L−1. The improved photosynthetic rate was attributed to the role of elevated
atmospheric CO2 in repressing the oxygenation reaction of Rubisco, leading to improved
carbon gains [14].

Individual and multiple interacting abiotic stresses have been noted to significantly
affect plant roots’ growth and morphology due to the pivotal role the root system plays in
plant growth [16,17]. Root systems are instrumental in providing anchorage, water, and
nutrient acquisition for plant growth. Recent evidence suggests that the plant root system
is more critical than the above-ground traits to adapting to abiotic stress [17–19]. Varying
temperature levels have been noted to have either beneficial or detrimental impacts on plant
roots [20,21]. Lahti et al. [22] reported that spruce seedlings subjected to high-temperature
stress increased their total root biomass and length growth, indicating the beneficial growth
role of rising soil temperatures. Conversely, low-temperature stress constrained plant root
morphology, specifically length, depth, and width, when growth temperature decreased
to 18/13 ◦C (day/night), signifying the plant root’s sensitivity to chilling stress [17,23].
Previous studies on the interactive effects of multiple abiotic stresses on plants have shown
that increasing CO2 from the ambient concentrations ameliorates other abiotic stressors’
adverse effects by increasing the carbon gains in the plant roots [21]. Accordingly, further
investigation is crucial to thoroughly understand the interactive impacts of temperature
stress and elevated CO2 on basil root growth and morphology to determine promotive or
inhibitive role.

Under these considerations, it is imperative to note that understanding plant root
and shoot response to various abiotic stresses is vital in increasing crop productivity while
adapting to harsh environmental conditions. Moreover, limited information has been
provided on basil roots in response to individual and multiple abiotic stress. Therefore,
this study aims to investigate the individual and interactive impacts of elevated CO2 and
temperature stress on the growth and morphology of basil shoots and roots.
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2. Materials and Methods

Basil ‘Genovese’ (Johnny’s Selected Seeds, Winslow, ME, USA) seeds were planted
in polyvinyl-chloride pots (15.2 cm diameter by 30.5 cm height). Each pot was filled up
with 500 g gravel and then filled with a mixture of sand and topsoil (3:1 VV) in the soil-
plant-atmosphere-research (SPAR) units at the Rodney Foil Plant Science research facility
of Mississippi State University, Mississippi State, MS, USA, June–July 2019. The SPAR
units can control environmental conditions, including temperature and CO2 concentration
levels, at predetermined set points. More information on the SPAR chamber’s subtleties is
portrayed by Reddy et al. [24] and Wijewardana et al. [25].

Six seeds previously selected by size and quality were planted in each pot, and
approximately 14 days after sowing (DAS), the plants were thinned to one plant per pot,
and temperature and CO2 treatments were initiated. Throughout the experiment, basil
plants were irrigated with full-strength Hoagland’s nutrient solution [26] three times daily
(7 a.m., 12 p.m., and 5 p.m.) via an automated computer-controlled drip system. Irrigation
amounts were based on the evapotranspiration of the basil plants within each chamber.
Irrigation was then applied at 120% of the amount of water lost the previous day and split
between each irrigation cycle.

The experiment was organized in a randomized complete block design within a three
by two factorial arrangement with temperature and CO2 treatments. A total of six SPAR
chambers represents three blocks with ten replications. Each SPAR chamber consisted of
three rows of pots with ten pots per row in each SPAR chamber. All environmental growing
conditions except for temperature and CO2 were kept the same throughout the experiment.

2.1. Temperature and CO2 Treatments

Basil plants were randomly assigned to each chamber consisting of 20/12, 30/22, and
38/30 ◦C temperature treatments in combination with ambient (420 µL L−1) or elevated
(720 µL L−1) CO2 concentrations (Table 1). The day- and night-time temperatures were,
respectively, initiated at dawn and one hour after nightfall. Table 1 shows the average
environmental conditions in which the experiment was conducted. During the experiment,
three temperature treatments, 20/12, 30/22, and 38/30 ◦C, were regarded as low, optimum,
and high temperatures, respectively, for basil growth and development.

Table 1. Temperature-stress treatments based on the percentage of daily evapotranspiration (ET) imposed at 14 days after
sowing, mean and standard error day/night temperature, mean and standard error day chamber CO2 concentration, mean
and standard error day/night vapor pressure deficit (VPD), and mean and standard error day/night evapotranspiration
(ET) during the experimental period of 38 days for each treatment.

Treatments Measured
Temperature (◦C) CO2 (µL L−1) VPD (kPa) Mean ET

(L H2O d−1)

Day/night Day Day/night Day/night

Control 30/22 ◦C, 420 µL L−1 26.27 ± 0.02 430.47 ± 0.98 1.82 ± 0.01 14.64 ± 1.41

Control + High CO2 30/22 ◦C, 720 µL L−1 26.34 ± 0.01 731.21 ± 1.52 1.98 ± 0.01 12.60 ± 1.27

High Temperature 38/30 ◦C, 420 µL L−1 32.16 ± 0.49 434.19 ± 1.21 2.80 ± 0.07 8.74 ± 0.64

Low Temperature 20/12 ◦C, 420 µL L−1 19.53 ± 0.56 431.08 ± 0.66 0.89 ± 0.08 8.59 ± 0.47

High Temperature + High CO2 38/30 ◦C, 720 µL L−1 32.09 ± 0.49 728.79 ± 0.83 2.87 ± 0.07 18.41 ± 1.86

Low Temperature + High CO2 20/12 ◦C, 720 µL L−1 19.56 ± 0.57 724.78 ± 0.35 0.95 ± 0.09 6.39 ± 0.37

2.2. Morphophysiological Measurements

At 17 and 38 days after treatment (DAT), basil plants from each treatment combination
were harvested to assess their phenotype and to obtain growth data on early- and late-
season effects of temperature and CO2. Basil phenotypic data of plant height (PH), node
number (NN), branch number (BN), and marketable FM were measured for each treatment
combination. LA was measured using the LI-3100 leaf-area meter (Li-Cor Bioscience,
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Lincoln, NE). Plant component FM was obtained from all basil plants using a weighing
scale. The plant FM samples were then dried in a forced-air oven at 75 ◦C for two days
to obtain basil dry mass (DM). Specific leaf area (SLA) is the measure of the leaf area
formed per unit of leaf biomass, and plants usually use variation in SLA as a means
of adapting to suboptimal conditions [27]. The measured DM and LA were utilized to
estimate SLA (cm2 g−1).

2.3. Root Image Acquisition and Analysis

The basil plants were severed at the soil surface and divided into stem and roots. The
roots were carefully washed to remove excess soil from the root system and ensure clean
measurements. The total root length (TRL) was measured using a meter ruler. Next, the
cleansed roots were soaked in a 5 mm Plexiglass tray filled with water, where individual
roots were straightened out and set apart for root imaging. A specialized dual-scan optical
scanner (Regent Instruments, Inc., Québec, Canada) connected to a PC was used to capture
gray-scaled root images according to the method described by Wijewardana et al. [25].
Acquired images were analyzed for the total root length (TRL), root surface area (RSA),
average root diameter (RAD), root volume (RV), number of roots (RN), number of roots
having laterals (RNL), number of tips (RNT), number of forks (RNF), and number of
crossings (RNC) using WinRHIZO Pro software (Regent Instruments, Québec, Canada).
More information on the root parameters can be found at www.regentinstruments.com
(1 March 2021).

2.4. Physiological Measurements

At 17 DAT, a Dualex® Scientific Polyphenols (FORCE-A, Orsay, France) device was
clipped on the second most fully developed basil leaf across treatments to obtain total
chlorophyll (TCI) in the mesophyll, flavonoids (Flav), anthocyanin (Anth) in the epidermis,
and a nitrogen balance index (NBI). The NBI shows the plants’ nitrogen status by utilizing
the proportion of chlorophyll and flavonoid units in the leaves. The TCI was evaluated as
the ratio of the leaf transmission of near-infrared and red wavelengths. The Flav and Anth
index is based on the measurement of chlorophyll fluorescence, while the NBI is a ratio
between chlorophyll and flavonol indexes.

NBI = Chl/Flav

2.5. Epicuticular Wax Content Determination

The epicuticular leaf waxes were extracted and quantitively analyzed in accordance
with the method of Ebercon et al. [28] with minor modifications as described by Singh and
Reddy [29].

2.6. Data Analysis

The experimental design was a randomized complete block in a factorial arrangement
with three temperature treatments, two CO2 treatments, three-block, and ten replications.
Data were analyzed using the PROC GLIMMIX analysis of variance (ANOVA) followed by
mean separation. Statistical analysis of the data was performed using SAS (version 9.4; SAS
Institute, Cary, NC, USA). The standard errors were based on the pooled error term from the
ANOVA table. Duncan’s multiple range test (p ≤ 0.05) was used to differentiate between
treatment classifications when F values were significant for the main effects. Model-based
values were reported rather than the unequal standard error from a data-based calculation
because pooled errors reflected the statistical testing. Diagnostic tests, such as Shapiro–
Wilk in SAS, were conducted to ensure that treatment variances were statistically equal
before pooling.

www.regentinstruments.com
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3. Results
3.1. Shoot Growth and Morphology

The analysis of variance revealed that temperature and CO2 independently affect the
morphological traits of basil (Table 2). The temperature treatments significantly affected
(p < 0.001) the PH of both the early-season (17 DAT) and late-season (38 DAT) basil. How-
ever, CO2 only affected (p < 0.01) the PH of the early-season basil (17 DAT) and no significant
difference (p > 0.05) of the late-season basil (38 DAT). Also, there was no interaction be-
tween temperature and CO2 effects on the PH of basil. At 17 DAT, low-temperature stress
decreased PH of basil plants by 55% and 46% when subjected to elevated CO2 compared to
the control temperature at ambient CO2. At 38 DAT, basil PH decreased by 17% and 22% at
the high- and low-temperature stresses, respectively, compared to the control temperature
at ambient CO2 (Table 3).

Table 2. The mean plant height (PH), node number (NN), branch number (BN), leaf area (LA), leaf dry mass (LDM), shoot
dry mass (SH DM), stem dry mass (ST DM), root dry mass (RDM), and root-to-shoot ratio (RS-Ratio) of basil plants grown
without temperature stress (Control), with low-temperature stress, and with high-temperature stress at 420 and 720 µL L−1

of CO2 concentration after 17 days of treatment.

Treatment PH a NN BN LA LDW SH DW ST DW RDW RS Ratio b

420 µL L−1

Control 36.5 a 7.1 b 15.3 c 1223.6 a,b 4.479 b 6.667 b 2.188 c 0.941 a 0.140 b

High Temperature 36.8 a 8.5 a 24.0 b 1044.9 b 4.366 b 6.893 b 2.528 b,c 0.891 a 0.128 b

Low Temperature 16.5 c 4.6 d 6.4 e 403.8 c 1.909 d 2.263 d 0.354 d 0.411 b 0.198 a

720 µL L−1

Control 36.6 a 7.0 b 15.3 c 1321.1 a 5.779 a 8.568 a 2.789 a,b 1.021 a 0.119 b

High Temperature 38.2 a 8.9 a 26.7 a 1139.41 a,b 5.227 a,b 8.340 a 3.113 a 0.966 a 0.121 b

Low Temperature 19.6 b 5.0 c 9.0 d 413.0 c 2.948 c 3.544 c 0.596 d 0.532 b 0.155 b

Treatment c,d *** *** *** *** *** *** *** *** **
CO2 ** * ** NS *** *** *** NS *

Trt * CO2 NS NS NS NS NS NS NS NS NS

a Plant-height units in centimeters (cm); node number and branch number on a per-plant basis; leaf area units in centimeters squared;
remaining parameter units are on a gram-per-plant basis. b RS ratio, root-to-shoot ratio (root dry mass/shoot dry mass). c SE, standard
error of the mean; PH = 1.2848; NN = 0.1487; BN = 1.0653; LA = 586.3; LDW = 2.2082; SH DW = 4.8444; ST DW = 2.7489; RDW = 0.8512; RS
ratio = 0.00981; RDW = 0.06842; RS ratio = 0.01446. d NS represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05,
p ≤ 0.01, and p ≤ 0.001, respectively.

At 17 DAT, low- and high-temperature stresses decreased the LA of basil by 67% and
15%, respectively, compared to the control temperature at ambient CO2 (Table 2). While at
38 DAT, low- and high-temperature stresses decreased the LA of basil by 40% and 34%,
respectively, compared to the control temperature at ambient CO2. However, the LA of
basil was not different (p > 0.05) when subjected to elevated CO2. The basil plants increased
in SLA by 21% under high-temperature stress, whereas they decreased SLA by 27% at
low-temperature stress (Figure 1). Elevated CO2 decreased the SLA of basil by 9% when
compared to the control treatments. However, SLA’s response to both CO2 and temperature
was not significant (p > 0.05).

At 17 and 38 DAT, the DM of basil leaf and stem were significantly different (p > 0.001)
when subjected to both low- and high-temperature stresses. Basil plants under low-
temperature stress showed a more decreased measure of biomass per plant than basil under
control temperature at ambient CO2. At 17 DAT, high temperature showed a 3% reduction
in leaf DM of basil, and this decline was ameliorated by elevated CO2 to increase basil leaf
DM by 17% (Figure 2C). However, at 38 DAT, high-temperature stress decreased basil leaf
DM by 16% compared to basil under control temperature at ambient CO2 (Figure 3C). It is
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imperative to state that elevated CO2 significantly (p > 0.001) increased both leaf and stem
DM of basil at 17 DAT. However, elevated CO2 did not show a significant effect on leaf
DM (p > 0.05) but stem DM (p < 0.05) at 38 DAT.

Table 3. The mean plant height (PH), node number (NN), branch number (BN), leaf area (LA), leaf dry mass (LDM), shoot
dry mass (SH DM), stem dry mass (ST DM), root dry mass (RDM), and root-to-shoot ratio (RS-Ratio) of basil plants grown
without temperature stress (Control), with low-temperature stress, and with high-temperature stress at 420 and 720 µL L−1

of CO2 concentration after 38 days of treatment.

Treatment PH a NN BN LA LDW SH DW ST DW RDW RS Ratio b

420 µL L−1

Control 61.7 a 10.0 b 29.9 a 6946.3 a 25.03 a,b 58.081 a,b 33.049 a,b 6.841 a 0.116 c

High Temperature 51.4 b 11.6 a 24.5 b 4616.3 b,c 18.63 c 43.274 c 24.645 c 7.387 a 0.164 a

Low Temperature 47.9 c,d 7.2 d 15.7 c 4149.3 b,c 16.62 c 25.206 d 8.589 d 3.049 b 0.123 b,c

720 µL L−1

Control 60.9 a 10.1 b 29.7 a 8078.9 a 28.39 a 67.126 a 38.733 a 8.511 a 0.128 b,c

High Temperature 50.9 b,c 11.4 a 24.7 b 5215.7 b 20.65 b,c 52.123 b,c 31.469 b,c 7.518 a 0.142 a,b

Low Temperature 47.3 d 7.7 c 17.1 c 3582.0 c 18.95 c 29.113 d 10.167 d 4.599 b 0.157 a

Treatment c,d *** *** *** *** *** *** *** *** **
CO2 NS NS NS NS NS NS * NS NS

Trt * CO2 NS NS NS NS NS NS NS NS *

a Plant height units in centimeters (cm); node number and branch number on a per-plant basis; leaf area units in centimeters squared; remaining
parameter units are on a gram-per-plant basis. b RS ratio, root-to-shoot ratio (root dry mass/shoot dry mass). c SE, standard error of the mean;
PH = 1.2848; NN = 0.1487; BN = 1.0653; LA = 586.3; LDW = 2.2082; SH DW = 4.8444; ST DW = 2.7489; RDW = 0.8512; RS ratio = 0.00981. d NS
represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively.

Horticulturae 2021, 7, x FOR PEER REVIEW 6 of 18 
 

Table 3: The mean plant height (PH), node number (NN), branch number (BN), leaf area (LA), leaf dry mass (LDM), shoot 
dry mass (SH DM), stem dry mass (ST DM), root dry mass (RDM), and root-to-shoot ratio (RS-Ratio) of basil plants grown 
without temperature stress (Control), with low-temperature stress, and with high-temperature stress at 420 and 720 μL l−1 
of CO2 concentration after 38 days of treatment. 

Treatment PH a NN BN LA LDW SH DW ST DW RDW RS Ratio b 
 420 μL l−1 

Control 61.7 a 10.0 b 29.9 a 6946.3 a 25.03 ab 58.081 ab 33.049 ab 6.841 a 0.116 c 
High Temperature 51.4 b 11.6 a 24.5 b 4616.3 bc 18.63 c 43.274 c 24.645 c 7.387 a 0.164 a 
Low Temperature 47.9 cd 7.2 d 15.7 c 4149.3 bc 16.62 c 25.206 d 8.589 d 3.049 b 0.123 bc 

 720 μL l−1 
Control 60.9 a 10.1 b 29.7 a 8078.9 a 28.39 a 67.126 a 38.733 a 8.511 a 0.128 bc 

High Temperature 50.9 bc 11.4 a 24.7 b 5215.7 b 20.65 bc 52.123 bc 31.469 bc 7.518 a 0.142 ab 
Low Temperature 47.3 d 7.7 c 17.1 c 3582.0 c 18.95 c 29.113 d 10.167 d 4.599 b 0.157 a 

          
Treatment c,d *** *** *** *** *** *** *** *** ** 

CO2 NS NS NS NS NS NS * NS NS 
Trt * CO2 NS NS NS NS NS NS NS NS * 

a Plant height units in centimeters (cm); node number and branch number on a per-plant basis; leaf area units in centime-
ters squared; remaining parameter units are on a gram-per-plant basis. b RS ratio, root-to-shoot ratio (root dry mass/shoot 
dry mass). c SE, standard error of the mean; PH = 1.2848; NN = 0.1487; BN = 1.0653; LA = 586.3; LDW = 2.2082; SH DW = 
4.8444; ST DW = 2.7489; RDW = 0.8512; RS ratio = 0.00981. d NS represents non-significant p > 0.05. *, **, *** represent 
significance levels at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 

At 17 DAT, low- and high-temperature stresses decreased the LA of basil by 67% and 
15%, respectively, compared to the control temperature at ambient CO2 (Table 2). While 
at 38 DAT, low- and high-temperature stresses decreased the LA of basil by 40% and 34%, 
respectively, compared to the control temperature at ambient CO2. However, the LA of 
basil was not different (p > 0.05) when subjected to elevated CO2. The basil plants increased 
in SLA by 21% under high-temperature stress, whereas they decreased SLA by 27% at 
low-temperature stress (Figure 1). Elevated CO2 decreased the SLA of basil by 9% when 
compared to the control treatments. However, SLA’s response to both CO2 and tempera-
ture was not significant (p > 0.05). 

 
Figure 1.  

bc

a

b

c

ab

d

0

5

10

15

20

25

30

35

Control High Temperature Low Temperature

Sp
ec

ifi
c 

le
af

 a
re

a 
(m

2
kg

-1
)

Temperature (°C)
420 μl l⁻¹ 720 μl l⁻¹

Figure 1. Average specific leaf area (SLA) for basil plants grown without temperature stress
(control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature
(38/30 ◦C) stress at 420 and 720 µL L−1 of CO2 concentration after 38 days of treatment.
The standard error mean for SLA was 1.2941. Different lower-case letters indicate a
significant difference at p = < 0.05 by the least significant difference.
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Figure 2. (A) Fresh mass (FM), (B) total dry mass (total DM), and (C) dry mass percent (DM %) for basil
plants grown without temperature stress (control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress,
and with high-temperature (38/30 ◦C) stress at 420 and 720 µL L−1 of CO2 concentration after 17 days
of treatment. The standard error mean was FM = 3.7485, total DM = 0.497, and DM percent = 0.2487.
Different lower-case letters indicate a significant difference at p = < 0.05 by the least significant difference.
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Figure 3. (A) Fresh mass (FM), (B) total dry mass (total DM), and (C) dry mass percent (DM %) for basil
plants grown without temperature stress (control; 30/22 ◦C), with low-temperature (20/12 ◦C) stress,
and with high-temperature (38/30 ◦C) stress at 420 and 720 µL L−1 of CO2 concentration after 38 days
of treatment. The standard error mean was FM = 34.65, total DM = 5.5682, and DM percent = 0.4008.
Different lower-case letters indicate a significant difference at p = < 0.05 by the least significant difference.
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Contrary to the control temperature at ambient CO2, basil plant marketable FM
decreased by 71% and 14% when exposed to cold and heat stresses, respectively (Figure 2A).
Elevated CO2 ameliorated the adverse effects and decreased marketable FM by up to 63%
more at low temperatures than basil grown at the control temperature. At 38 DAT, similar
results were discovered for decreasing marketable FM (Figure 3A).

The basil plants showed a significant reduction in leaf wax content when subjected to
both low- and high-temperature stresses and elevated CO2 (Figure 4). However, there was
no interaction effect between CO2 and temperature treatments on basil leaf wax content.
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Figure 4. Average epicuticular wax content for basil plants grown without temperature stress (control;
30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature (38/30 ◦C) stress at
420 and 720 µL L−1 of CO2 concentration after 34 days of treatment. The standard error mean for
wax was 0.9463. Different lower-case letters indicate a significant difference at p = < 0.05 by the least
significant difference.

3.2. Root Development Parameters

Amongst the root traits, TRL and RSA were more sensitive to the interactions between
temperature and CO2 than other root traits (Table 4). Basil RL, RAD, RV, RNT, RNF, and
RNC were also significantly affected by the main effects of temperature and CO2 (Table 4).
At 17 DAT, TRL decreased by 41% and 17% under low- and high-temperature stresses,
respectively, compared to the control temperature at ambient CO2. It is interesting to note
that the elevated CO2 mitigated the detrimental effects and decreased basil TRL by 27%
and 8% at low- and high-temperature treatments, respectively, compared to the control
temperature at ambient CO2. Similar results were observed with decreasing RSA of basil.
Under high-temperature stress, basil plants exhibited 31%, 27%, and 12% reduction in RSA,
RAD, and RV, respectively, compared to the control treatment. RNT, RNF, and RNC, which
influence root’s architecture, were observed to be considerably higher and lower under
high and low-temperature stress, respectively, compared with the control treatments.

3.3. Physiological Parameters

The results showed that temperature, CO2, and its interactions on basil’s epidermal
anthocyanin index (Anth) were discovered to be significant. The concentration of Anth in
basil increased by 7% and 10% under high-temperature stress at both ambient and elevated
CO2, respectively (Figure 5A). However, the Anth concentration of basil decreased by
21% and 2% under low temperature at both ambient and elevated CO2, respectively. The
results also showed a higher index of flavonoids under low-temperature stress, while under
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high-temperature stress, it decreased significantly (Figure 5B). Elevated CO2 significantly
increased the index of basil flavonoids under both high- and low-temperature stress. The
basil leaves showed significantly higher TCI when subjected to low-temperature stress
than the control treatments (Figure 5C). Comparing the basil TCI to the control treatments,
high-temperature treatments significantly increased the basil TCI. However, elevated
CO2 significantly decreased the NBI of the basil plant at both low- and high-temperature
stresses (Figure 5D). Similar results were observed of TCI when subjected to elevated CO2
at low temperatures.

Table 4. The mean longest root length (RL), total root length (TRL), root surface area (RSA), root average diameter (RAD),
root volume (RV), root tips (RNT), root forks (RNF), and root crossings (RNC) of basil plants grown without temperature
stress (control), with low-temperature stress, and with high-temperature stress at 420 and 720 µL L−1 of CO2 concentration
after 17 days of treatment.

Treatment RL a TRL RSA RAD RV RNT RNF RNC

420 µL L−1

Control 45.1 a 4572.9 a 854.3 a 0.598 a 14.00 a 10052 a 38545 a,b 2412.6 b

High Temperature 40.6 b,c 3792.2 b,c 623.4 b,c 0.524 c 9.68 b 12271 a 33856 b 2475.1 b

Low Temperature 36.9 c 2701.2 d 497.3 d 0.584 a,b 7.35 b 5448 b 17831 c 1115.2 c

720 µL L−1

Control 46.7 a 4159.1 a,b 738.6 a,b 0.561 a,b,c 15.45 a 12477 a 46580 a 3287.8 a

High Temperature 43.0 a,b 4194.4 a,b 715.4 b,c 0.541 b,c 9.78 b 10898 a 31358 b 2428.6 b

Low Temperature 39.9 b,c 3354.1 c 602.1 c,d 0.576 a,b 8.65 b 9624 a 22960 c 1480.0 c

Treatment b,c *** *** *** * *** ** *** ***
CO2 NS NS NS NS NS NS NS *

Trt*CO2 NS * * NS NS NS NS NS

a RL, TRL, RAD on a centimeter-per-plant basis; RSA, RV on a cubic-centimeter basis; RNT, RNF, and RNC on a number-per-plant basis.
b SE, standard error of the mean; RL = 1.4215; TRL = 212.96; RSA = 43.7643; RAD = 0.01825; RV = 1.0304; RNT = 1260.17; RNF = 2952.16;
RNC = 218.76. c NS represents non-significant p > 0.05. *, **, *** represent significance levels at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively;
within columns, values followed by the same letter are not significantly different.
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Figure 5. (A) Epidermal anthocyanin index, (B) epidermal flavonoid index, (C) total chlorophyll
index, and (D) nitrogen balance index of basil leaf tissue subjected to no temperature stress (control;
30/22 ◦C), with low-temperature (20/12 ◦C) stress, and with high-temperature (38/30 ◦C) stress at
420 and 720 µL L−1 of CO2 concentration. The standard error mean was anthocyanin = 0.003594,
flavonoids = 0.02642, TCI = 0.88, and NBI = 1.4829. Different lower-case letters indicate significant
difference at p = < 0.05 by least significant difference.
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4. Discussion

Temperature and elevated CO2 remain important factors that significantly affect
the growth and development of C3 plants, including basil [13,30]. Hence, exploring the
interactive effects of multiple abiotic stressors on the growth and development traits
associated with basil roots and shoots is imperative. Understanding crop performance to
temperature stress and elevated CO2 is crucial during the early seedling stage because it
affects developing a uniform and healthy plant canopy.

In this current research, increasing the temperature to 38/30 ◦C at ambient CO2
concentration caused less adverse effects on the early season’s morphological features
(17 DAT) of basil. Previous research indicated an increase in the PH, NN, and BN primarily
because basil plants prefer warmer temperatures [31]. For instance, in this current study,
high-temperature stress caused a significant decrease in late-season basil PH, NN, and BN
by 17%, 16%, 18%, respectively, compared to the control treatments. However, in contrast
to the control treatments, there was a significant increase in the early-season basil PH, NN,
and BN by 1%, 20%, and 57%, respectively. These findings suggest that growing basil
under high-temperature stress is beneficial to basil at its early stage and detrimental to the
late-season basil.

On the other hand, growing both the early- and late-season basil under low-temperature
stress significantly decreased basil PH, NN, and BN by 55%, 35%, and 58%, respectively.
These results are in line with previous studies [9,13]. They reported a reduction in basil PH
when exposed to low temperature and increased PH of basil grown under high-temperature
stress. It is important to note that CO2 only affected the PH of basil at 17 DAT, and there was
no significant difference in basil at 38 DAT. Thus, these results signified the role of elevated
CO2 in ameliorating the adverse impacts of temperature stress due to the higher production
of carbon available for increased rates of photosynthesis. Several studies have surmised
the beneficial effects of elevated CO2 while varying the temperature levels [5,20,21,27].

Altering plants’ growth temperature could result in fewer basil leaves, perhaps due to
the reduction in the rate of emergence of plant NN and increased rate of leaf senescence [32].
Basil plants revealed the highest decrease in the LA when exposed to low-temperature
stress, indicating their sensitivity to cold stress compared to heat stress. There was a 27%
decline in the SLA of basil in response to cold stress because the LA is directly linked to SLA.
Correspondingly, Bannayan et al. [27] and Caliskan et al. [32] posited that increasing basil’s
growth temperature would increase SLA and vice versa. In this study, when SLA declined
in response to elevated CO2, there was no significant difference in the LA considering
elevated CO2. The present exploration also revealed a positive effect of elevated CO2
on basil’s total biomass, which is usually expected of C3 plants. The adverse impacts of
both low- and high-temperature stresses on the FM and DM of basil were ameliorated by
elevated CO2. Thus, these results suggest that basil plants could cope with sub-optimal
temperature conditions because of enhanced photosynthetic rates when CO2 is elevated.
Al Jaouni et al. [15] also reported that basil biomass production increased by 40% under
elevated CO2.

The plant root system is composed of various sorts of roots that change in morphology
and function. The root architecture illustrates the root system’s spatial organization in
the soil and is crucial for plants in obtaining water and nutrients required for growth and
development [33,34]. Recent evidence suggests that the root traits required for obtaining
resources from the soil are also linked with plants’ adaptive characteristics to reduce the
adverse effects of variation in growth temperatures [16,18]. The adaptive traits of the
plant’s roots to environmental changes indicated that TRL and RSA were more sensitive to
both temperature- and CO2 -change. Luo et al. [17] revealed root width and depth to be
susceptible to temperature changes. However, RNT and RNC, which influence the root’s
architecture, were considerably larger under high-temperature stress. Increasing the CO2
levels also contributed to increasing the RNC. These results are consistent with previous
studies on C3 crops, such as members of genus Brassica and order Fabales [17,35]. Previous
studies additionally revealed that high RNT and RNC contribute to a thinner RAD [36].
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In support of our research, basil plants showed decreased RAD and RV when subjected
to heat stress. This implies that a reduced RAD under temperature stress would obtain
additional soil nutrients and increase nutrient absorption, suggesting basil’s tolerance to
warmer conditions [17,37].

Analogous to shoot and root traits, basil plants’ physiological traits were also affected
by temperature stress. Growing basil plants under low-temperature stress significantly in-
creased the concentration of flavonoids index in basil leaves. While under high-temperature
treatment, the index of flavonoids of basil decreased considerably. These findings con-
tradict many studies [31,38,39] because increased flavonoids are usually associated with
thermophilic plant defense mechanisms against heat stress. Moreover, increased growth
temperature from 30/22 ◦C to 38/30 ◦C for basil under elevated CO2 produced more Anth
content. These results suggest that subjecting basil to temperature stress and elevated
CO2 does not cause a drastic loss in Anth, which matches those observed in earlier stud-
ies [15]. Moreover, epicuticular wax decreased significantly both under hot and cold stress
conditions, which is unexpected because increased wax content is always utilized as a
physiological trait for selecting thermophilic plants [40].

In contrast with the present results, previous studies have demonstrated that de-
creasing plant growth temperature significantly increased the chlorophyll index [41,42].
Many studies have utilized the plant chlorophyll index as a metric for characterizing the
plant’s tolerance to multiple abiotic stresses, especially temperature stress in grain and
vegetables [41,43,44]. Low temperature significantly increased the non-destructive TCI of
basil leaves by 18%. However, a reduction of TCI was observed for basil leaves when the
temperature was increased to 38/30 ◦C. It is important to note that the lowest basil TCI
was observed under elevated CO2 at 30/22 ◦C, while the maximum basil TCI was recorded
when basil was subjected to low temperatures at ambient CO2. In addition to using TCI
as an essential tool for selecting plants for adapting to multiple abiotic stressors, NBI has
been noted to determine in vivo the plant nitrogen status [42,45]. It can also be used to
measure the ratio of carbon and nitrogen capacity of plants. In this study, the NBI of basil
leaves was observed at maximum when subjected to 30/22 ◦C at ambient CO2, indicating
basil tolerance to heat stress. However, the lowest basil NBI values were recorded under
low-temperature stress, which further supports the previous information on the sensitivity
of basil to chilling stress.

5. Conclusions

Elevated CO2 and temperature stress independently affect the growth and morphol-
ogy of basil roots and shoots. Decreasing the basil’s growth temperature to 20/12 ◦C
was the major determining factor in both the early- and late-season basil’s morphological
features. Low-temperature stress also resulted in the significant reduction of physiological
parameters, thus repressing basil plants’ growth. Furthermore, the accelerated concen-
tration of chlorophyll and flavonoid pigment degradation of basil plants was observed
when elevated CO2 interacted with low-temperature stress. These results further proved
the susceptibility of basil plants to chilling stress. Contrarily, elevated CO2 remarkably
ameliorated the damage caused by low-temperature stress on the morphology and growth
of basil roots, shoots, and physiological parameters. However, basil, being a thermophilic
plant, was observed to increase its plant height, node numbers, branch numbers, net photo-
synthesis, specific leaf area, anthocyanin, and nitrogen-balance index when subjected to
high-temperature stress. The outcomes of this research suggest that altering the growth
temperature of basil plants would more significantly impact the growth and develop-
ment rates of basil than increasing the CO2 concentrations, which ameliorated the adverse
impacts of temperature stress.
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