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Abstract: Water stress in one of the most important abiotic stresses that affects the productivity
of many crop species worldwide. In addition, the climate change creates new challenges for crop
adaptation especially as water resources become limited and the increase in water stress becomes
more pronounced even in areas where there is adequate water supply. The objective of the present
study was to determine the effect of water stress on physiological characteristics of five cultivars
of basil under field conditions. Water stress affected leaf temperature, dry herb yield, leaf water
potential, assimilation rate and gas exchange parameters, quantum yield, instantaneous water use
efficiency (WUE), and essential oil content. From the physiological characteristics water potential and
assimilation rate can be used for the selection of basil cultivars tolerant to water stress. In addition,
essential oil content was lower under water stress indicating that essential oil content is correlated
with water availability. From the present study it is obvious that there are tolerant basil cultivars to
water stress and can be found using physiological traits such as water potential and assimilation rate
and can be used to save and use water more sustainable and also conserve the water resources.

Keywords: water potential; chlorophyll content; chlorophyll fluorescence; photosynthesis; essential
oil content

1. Introduction

One of the major problems that climate change can cause is the water scarcity and the need to
reduce the irrigated areas as agriculture consumes 75–90% of the available freshwater [1]. Therefore,
it is important to reduce the use of water by making the water management more efficient [2,3].
Better water management can contribute to maintaining agricultural sustainability and can happen
by understanding the water needs of the different species and also the water needs of the different
cultivars [2,3]. Also irrigation water can be managed for high yield and for better quality by using
tolerant cultivars to water stress [4]. Although basil is a crop species that has high water demand the
water usage can be optimized to obtain high yield without consumption of great amounts of water
with the proper selection of basil cultivars [5].

Basil (Ocimum basilicum L.) is an aromatic and medicinal plant belonging to the ‘Lamiaceae’
family with important properties such as hypoglycemic, lowering blood pressure, antispasmodic,
lowering fever, body compatibilizer stressors and strengthening the body’s natural activity and
anti-inflammation [6]. Basil can be used as an alternative crop in many countries of the world because
of its medicinal, economic, industrial, and nutritional importance [7,8]. Despite the fact that is known
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for its many properties and uses basil was not studied extensively and especially its adaptation to
water stress.

The main products of basil are dry leaves and flowers and also its essential oil [7,9]. In addition,
basil fresh and dry leaves are used in food and spice industries and the essential oil is used in applications
such as insect repellent, antibacterial, antifungal, and antioxidant agent [7,10]. Basil essential oil has
high economic value as it contains phenyl propanoids such as eugenol, chavicol, and their derivates
and important terpenoids such as monoterpene alcohol linalool, methyl cinnamate, and limonite [7,10].

Despite the fact that basil is used in cropping systems a number of different management practices
were not studied and especially the effect of water stress under field conditions on the physiological
characteristics of basil. In a recent study it was found that five basil cultivars respond with different
ways in three irrigation levels [5]. Also purple basil was found to be very sensitive to water stress
leading to a significant reduction in dry matter yield [11] which agrees with others [5]. Moreover, there
are studies that were conducted in pots and were studied the effect of water stress [12–16]. In these
studies it was found that when O. basilicum L. and O. americanum L. were exposed to water stress there
were differences in fresh and dry weight, the essential oil content and its composition and also in
other constituents such as proline content and total carbohydrate content [15]. Regarding the essential
oil content there are reports that show that under water stress there is a reduction in the essential
oil content, in others that there was no change and in other there was an increase in the essential oil
content [13,17].

There are several strategies that have been suggested to improve drought tolerance of crop plants
such as molecular approaches which have yet to be fulfilled [18,19]. Therefore, classical approaches
such as screening genotypes under field conditions and the use of physiological traits are still important
in finding tolerant genotypes to water stress [20].

There are several physiological traits that can be used to screen for tolerant genotypes to water
stress such as gas exchange parameters (assimilation rate (A), stomatal conductance (gs), transpiration
rate (E), intercellular CO2 concentration (ci), and the calculated WUE as A/gs), chlorophyll content,
chlorophyll fluorescence, leaf water potential, and relative water content [21–28]. As far as the gas
exchange parameters are concerned, they have been questioned as some authors suggest for their
use [29–31] while others are against it [32,33]. Nevertheless, physiological traits have been showed a
good correlation with tolerance to stresses and yield parameters and an adequate genetic variation in
the evaluated population/genotype collection, and a high heritability and repeatability [20,29–31,34].
Studies including physiological parameters as breeding tools aimed to determine whether any of
the photosynthetic parameters can be used for screening large sets of genotypes for their tolerance
to different stresses [20]. However, usefulness of these tools to predict the performance of cultivars
and especially of aromatic and medicinal plants has not been studied with due consideration [20].
Qualification of such prognostic tools may assist breeding of aromatic and medicinal plants primary
aiming to create tolerant genotypes to water stress.

There are no studies that show the effect of water stress on different basil cultivars on physiological
characteristics and on the essential oil content under field conditions. The objectives of the present
study were: 1. To determine the effect of water stress on physiological characteristics of basil and
essential oil content of five basil cultivars under field conditions. 2. To find physiological characteristics
that can be used for the selection of tolerant basil genotypes to water stress.

2. Materials and Methods

2.1. Study Site

The experiment was conducted at the University farm of Aristotle University of Thessaloniki
(40◦32′9” N 22◦59′18” E, 0 m) for two years (2015 and 2016). The soil type was a clay loam with
organic matter 12.40 g kg−1, pH (1:1 H2O) 7.77, EC (dS m−1) 1.07, and CaCO3 11.3%. The physical
and hydraulic properties were determined in an undisturbed soil sample with pressure plate extractor
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method [35] at 0-30 cm: bulk density (Mg m−3) 1.3, field capacity (at 10 kPa, m3 m−3) 0.373 and
wilting point (at 1500 kPa, m3 m−3) 0.132. The previous crop was durum wheat (Triticum turgidum
subsp. durum L.) and after harvest the wheat straw was baled and removed. The conventional
tillage was used and the experimental site are moldboard plowed, harrowed and a cultivator was
used. Fertilizer containing N and P was applied before planting at the following rates of 100 and
50 kg ha−1, respectively. Weed control was obtained by hand weeding and tilling when necessary.
Weather conditions were recorded daily with an automatic weather station which was close to the
experimental site and were reported as mean monthly data for both years (Table 1). Both years showed
difference regarding the weather conditions as temperatures were lower during May 2015 and rainfall
was higher during 2015 in contrast during the 2016 rainfall was much lower. Moreover, the other
parameters were similar with the 30 years’ average values during the irrigation period (from June
to August).

Table 1. The main weather parameters (mean temperature and rainfall) for the two growing seasons of
experimentation at Thermi Greece and its comparison to the 30-year average. The weather data were
recorded with an automatic weather station close to the experimental site.

Mean Temperature (◦C) Rainfall (mm)

Month 2015 2016 30 Years Average 2015 2016 30 Years Average

March 9.1 11.33 9.6 99.40 129.40 31
April 13.5 14.56 13.9 14.40 90.00 38
May 20.1 19.22 19.3 19.80 73.00 44
June 23.2 25.87 24.5 96.20 15.20 32
July 27.5 27.85 26.7 8.20 1.20 31

August 27.1 27.11 26 1.08 0.83 24

2.2. Genotypes Used in the Study

Five basil cultivars were used in this study that had differences in earliness, essential oil content
characteristics. These cultivars were selected from a two years field study during 2013 and 2014 where
twenty basil cultivars were evaluated for their growth, dry matter yield and essential oil content [36].
In addition, the same cultivars were screened using agronomic traits for their water use efficiency under
field conditions [5]. The cultivars that were used were Mrs Burns which is an early, vigorous plant
with a distinctive lemon scent, Cinnamon which is also an early and vigorous plant with a distinctive
cinnamon scent, Sweet is medium maturity of Genovese type cultivar, Thai is a late cultivar with mild
anise or liquorice flavor and Red Rubin is a late maturing cultivars with a good red for cut leaf.

2.3. Experimental Design and Crop Management

The experimental design that was followed was the Randomized Complete Block Design (RCBD)
in a split-split plot arrangement, where irrigation levels were the main plots, cultivars were the
sub-plots, and the repeated measures on the three different growth stages were the sub-sub plots.
In addition, we used four replications (blocks) per treatment combination and each block was divided
in three strips which were the three irrigation levels and within each strip the five cultivars were
randomized. Every experimental plot was 5 m in length and 2.5 m in width with five rows 50 cm apart
and the total size of each plot was 12.5 m2. Seedlings were prepared and transplanted in the field.
On the 4 April 2015 and 19 March 2016 for the 2015 and 2016 growing season respectively seeds were
sown in a mixture of peat and perlite (9:1). On 16 May 2015 and on 25 April 2016 when the seedlings
were about 10 cm in plant height they were transplanted in the field at a rate of 8 plants m−2.

Three irrigation treatments were applied at 100%, 70%, and 40% of the net irrigation requirements
(IRn) and are presented as d100, d70 and d40 respectively. IRn was calculated from the equation:

IRn = ETc − Pe − CR + Dp + Roff ± ∆SM (1)
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were ETc was the crop evapotranspiration, Pe was the effective rainfall and was taken into account
only when it was higher than 4 mm on any day and entire rainfall was considered as effective rainfall,
CR was the capillary rise from the groundwater table, Dp was the deep percolation, Roff was the runoff

and ∆SM was the change of soil moisture content in the root zone. In this study, the CR, Dp and Roff

were negligible because (a) there is no shallow water table problem in the experimental area, thus CR
value was assumed to be zero, (b) Dp was not assumed since the amount of irrigation water was equal
to the deficit amount in the root zone and (c) irrigation was performed with drip irrigation and there
was no runoff. Besides, irrigation was applied whenever ETc reached 50 mm.

We calculated the reference evapotranspiration (ETo) with the method Penman-Monteith [37]
with the following equation:

ETo = [0.408∆(Rn − G) + γ[900/(T + 273)]u2(es − ea)]/[∆ + γ(1 + 0.34u2)] (2)

where ETo is the reference evapotranspiration (mm day−1), Rn is net radiation at the crop surface (MJ
m−2 day−1), G is soil heat flux density (MJ m−2 day−1), T is mean daily air temperature at 2 m height
(◦C), u2 is wind speed at 2 m height (m s−1), es is saturation vapour pressure (kPa), ea is actual vapour
pressure (kPa), es − ea is the saturation vapour pressure deficit (kPa), ∆ is the slope vapour pressure
curve (kPa

◦C−1), γ is the psychrometric constant (kPa
◦C−1).

Crop evapotranspiration (ETc) was calculated with the following equation:

ETc = kc × ETo (3)

where kc is the crop coefficient.
The following values of crop coefficient (kc) were used: for the beginning of flowering, 0.9; for full

bloom, 1.1; for the end of flowering, 1.0 [38].
Soil moisture was kept at 70% of field capacity which is considered adequate for plant growth

in all growth stages at full irrigation (d100). The differentiation of irrigation levels started when
the plants were at vegetative stage and 40 days after transplantation and 30 days before anthesis.
After transplantation, 30 mm of irrigation water was applied in order to promote the establishment of
the newly transplanted plants. The water was applied with a drip irrigation system, after transplanting
with the drippers spaced at 50 cm intervals the water supply of the drippers was 4 L h−1. The drip
irrigation lines were placed every other row. The same irrigation system was extensively used in other
experiments [5,20].

2.4. Dry Herb Yield Determination

In order to determine the dry herb yield three crop sampling were conducted. The growth stages
that the sampling were done were at the beginning of flowering, full bloom and end of flowering and
started from the first week of July until the first week of August in both years. One m2 was randomly
selected from each plot and was harvested from the inner row. Total eight plants were sampled from
each plot per sampling. The plants were cut at the ground level and let it dry at room temperature for a
week, when a constant weight was reached plants were weighted to obtain the dry weight. Following
the leaves and flowers of the samples were separated from the stems by hand and weighed and this
was the dry herb yield. A subsample of 0.5 kg biomass was dried at 65 ◦C to constant weight to
determine the relative water content and the dry weight yield

2.5. Essential Oil Determination

Essential oil content was determined using dry herb yield of 40 g and was subjected to a 3 h
water-distillation using a Clevenger apparatus (Sigma, London, UK), and the extracted essential oils
were stored at −20 ◦C. The essential oil content of the plants was determined by a volumetric method
(mL 100 g−1) [39].
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2.6. Gas-Exchange Measurements

Gas exchange parameters were determined with a portable photosynthesis system (LCi-SD,
ADC BioScientific Ltd., Herts, UK) equipped with a square (6.25 cm2) chamber was used for
measuring CO2 assimilation rate (A), transpiration rate (E), stomatal conductance to water vapour (gs),
and intercellular CO2 concentration (Ci) at the beginning of flowering, full bloom and end of flowering.
Measurements were performed on six plants from each plot from 09:00–12:00 in the morning to avoid
high vapor-pressure deficit and photoinhibition at midday. Instantaneous water use efficiency (WUE)
was obtained by dividing A by stomatal conductance (gs) [40].

2.7. Chlorophyll Fluorescence

The minimum Chl fluorescence (F0) and the maximum Chl fluorescence (Fm) were measured also
in situ with the portable Z995 FluorPen PAR (Qubit Biology Inc. Kingston, ON, Canada). For each plot
10 young fully expanded leaves were used before each sampling. The maximum quantum efficiency of
photosystem (PS) II was calculated as Fv/Fm (Fv = Fm − F0).

2.8. Chlorophyll Content

Chlorophyll content readings (SPAD units) were taken with a hand-held dual-wavelength meter
(SPAD 502, Chlorophyll meter, Minolta Camera Co., Ltd., Osaka, Japan). For each plot 10 young fully
expanded leaves were used before each sampling. The instrument stored and automatically averaged
these readings to generate one reading per plot.

2.9. Leaf Temperature

Leaf temperature was determined with a portable infrared thermometer (Fluke 561, Fluke, Son,
Eindhoven, The Netherlands) by measuring 10 leaves per plot and taking an average value.

2.10. Water Potential

Midday leaf water potential was measured with a pressure chamber (Plant Moisture
System—Digital model: Digital Plant Moisture System, Skye Instruments Ltd., Llandrindod
Wells, UK) within two hours past solar noon twice at the full bloom and after full bloom. Four leaves
from each plot was used each collected from different plants, were used for the measurements.

2.11. Statistical Analysis

The data were analyzed within the methodological frame of Mixed Linear Models with the
Analysis of Variance (ANOVA) method according to the model that involves the effects (main and
interactions) of four factors: 2 “years” × 3 “irrigation levels” × 5 “cultivars” × 3 “growth stages”.
The experiment was installed according to the Randomized Complete Block Design (RCBD) in a
split-split-split-plot arrangement, utilizing data from four blocks per combined treatment. The “years”
were considered as the main plots, “irrigation levels” were considered as the sub-plots, “cultivars” were
considered as the sub-sub-plots, and “growth stages” were considered as the sub-sub-sub plots [41,42].
A combined over years ANOVA was performed according to the previously described experimental
setup. Within each year the basic experimental design was the RCBD in a split-split plot arrangement:
“irrigation levels” were the main plots, “cultivars” were the sub-plots, and “growth stages” were the
sub-sub plots, since there were repeated measurements on the same experimental unit. The combined
analysis over years corresponds statistically to a split-split-split plot analysis, where the levels of the
factor “years” are considered as the main plots, the irrigation levels as the sub-plots and so on. Data for
leaf temperature and assimilation rate were log10(X + 1) transformed in order the corresponding
models’ residuals to achieve normality and homoscedasticity. Pair-wise differences between treatments’
means were tested with the protected Least Significant Difference (LSD) criterion. The significance
level of all hypothesis testing procedures was preset at a = 0.05 (p ≤ 0.05). The SPSS software (ver. 17,
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SPSS Inc., Chicago, USA) was used for the statistical analyzes. One of the authors developed and
programmed a special SPSS’s syntax code for performing the statistical analysis and the testing of the
proposed mixed linear model.

3. Results

Most of the characteristics were affected by the main effect of year (Y), irrigation (W),
cultivar (G), and growth stages (S) and also by some of their two way and higher order interactions
(Table 1). The two-way interaction “cultivar × year” had a statistically significant effect on all
plant characteristics except on leaf temperature and assimilation rate. The effect of the interaction
“irrigation × year” was only statistically significant for the water potential, stomatal conductance,
evapotranspiration, Ci and intrinsic WUE. The interaction “growth stages × year” had a statistically
significant effect on all characteristics. The effect of the interaction “cultivar × growth stages” was
statistically significant for all the characteristics except the water potential and E. The interaction
“irrigation × growth stages” had a statistically significant effect only on leaf temperature, water
potential, and intrinsic WUE. The interaction “cultivar × irrigation” effect was only statistically
significant for chlorophyll content, water potential, and intrinsic WUE. The three-way interaction
“cultivar × year × irrigation” was statistically significant only for water potential. The interaction
“cultivar × irrigation × growth stages” effect was statistically significant for essential oil content.
The interaction “irrigation × year × growth stage” had a statistically significant effect only on water
potential. The interaction “cultivar × year × growth stages” effect was statistically significant for all
the measured plant characteristics except the chlorophyll content, water potential, gs, and E. Finally,
the four-way interaction “cultivar × year × irrigation × growth stages” had a statistically significant
effect on leaf temperature, essential oil content, water potential and intrinsic WUE. Based on Table 2,
for all measured plant characteristics, there are significant two-way and three-way interactions (and
in three cases, there are significant four-way interactions) that involve the combination of the four
factors, in some cases, in pairs, and in others, in triplets. Consequently, there is a point to present the
synergistic effect of cultivar, irrigation, year, and growing stage; that is, to present the mean values for
all treatments’ combinations in Tables 2–6 and in Figures 1 and 2.

3.1. Chlorophyll Content

Chlorophyll content readings were not affected by the irrigation treatment for the three measurements
and it was affected by the year as it was higher during the second year (2016) and also by the cultivars
(Tables 2 and 3). In addition, chlorophyll content was affected by the growth stage as it was higher at the
beginning of flowering. The irrigation level affected only the chlorophyll content of Thai during the 2016
period. The highest chlorophyll content was found at Cinnamon at the two growth stages and at the third
growth stage was higher at Red Rubin and Thai.

3.2. Leaf Temperature

Leaf temperature was affected by all the parameters that were studied and was higher at d40

compared with the d100 in some of the treatments. At the first measurement higher leaf temperature
was found at the Cinnamon and Red Rubin. In addition, higher leaf temperature was found at 2015
compared with the 2016. At full bloom higher leaf temperature was found at Cinnamon and at d40 and
at 2015. At the end of flowering the differences were less pronounced and also Cinnamon had the
higher leaf temperature and also at d40 (Table 3).
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Table 2. Analysis of variance results (significance of the effects) for testing the effects (main and interactions) of Year (Y), Irrigation (W), Cultivar (C), and Growth
Stages (S) on the measured plant characteristics.

Parameters Growth
Stages (S)

Year
(Y)

Irrigation
(W)

Genotype
(G) G × Y W × Y S × Y G × S W × S G ×W G × Y

×W
G ×W
× S

W × Y
× S

G × Y
× S

G × Y ×
W × S

Chlorophyll content *** *** NS *** *** NS *** *** NS ** NS NS NS NS NS
Chlorophyll Fluorescence *** NS NS *** *** NS *** *** NS NS NS NS NS *** NS
Leaf temperature *** * *** *** NS NS * *** * NS NS NS NS *** *
Essential oil content *** NS ** *** *** NS *** *** NS NS NS * NS * **
Dry weight of herbal material *** *** ** *** *** NS *** *** NS NS NS NS NS *** NS
Water potential NS *** *** *** *** *** * NS *** ** ** NS *** NS *
Assimilation rate CO2 (A) *** NS ** ** NS NS ** *** NS NS NS NS NS *** NS
Stomatal conductance (gs) *** * *** *** *** ** *** NS NS NS NS NS NS NS NS
Evapotranspiration (E) *** * *** *** *** ** *** NS NS NS NS NS NS NS NS
Internal leaf CO2 concentration (ci) *** ** NS *** ** NS *** *** NS NS NS NS NS *** *
Intrinsic Water use efficiency (WUE A/gs) *** NS ** *** *** NS *** *** * NS NS NS NS *** **

* Significant at 0.05 significance level. ** Significant at 0.01 significance level. *** Significant at 0.001 significance level. NS, non significant (p > 0.05).

Table 3. Combined effect of Years (2015, 2016), Cultivars, Irrigation treatments and Stages of development on Chlorophyll content, Leaf temperature and Water
potential. Data presented are mean values, where LSD is the least significant difference at the 0.05 significance level.

Cultivars Irrigat.
Treatments

Stage

Chlorophyll Content Leaf Temperature Water Potential

2015 2016
2015 2016

2015 2016
Transformed 1 Actual 2 Transformed 1 Actual 2

Mrs Burns

d40
1rst GS

35.28 40.90 1.487 29.72 1.476 28.90
d70 34.23 37.28 1.481 29.28 1.457 27.66
d100 35.10 38.15 1.485 29.58 1.453 27.38
d40

2nd GS
29.40 31.58 1.525 32.54 1.507 31.13 9.90 4.94

d70 29.70 33.10 1.500 30.63 1.481 29.25 4.28 2.90
d100 28.98 31.28 1.494 30.21 1.465 28.16 2.85 2.79
d40

3rd GS
26.95 27.55 1.509 31.29 1.468 28.41 11.00 3.62

d70 27.23 26.08 1.517 31.90 1.481 29.25 5.16 3.50
d100 31.10 27.98 1.505 30.98 1.436 26.35 6.04 3.55



Agronomy 2020, 10, 1029 8 of 20

Table 3. Cont.

Cultivars Irrigat.
Treatments

Stage

Chlorophyll Content Leaf Temperature Water Potential

2015 2016
2015 2016

2015 2016
Transformed 1 Actual 2 Transformed 1 Actual 2

Cinnamon

d40
1rst GS

41.80 47.50 1.495 30.25 1.499 30.59
d70 41.80 45.73 1.489 29.81 1.483 29.41
d100 42.40 47.45 1.498 30.49 1.476 28.96
d40

2nd GS
38.98 43.18 1.558 35.23 1.529 32.91 15.05 4.41

d70 38.47 40.55 1.509 31.33 1.501 30.73 6.67 2.83
d100 35.90 39.83 1.493 30.11 1.500 30.62 3.63 3.46
d40

3rd GS
34.68 39.10 1.525 32.48 1.491 30.03 10.63 3.66

d70 31.78 36.63 1.513 31.60 1.471 28.60 10.62 3.79
d100 34.50 36.18 1.501 30.70 1.468 28.54 7.71 4.02

Sweet

d40
1rst GS

36.83 38.28 1.545 34.15 1.511 31.46
d70 35.08 39.33 1.515 31.75 1.502 30.75
d100 33.95 37.85 1.484 29.48 1.530 32.98
d40

2nd GS
33.63 38.13 1.507 31.18 1.483 29.45 14.20 4.17

d70 26.73 34.98 1.497 30.41 1.465 28.29 6.15 2.93
d100 26.68 35.53 1.502 30.80 1.467 28.47 2.55 2.79
d40

3rd GS
35.28 35.78 1.487 29.70 1.450 27.22 10.09 2.83

d70 30.80 36.88 1.475 28.91 1.443 26.75 10.52 2.65
d100 29.30 34.43 1.478 29.09 1.450 27.27 10.57 2.41

Red Rubin

d40
1rst GS

40.25 40.70 1.559 35.37 1.508 31.27
d70 38.00 40.10 1.532 33.03 1.545 34.13
d100 37.40 41.70 1.496 30.37 1.494 30.24
d40

2nd GS
27.90 40.05 1.526 32.56 1.479 29.17 9.70 3.97

d70 27.63 38.50 1.521 32.24 1.468 28.42 4.15 2.70
d100 30.68 40.93 1.506 31.09 1.464 28.22 1.66 3.38
d40

3rd GS
34.35 34.35 1.493 30.24 1.450 27.24 2.74 2.69

d70 31.68 31.68 1.491 29.98 1.459 27.82 10.15 2.82
d100 34.08 34.08 1.491 30.04 1.451 27.34 2.97 2.50
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Table 3. Cont.

Cultivars Irrigat.
Treatments

Stage

Chlorophyll Content Leaf Temperature Water Potential

2015 2016
2015 2016

2015 2016
Transformed 1 Actual 2 Transformed 1 Actual 2

Thai

d40
1rst GS

37.00 35.55 1.554 34.93 1.463 28.06
d70 35.70 41.20 1.528 32.76 1.459 27.83
d100 35.28 40.60 1.492 30.03 1.481 29.33
d40

2nd GS
28.83 38.30 1.513 31.62 1.500 30.80 14.67 3.27

d70 30.85 37.95 1.491 29.99 1.461 27.99 4.45 3.41
d100 30.48 37.75 1.479 29.1 1.464 28.24 1.61 3.10
d40

3rd GS
37.48 34.35 1.485 29.69 1.459 27.84 5.81 2.67

d70 41.80 40.40 1.481 29.33 1.449 27.16 5.44 2.40
d100 37.03 39.43 1.473 28.77 1.456 27.61 8.25 2.30

LSD0.05 4.78 4.78 0.031 0.031 3.47 3.47

CV% 9.5 5.1 47.2
1 Data presented in column titled “Transformed” are means of log10(X + 1) transformed values. 2 Values in column titled “Actual” correspond to the means computed from raw data.
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3.3. Water Potential

Midday leaf water potential was affected by the year, irrigation and genotype and also by their
interaction except from genotype and growth stage, genotype, irrigation and growth stage and
genotype, year and growth stage. It was higher at d40 compared with the d100 and also at the first
measurement at Cinnamon. At the second measurement was higher at the d40 compared with the d100.
The cultivars that showed higher water potential were Cinnamon and Sweet and lower at Thai and
Red Rubin. There was also difference between the two years of the study and it was higher at 2015
compared with the 2016 growing season (Table 3).

3.4. Gas-Exchange Parameters

Gas exchange parameters and more specifically assimilation rate (A), evapotranspiration rate
(E), stomatal conductance (gs), and intercellular CO2 concentration (Ci) were affected by the growth
stages, irrigation, genotype and the interactions between growth stages and year, growth stages and
genotypes, and the three way interaction of growth stages, year and genotypes. At the beginning of
flowering there was difference among the cultivars at the assimilation rate and the highest was found
at Thai and Sweet and the lower at Mrs Burns and Cinnamon. In addition, during the two growth
stages there was difference among the irrigation treatments and the highest was found at the d100

(Table 6). There was no difference between the two growing seasons (Table 4).
Stomatal conductance to water vapour (gs) showed a different trend than the assimilation rate as

it was affected by all the factors that were studied and also by the genotype and year, irrigation and
year and growth stage and year. The differences for the cultivars were not significant at the end of
flowering but there were differences for the irrigation treatments (Table 4).

Evapotranspiration rate (E) was affected by all the factors that were studied and also by the G × Y,
W × Y and S × Y. E was higher at d100 and lower at d40 and it was higher at 2015. Mrs Burns and
Cinnamon had the highest E at the beginning of flowers and lower at Sweet. It was higher at Mrs Burns
and lower at Sweet at the beginning of flowers, also it was higher at d100 and lower at d40 and higher
at 2015 compared with the 2016. Similar was the trend for Cinnamon at full bloom with the difference
at Cinnamon that had the highest values (Table 4).

Intercellular CO2 concentration (Ci) was affected by growth stages, year, genotypes and the
interaction of genotypes and year, growth stages and years, genotypes and growth stages, genotypes,
years and growth stages and the four way interactions of growth stages, genotypes, irrigation and
years. Ci was higher at Mrs Burns and Cinnammon at beginning of flowering and at full bloom and it
was higher at d100 at full bloom and end of flowering and also at end of flowering Thai showed the
highest Ci (Table 4).

Instantaneous WUE was affected by growth stages, year, irrigation, cultivar, and by the interactions
between cultivars and years, growth stages and years, cultivars and growth stages, and by the interaction
of cultivars, years and growth stages. WUE was higher at the d40 treatment and lower at the d100

treatment (Table 4). The lowest WUE was found at Mrs Burns cultivar, followed by Cinnamon, and the
higher was found at Sweet. The trend was similar in all cultivars, and the lowest WUE was found at
the d100 treatment and at 2015.

3.5. Chlorophyll Fluorescence

Quantum efficiency of photosystem (PS) II was affected by growth stage and genotype and also
by the interaction between genotype and year, growth stages and year, genotype and growth stages
and the three way interaction genotype, year and growth stage. There were no differences among the
five cultivars at the first two growth stages but at the end of flowering Mrs Burns and Cinammon
showed the highest quantum yield and followed by Sweet, the lowest quantum yield was found at
Thai and Red Rubin (Tables 2, 5 and 6).
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Table 4. Combined effect of Years (2015, 2016), Cultivars, Irrigation levels and Stages of development on Stomatal conductance, Evapotranspiration, Internal leaf CO2

concentration and Intrinsic Water use efficiency. Data presented are mean values, where LSD is the least significant difference at the 0.05 significance level.

Cultivars Irrigation
Treatment

Stage
Stomatal Conductance Evapotranspiration Internal Leaf CO2

Concentration
Intrinsic Water Use

Efficiency

2015 2016 2015 2016 2015 2016 2015 2016

Mrs Burns

d40 Beginning of
flowering

0.47 0.15 5.07 3.57 361.97 220.47 4.36 58.94
d70 0.34 0.15 4.90 3.06 383.35 198.64 10.84 69.34
d100 0.45 0.17 5.59 3.17 357.13 207.83 13.17 60.88
d40

Full bloom
0.25 0.10 3.49 1.75 288.61 188.93 39.24 94.21

d70 0.19 0.12 3.25 2.46 264.02 248.94 47.27 77.47
d100 0.34 0.13 4.85 2.81 246.69 202.87 36.10 103.51
d40 End of

flowering

0.11 0.06 2.74 2.19 196.28 174.38 90.81 109.15
d70 0.24 0.14 4.72 3.23 247.28 180.67 51.72 83.35
d100 0.31 0.16 6.04 2.52 264.97 232.08 42.29 86.31

Cinnamon

d40 Beginning of
flowering

0.48 0.09 5.33 2.22 356.27 235.20 5.45 59.93
d70 0.36 0.21 5.15 4.23 344.20 233.03 13.62 47.43
d100 0.33 0.16 5.31 3.84 356.72 233.63 11.05 54.36
d40

Full bloom
0.19 0.11 2.79 1.94 274.89 183.82 49.94 88.22

d70 0.24 0.16 3.67 2.75 276.95 225.09 37.78 65.09
d100 0.42 0.19 5.30 2.85 266.67 227.93 29.59 74.89
d40 End of

flowering

0.11 0.10 2.57 2.78 218.06 195.00 131.48 81.87
d70 0.11 0.13 3.30 2.98 186.83 216.14 129.09 72.03
d100 0.40 0.12 6.35 2.40 249.22 224.33 38.44 71.32

Sweet

d40 Beginning of
flowering

0.15 0.16 2.70 2.54 240.03 180.07 67.82 68.58
d70 0.18 0.20 3.52 3.17 243.88 218.40 59.00 54.77
d100 0.34 0.20 4.98 2.83 234.61 244.90 46.12 62.12
d40

Full bloom
0.07 0.15 2.30 3.56 144.17 183.73 166.87 75.07

d70 0.10 0.14 2.65 3.31 153.45 192.73 106.55 78.34
d100 0.09 0.17 2.73 2.54 144.56 231.27 144.85 65.41
d40 End of

flowering

0.11 0.10 2.45 2.73 252.11 170.37 116.78 94.50
d70 0.17 0.10 3.50 2.55 293.28 158.33 50.02 102.43
d100 0.11 0.25 3.05 4.08 237.28 226.60 99.18 55.34
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Table 4. Cont.

Cultivars Irrigation
Treatment

Stage
Stomatal Conductance Evapotranspiration Internal Leaf CO2

Concentration
Intrinsic Water Use

Efficiency

2015 2016 2015 2016 2015 2016 2015 2016

Red Rubin

d40 Beginning of
flowering

0.23 0.12 3.17 2.25 298.67 209.99 38.03 69.08
d70 0.33 0.16 4.45 2.42 299.83 212.35 27.73 69.13
d100 0.42 0.15 5.68 2.17 274.83 256.27 23.98 70.48
d40

Full bloom
0.07 0.18 1.94 3.74 164.22 191.93 138.14 64.44

d70 0.12 0.24 2.69 4.39 207.11 248.40 95.60 58.44
d100 0.28 0.24 4.40 2.58 244.53 291.27 49.11 50.13
d40 End of

flowering

0.10 0.17 2.62 3.74 182.22 197.67 139.56 68.68
d70 0.10 0.23 2.83 4.01 216.78 236.20 109.85 51.94
d100 0.15 0.18 3.43 3.31 257.56 190.62 69.61 80.02

Thai

d40 Beginning of
flowering

0.23 0.15 3.16 2.14 296.64 193.53 38.41 83.36
d70 0.36 0.32 4.01 3.25 302.75 239.00 25.87 52.42
d100 0.37 0.23 5.21 3.37 250.11 199.23 42.64 68.16
d40

Full bloom
0.05 0.13 1.80 3.02 153.22 200.72 161.11 69.62

d70 0.10 0.15 2.55 3.33 187.61 186.54 88.60 83.11
d100 0.15 0.17 3.57 2.48 209.44 263.67 61.84 61.06
d40 End of

flowering

0.09 0.13 2.02 2.72 388.89 213.73 70.24 76.42
d70 0.09 0.26 2.66 4.10 185.69 252.73 121.93 48.00
d100 0.17 0.24 3.96 4.16 257.22 228.82 54.11 58.13

LSD0.05 0.12 0.12 1.39 1.39 63.39 63.39 34.99 34.99

CV% 43.1 29.5 19.4 36.4

Table 5. Combined effect of Years (2015, 2016), Cultivars and Stages of development on Chlorophyll Fluorescence and Assimilation rate CO2. Data presented are mean
values, where LSD is the least significant difference at the 0.05 significance level.

Cultivars Stage

Chlorophyll Fluorescence Assimilation Rate CO2

2015 2016
2015 2016

Transformed 1 Actual 2 Transformed 1 Actual 2

Mrs Burns
Beginning of flowering 0.65 0.72 0.57 3.64 0.99 9.63

Full bloom 0.75 0.65 1.03 10.30 1.03 10.34
End of flowering 0.73 0.64 1.09 11.55 1.00 9.53
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Table 5. Cont.

Cultivars Stage

Chlorophyll Fluorescence Assimilation Rate CO2

2015 2016
2015 2016

Transformed 1 Actual 2 Transformed 1 Actual 2

Cinnamon
Beginning of flowering 0.62 0.76 0.62 3.68 0.90 7.50

Full bloom 0.70 0.64 1.02 9.71 1.06 10.87
End of flowering 0.73 0.67 1.16 14.02 0.95 8.32

Sweet
Beginning of flowering 0.74 0.64 1.08 11.24 1.08 11.45

Full bloom 0.73 0.66 1.07 11.07 1.06 10.54
End of flowering 0.59 0.61 1.01 9.69 1.07 11.02

Red Rubin
Beginning of flowering 0.67 0.67 1.00 9.60 1.00 9.38

Full bloom 0.72 0.68 1.03 10.07 1.07 11.04
End of flowering 0.54 0.62 1.06 10.87 1.10 11.68

Thai
Beginning of flowering 0.69 0.63 1.02 10.31 1.11 12.41

Full bloom 0.73 0.67 0.98 8.81 1.04 10.04
End of flowering 0.57 0.61 0.97 8.70 1.08 11.39

LSD0.05 0.04 0.04 0.11 0.11

CV% 6.7 31.2
1 Data presented in column titled “Transformed” are means of log10(X + 1) transformed values. 2 Values in column titled “Actual” correspond to the means computed from raw data.

Table 6. Main effect of Irrigation levels on Assimilation rate CO2. Data presented are mean values, where LSD is the least significant difference at the 0.05 significance level.

Irrigation Treatment
Assimilation Rate CO2

Transformed 1 Actual 2

d40 0.96 8.86
d70 1.01 9.90
d100 1.05 11.08

LSD0.05 0.05
CV% 31.6

1 Data presented in column titled “Transformed” are means of log10(X + 1) transformed values. 2 Values in column titled “Actual” correspond to the means computed from raw data.
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3.6. Dry Herb Yield

Dry weight of herbal material was affected by cultivar, irrigation treatments, growth stage, year,
cultivars, and by the interactions of cultivars with years and growth stages (Table 2 and Figure 1).
Mrs Burns and Cinnamon showed increase in dry weight of herbal material from the initiation of
flowering to full bloom. In 2015, the herbal weight of ‘Mrs Burns’ remained stable from full bloom
to the end of flowering while in ‘Cinnamon’ was increased. However, in 2016, both ‘Mrs Burns’ and
‘Cinnamon’ showed an increase in herbal weight from the beginning of flowering up to the end of
flowering. For the cultivar Sweet and Red Rubin, there was an increase in the dry weight from the
first stage to the second growth stage, and then there was a decrease from the second to the third for
Sweet and no difference for Red Rubin. In contrast, Thai cultivar did not show any significant response
between the three growth stages.

Agronomy 2020, 10, x FOR PEER REVIEW 15 of 22 

 

3.6. Dry Herb Yield 

Dry weight of herbal material was affected by cultivar, irrigation treatments, growth stage, 
year, cultivars, and by the interactions of cultivars with years and growth stages (Tables 2 and Figure 
1). Mrs Burns and Cinnamon showed increase in dry weight of herbal material from the initiation of 
flowering to full bloom. In 2015, the herbal weight of ‘Mrs Burns’ remained stable from full bloom to 
the end of flowering while in ‘Cinnamon’ was increased. However, in 2016, both ‘Mrs Burns’ and 
‘Cinnamon’ showed an increase in herbal weight from the beginning of flowering up to the end of 
flowering. For the cultivar Sweet and Red Rubin, there was an increase in the dry weight from the 
first stage to the second growth stage, and then there was a decrease from the second to the third for 
Sweet and no difference for Red Rubin. In contrast, Thai cultivar did not show any significant 
response between the three growth stages. 

3.7. Essential Oil Content 

Essential oil content was affected by growth stages, irrigation, cultivar, and also by their 
interactions. However, it was not affected by year and the two-way interactions of irrigation with 
other factors. The highest essential oil content was found at Mrs Burns cultivar, followed by 
Cinnamon and Thai. The lowest essential oil content was found at Red Rubin (Figure 2). The growth 
stage that showed the lowest essential oil content was at the end of flowering for both growing 
seasons. When there was a reduction in water availability there was also a reduction in essential oil 
content in most cases. 

 

LSD 

Agronomy 2020, 10, x FOR PEER REVIEW 16 of 22 

 

 
Figure 1. Dry weight of herbal material of the five basil cultivars during the three growing stages 
(GS) (where 1 is for the initiation of flowering, 2 is for the full bloom, 3 is the end of flowering) at the 
three irrigation levels (d40, d70 and d100) for the two growing seasons 2015 (a) and 2016 (b). Data 
presented are mean values; vertical bar corresponds to the least significant difference (LSD= 85.89). 

 

 

LSD 

Figure 1. Dry weight of herbal material of the five basil cultivars during the three growing stages (GS)
(where 1 is for the initiation of flowering, 2 is for the full bloom, 3 is the end of flowering) at the three
irrigation levels (d40, d70 and d100) for the two growing seasons 2015 (a) and 2016 (b). Data presented
are mean values; vertical bar corresponds to the least significant difference (LSD = 85.89).
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3.7. Essential Oil Content

Essential oil content was affected by growth stages, irrigation, cultivar, and also by their interactions.
However, it was not affected by year and the two-way interactions of irrigation with other factors.
The highest essential oil content was found at Mrs Burns cultivar, followed by Cinnamon and Thai.
The lowest essential oil content was found at Red Rubin (Figure 2). The growth stage that showed the
lowest essential oil content was at the end of flowering for both growing seasons. When there was a
reduction in water availability there was also a reduction in essential oil content in most cases.Agronomy 2020, 10, x FOR PEER REVIEW 17 of 22 
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is for the initiation of flowering, 2 is for the full bloom, 3 is the end of flowering) at the three 
irrigation levels (d40, d70 and d100) for the two growing seasons 2015 (a) and 2016 (b). Data presented 
are mean values; vertical bar corresponds to the least significant difference (LSD= 0.41). 
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Figure 2. Essential oil content of the five basil cultivars during the three growing stages (GS) (where 1
is for the initiation of flowering, 2 is for the full bloom, 3 is the end of flowering) at the three irrigation
levels (d40, d70 and d100) for the two growing seasons 2015 (a) and 2016 (b). Data presented are mean
values; vertical bar corresponds to the least significant difference (LSD = 0.41).

4. Discussion

4.1. Chlorophyll Content

Chlorophyll content determined with a chlorophyll meter e.g., SPAD has been proposed as a good
indicator of green color and the stay green characteristic in several plant species and also for stress
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tolerance index [29,30]. However, in basil it was not affected by the irrigation but it was affected by
the cultivar. These results indicate that chlorophyll content cannot be used as selection criteria for of
tolerant cultivars to water stress. In other plant species it was found that chlorophyll content can be
used under water stress [20,43].

4.2. Leaf Temperature

Leaf temperature is a reliable index for water stress for many crop species [20,44]. A value of leaf
temperature above 3 ◦C the ambient temperature can be used as a threshold indicating non-stress
water conditions in basil during anthesis and allowing growers to schedule irrigation [43].

4.3. Water Potential

Leaf water potential declined in all treatments in response to the reduction to lower irrigation.
The leaf water potential had in some cases very low values up to −15 MPa which was lower compared
with −3.63 MPa at the d100. Thus, at a given level of water availability the leaf water potential was
lower than at the d40 compared with the other two treatments. When plants are exposed to water
stress leaf water potential is lowered, which affects negatively plant metabolic activity over time [45].
Similar response was found in other plant species and leaf water potential has been proposed to be
used as a marker for water stress [20,45].

4.4. Gas-Exchange Measurements

The effect of water stress on physiological characteristics of most crop plants has been studied
extensively [18,45,46], but it was not studied in aromatic and medicinal plants were the last years there
is an increased interest. The reduction in photosynthetic efficiency is a well-known symptom of water
stress and has been observed in many plant species [22–25,33,45]. In the present study a reduction of
the assimilation rate was observed in most cultivars after exposure to drought. This reduction was
usually accompanied with a decrease in gs and E (data not shown). However, the cultivar Mrs Burns
did not show any changes of stomatal function or even displayed an increased gs under drought
compared with the nonstressed plants and in this case there was also an increase in E and A. When the
plants are exposed to water stress stomata closes and there is a reduction in E and also in A. In addition,
as water deficit persists for longer period there is a higher reduction in A [44,47–49]. When the stomata
close there is a decrease in gs and also a reduction in A under water deficit [40,50,51].

The use of physiological traits in aromatic and medicinal plants was not explored and can be used
to help in the improvement of water stress tolerance of genotypes. However, these traits have to fulfill
several criteria as they have to be simple and the measurements should be fast and there should be
a good correlation with tolerance, and should be adequate interspecific genetic variation [18,33,34].
The physiological traits that were studied can satisfy the first condition (particularly the Chl fluorescence
measurements) and more-or-less meet also the second condition (based on the presence of positive
correlations between Chl fluorescence and dry herb yield). In other studies it was reported that there is
correlation of tolerance and chlorophyll fluorescence [26] or Chl content [44].

The significant variability of the physiological characteristics that are used in this study were
reported in other studies [20]. Therefore, these parameters can be used for the selection tolerant basil
cultivars to water stress.

4.5. Chlorophyll Fluorescence

The maximum quantum efficiency of PSII photochemistry was used as an index for stress tolerance
and especially for water stress [20,29,30,50], however it was not used in aromatic and medicinal plants
and especially in basil. Similar values for basil of quantum yield efficiency were reported by others [51]
but it was not determined under stress conditions and under field conditions. It was reported by others
that primary photosynthetic reactions such as photosynthetic electron transport are rather resilient
to water stress, and when there is a reduction in photosynthetic electron transport efficiency occurs
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after there is an imbalance between the generation of NADPH and its utilization in the photosynthetic
carbon reduction cycle [44]. Under water stress there is a significant increase in generation of reactive
oxygen species which leads to photooxidation and the degradation of photosynthetic membrane
proteins and more specifically D1, D2 and CP43 proteins of PSII and the associated pigments and
lipids [47,48]. However, in the present study there was no significant effect on the irrigation treatments
but only on the growth stages, cultivars and years.

4.6. Dry Herb Yield

The dry herb yield is the most important product together with the essential oil content of aromatic
and medicinal plants, therefore is important to have high yield with increased content of essential oils.
The dry herb yield was also affected by the irrigation treatments, growth stages, year, and cultivars.
The cultivar that showed the highest dry herb weight was Mrs Burns in both years. The lowest dry
herb yield was found at Red Rubin for both years. Dry herb yield was lower under water stress and
this can be due to lowering the leaf area index [5] and the reduction in photosynthesis [15,52–54].
The growth stage that water stress had the highest effect was at the end of flowering.

The dry herb yield was relatively high and varied from 37 g/m2 to 495 g/m2 and most cultivars
having yields greater than the dry herb yield reported in other studies [11,14,15]. The dry herb yield
variation that was found reflects different genetic backgrounds of the cultivars that were used in this
study and similar response was found by others using a number of different genotypes [11,16,45,49].
Most of the cultivars had yield greater than 100 g/m2 which is considered very high. These data
suggest that most of the cultivars that were used can provide high dry herb yield under Mediterranean
conditions and can be adapted by the farmers.

4.7. Essential Oil Content

Essential oil content is a characteristic that can be affected by genotype, growing conditions,
growth stage etc. [11,16,45,55]. In the present study essential oil content was affected by the irrigation
level. Water stress can positive or negative effect of on essential oil content as it was reported in other
species [16,17,56,57]. It was found a great variation in the essential oil content among the cultivars that
were used as it ranged from 0.45 up to 2.33 mL 100 g−1 and depended from the growth stage, cultivar,
year and irrigation level. Most of the cultivars had essential oil content higher than the oil content
reported in other studies 0.6 to 1.7 mL 100 g−1 dry herbage [11,16,45,46]. Differences in basil essential
oil content between the present and other studies could be due to differential environmental conditions
and genetic material that were used. It was reported that basil essential oil content can vary depending
on growth conditions [7,45]. The findings from this study are important in two ways: (1) basil can be
used for high essential oil production and (2) most of the cultivars can be used for high dry herb yield.

5. Conclusions

The use of physiological characteristics such as chlorophyll fluorescence, water potential, E, gs and
A/gs together with the dry herb yield can be used for the selection of basil cultivars under control and
water stress conditions. Also cultivar Mrs Burns showed to be more tolerant to water stress and can be
used in limited water environments. In addition, 70% of ET seems that does not affect significantly
yield and essential oil content and under water limited environments we can reduce the amount of
irrigation water. However, for higher essential oil content there is a need to screen genotypes under
field conditions and at different environments as essential oil content was not correlated with any of
physiological characteristics that were studied.
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