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Abstract

Main Conclusion The drought conditions and the application of ABA reduce the photosynthetic activity, and the
processes related to the transpiration of Dracocephalum moldavica L. At the same time, the plant increases the pro-
duction of phenolic compounds and essential oil as a response to stress conditions.

Abstract In the semi-arid regions, drought stress is the most important environmental limitations for crop production. Absci-
sic acid (ABA) plays a crucial role in the reactions of plants towards environmental stress such as drought. Field experiments
for two consecutive years in 2016 and 2017 were conducted to evaluate the effect of three watering regimes (well-watered,
moderate and severe drought) and five exogenous ABA concentrations (0, 5, 10, 20 and 40 pM) on growth, photosynthesis,
total phenolic and essential oil content of Dracocephalum moldavica L. Without ABA application, the highest photosynthetic
rate (6.1 pmol CO, m~2 s~!) was obtained under well-watered condition and, moderate and severe drought stress decreased
photosynthesis rate by 26.39% and 34.43%, respectively. Some growth parameters such as stem height, leaf area, leaf dry
weight and biological yield were also reduced by drought stress. ABA application showed a decreasing trend in photosyn-
thesis rate and mentioned plant growth parameters under all moisture regimes. The highest seed yield (1243.56 kg ha™') was
obtained under well-watered condition without ABA application. Increasing ABA concentration decreased seed yield in all
moisture regimes. The highest total phenolic content (8.9 mg g~! FW) and essential oil yield (20.58 kg ha™!) were obtained
from 20 and 5 pM ABA concentration, respectively, under moderate drought stress.
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stomatal closure limiting decline in growth and photosyn-
thesis rate (Flexas and Medrano 2002). In addition, both
cell expansion and cell division, two primary processes
involved in plant growth, can be influenced by relatively
mild drought stress, even before photosynthesis or respi-
ration is affected critical processes, such as germination,
emergence, leaf expansion, root and shoot development, dry
matter accumulation, floral initiation, pollination, fertiliza-
tion, seed growth and seed yield (Morgan 1984; Roberts
1988). Among them, leaf expansion is the most sensitive
processes (Alves and Setter 2004). Indeed, drought decrease
cell size and cell number and thus can lead to decreased
leaf area, stem growth and plant height (Randall and Sin-
clair 1988; Simonneau et al. 1993; Tardieu et al. 2000). In
addition, Baher et al. (2002) showed that moderate drought
can decrease the length of time from floral initiation (Cruz
and O’Toole 1984). Colom and Vazzana (2002) reported
that drought reduced total fresh and dry weight of Satureja
hortensis. Similar results showed that the number of stem
per plant and total dry weight was negatively related to water
stress in Eragrostis curvula. Drought stress during flower
development decrease seed numbers (Wheeler et al. 2000;
Prasad et al. 2006). In addition, drought decreases the seed-
filling duration, leading to smaller seed size and seed yield
(Frederick et al. 1991; De Souza et al. 1997; Wardlaw and
Willenbrink 2000).

Another significant response of plants to water stress is
the increase in the synthesis of secondary metabolites (Laz-
zari et al. 2012; Cordoba et al. 2021; Eriksen et al. 2021;
Jogawat et al. 2021). With the increase in drought, the plant
produces different antioxidant molecules such as polyphe-
nols and carotenoids with the aim of counteracting oxidative
stress (Jogawat et al. 2021). Humanity has exploited this
potential to produce new supplements and pharmaceuti-
cal products with antioxidant activity (Lazzari et al. 2012;
Mastinu et al. 2012, 2021; Kumar et al. 2019; Gupta et al.
2020).

Dracocephalum moldavica L. (D. moldavica) belonging
to the Lamiaceae (Labiatae) family is a perennial herb. It
is native to central Asia and is naturalized in eastern and
central Europe. Flowers and all vegetative parts of D. mol-
davica (young leaves and stems) are used due to their aro-
matic compounds (Amin 1991).The essential oil of D. mol-
davica includes a group of phenolic compounds that belong
to terpenoids and phenylpropanoids. These compounds have
a critical role in plant defense system and these are used in
medicinal and food industries (Charles and Simon 1990).
The chemical composition of essential oils varies depend on
genetics and environmental conditions (Eyres et al. 2005).
Plants produce higher quantities of secondary metabolites
under drought conditions (Sangwan et al. 2001). Bettaieb
et al. (2011) reported that drought stress on increasing
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essential oil and total phenolic contents in the aerial parts
of cumin (Cuminum cyminum L.).

Endogenous abscisic acid (ABA), together with other
hormonal signals, regulates the processes of transpiration
and foliar photosynthesis, induces stomatal closure, inhibits
the growth of the aerial part, regulates seed dormancy, is
involved in the response of plants to stress (Moreira et al.
2020). In particular, it plays a vital role in the adaptive
growth responses to drought (Lu et al. 2009). Some physi-
ological and morphological responses such as photosynthe-
sis and leaf expansion have been reported to be affected by
ABA (Umezawa 2011). Moreover, endogenous ABA can be
involved in the biosynthetic pathway of phenolic compounds
(Castellarin et al. 2012).

On the other hand, exogenous ABA can act on the syn-
thesis of enzymes involved in the primary and secondary
metabolism of the plant and can induce an increase in the
synthesis of phenolic compounds such as flavonoids and
carotenoids (Stanley and Yuan 2019; Gai et al. 2020). Also,
several authors reported an increase in the production of
phenolic compounds and others secondary metabolites
after exogenous application of ABA (Sandhu et al. 2011;

Fig. 1 Field crops of Dracocephalum moldavica L
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Ferrara et al. 2013; Koyama et al. 2014; Flores et al. 2018;
Ghassemi-Golezani et al. 2018). Furthermore, it appears that
ABA may be involved in regulating the biosynthesis of plant
phenolic compounds in plants subjected to drought stress
(Gonzalez-Villagra et al. 2018; Gai et al. 2020). However, its
application does not always generate univocal and immedi-
ate answers in all plant species (Negin and Moshelion 2016).

Even though several strategies have been proposed to
mitigate the negative effects of drought stress in plants, to
our knowledge there is little information about the physi-
ological role of ABA in drought stress alleviation in D. mol-
davica and no such study has been conducted under field
conditions. Therefore, this study was initiated to evaluate the
drought tolerance ability of D. moldavica and determined
the effects of different concentration of exogenous ABA on
growth and yield under drought condition. Furthermore,
given the involvement of ABA in the synthesis of carot-
enoids and flavonoids in drought conditions, the content of
phenolic compounds in D. moldavica was evaluated under
water stress conditions.

Materials and methods
Plant material and experimental site

Two field experiments were conducted under furrow irriga-
tion at the experimental farm of the University of Zanjan,
Zanjan, Iran (36° 41’ N and 48° 29’ E, altitude 1663 m) dur-
ing the growing seasons of 2016 and 2017 (Fig. 1). The
30-year annual mean temperature and precipitation were
11 °C and 293 mm, respectively. The region is character-
ized by a cool semi-arid climate. The soil type was a sandy
loam with a pH of 7.32. Soil properties of experimental site
including electrical conductivity, organic matter content,
total nitrogen, available phosphorus and available potas-
sium were 1.2 (dS/m), 1.75%, 0.2%, 8.4 ppm and 156 ppm,
respectively. The land was prepared by plowing and leveling
before planting. The seeds of Dracocephalum moldavica L.
(D. moldavica) were obtained from Pakan Seed Company
(Isfahan, Iran). D. moldavica was sown at 30 seeds m~2, at
0.30 m row spacing, on May 12, 2016 and May 11, 2017.
Plots were four rows 1.5 m wide by 4 m long.
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Fig.2 Change in net photosynthesis rate (umol CO, m~2 s™') in drag-
onhead plants grown in well-watered, moderate and severe drought
conditions and treated by different ABA concentrations (pM) in
2016 and 2017. Mean +SE (n=45). P (Y), year; P (WR), watering
regimes effect; P (ABA), ABA effect; P (Y XWR), yearX water-
ing regimes interaction effect; P (Y X ABA), year X ABA interaction

effect; P (ABAXWR), ABA X watering regimes interaction effect; P
(Y XxABAXWR), yearx ABA X watering regimes interaction effect.
Different letters above the bars denote statistically significant differ-
ences between treatments at the P <0.05 level according to Duncan’s
test
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Experimental design and treatments

The experiment was arranged in a split-plot based on rand-
omized complete block design with three replications. Three
watering regimes [well-watered, moderate drought (delay
irrigation up to — 8 bar) and severe drought (delay irriga-
tion up to — 15 bar)] were set as the main plot and different
ABA concentrations (0, 5, 10, 20 and 40 uM) were set as
subplots. The mentioned water potential to apply drought
was determined by the field moisture curve.

The soil water content was monitored daily and, the data
were converted to the soil matric suction using soil water
characteristics curve (SWC) obtained experimentally. The
SWC was obtained using a sandbox (0.1-15 kPa), pres-
sure plate (30-100 kPa), and pressure membrane apparatus
(100-1500 kPa) (Dane and Hopmans 2002). In the moder-
ate drought and severe drought treatments, the matric suc-
tion was monitored to reach 0.8 and 1.5 MPa, respectively.
After that, the plots were re-watered. In the well-watered
treatment, the plots were re-watered to the field capacity by
replacing the amount of water transpired every second day.

When the plant was introduced into the flower buds,
drought stress was applied with field moisture curve. ABA at

the early flowering stage was sprayed three times with 3 days
intervals. ABA was supplied from Sigma—Aldrich Company.

Growth and yield analyses

At the late flowering stage (85 days after planting), D. mol-
davica plant growth parameters such as plant height, number
of stem branches, leaf dry weight, leaf area and total biomass
were recorded. At each sampling, all D. moldavica plants
from a 50-cm length of the three middle rows of each plot
were harvested by cutting at the soil surface. The areas of
green leaves were measured using a leaf area meter (model:
VM-900 E/K). All plant parts were oven-dried at 70 °C
for 48 h until a constant weight was reached. At maturity
(about four months after planting), the plants in an area of
1 m? were harvested to determine seed yield and 1000 seed
weight.

Net photosynthesis rate (PN), stomatal conductance
and transpiration rate

The net photosynthesis rate, stomatal conductance and tran-
spiration rate of leaves were measured in upper and fully
opened and mature leaves using a portable infrared gas
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Fig.3 Change in stomatal conductance (mol m~2 s7!) in dragon-
head plants grown in well-watered, moderate and severe drought
conditions and treated by different ABA concentrations (pM) in
2016 and 2017. Mean+SE (n=45). P (Y), year; P (WR), watering
regimes effect; P (ABA), ABA effect; P (YXWR), yearX water-
ing regimes interaction effect; P (Y X ABA), year X ABA interaction
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effect; P (ABAXWR), ABA X watering regimes interaction effect; P
(Y XABAXWR), yearx ABA X watering regimes interaction effect.
Different letters above the bars denote statistically significant differ-
ences between treatments at the P <0.05 level according to Duncan’s
test
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Fig.4 Change in transpiration rate (mmol H,0 m~2 s~') in dragon-
head plants grown in well-watered, moderate and severe drought
conditions and treated by different ABA concentrations (pM) in
2016 and 2017. Mean +SE (n=45). P (Y), year; P (WR), watering
regimes effect; P (ABA), ABA effect; P (Y XWR), yearX water-
ing regimes interaction effect; P (Y X ABA), year X ABA interaction

analysis (LCI, ADC BioScientific Ltd., Hoddesdon, UK).
The chamber was clamped over the leaves (third from the
apex) which were held horizontally in a transparent cuvette.

Total phenolic contents

To determine total phenolic content based on Folin—Ciocal-
teau method, aliquots of leaf samples (0.1 g) were homog-
enized in deionized water (1 ml). Then 0.1 ml of the solution
was mixed with 2 ml of 2% sodium carbonate (Na,CO5),
2.8 ml of deionized water, and 0.1 ml of 50% Folin—Cio-
calteau reagent, and then incubated at room temperature
for 30 min. Absorbance was measured at 765 nm against a
deionized water blank on a spectrophotometer (Lambda 25,
PerkinElmer, Waltham, MA, USA). As suggested by (Meda
et al. 2005), Gallic acid was regarded as the standard.

Essential oil yield

For extraction of essential oil (EO), 50 g dried leaves were
subjected to hydro distillation using a Clevenger-type

effect; P (ABAXWR), ABA X watering regimes interaction effect; P
(Y xABAXWR), yearx ABA X watering regimes interaction effect.
Different letters above the bars denote statistically significant differ-
ences between treatments at the P <0.05 level according to Duncan’s
test

apparatus for two h (Clevenger 1928). Essential oil yield
(kg ha™!) and percentage (%, v/ w) were estimated according
to the Egs. (1) and (2):

mass of EO obtained (g)

Essential oil content (%) = X 100,
ssential oil content (%) mass of dried leave (g)
(H

Essential oil yield (kgha™")
= Essential oil yield (%) x Leaves yield (kgha™"). )

Statistical analysis
Data were subjected to an analysis of variance using PROC
GLM in SAS Software (Version 9.1, SAS Institute Inc.,

Cary, NC), and means were compared using Duncan’s mul-
tiple range test (P <0.05).
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Fig.5 Change in plant height (cm) in dragonhead plants grown in
well-watered, moderate and severe drought conditions and treated
by different ABA concentrations (uM) in 2016 and 2017. Mean +SE
(n=45). P (Y), year; P (WR), watering regimes effect; P (ABA),
ABA effect; P (YXWR), yearxwatering regimes interaction

Results

Net photosynthesis rate, stomatal conductance
and transpiration rate

Net photosynthesis rate (PN) was similar in both years
(Fig. 2). Averaged over 2 years, the highest PN was obtained
from plant grown in well-watered condition, while moderate
and severe drought, decreased PN by 26.39% and 34.43%,
respectively (Fig. 2). The effect of ABA application and
its interaction with watering regimes on PN was signifi-
cant (Fig. 2). As shown in Fig. 2, there was a decreasing
trend in PN associated with increasing ABA concentration
in all watering regimes (Fig. 2). The response of stomatal
conduction to drought and ABA application was similar
to net photosynthesis rate, in this study. The results were
similar in both years of the experiment (Fig. 3). Without
ABA application, the highest stomatal conductance was
obtained under well-watered condition, and moderate and
severe drought reduced stomatal conductance by 20.97% and
54.11%, respectively (Fig. 3). Exogenous ABA application
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effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA xwatering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

clearly reduced the stomatal conductance in all three mois-
ture regimes (Fig. 3) and the lowest stomatal conductance
(0.02 mol m~2 s7!) was obtained from plants treated by
ABA 50 uM concentration under severe drought condition
(Fig. 3).

According to the results transpiration rate of D. moldavica
was not differ (P> 0.05) among two years (Fig. 4). Without
ABA application, the highest transpiration rate (4.87 umol
H,0 m~2s™!) was obtained in well-watered condition, which
was 41.82% and 61.06% more than moderate and severe
drought conditions, respectively. ABA application, showed
a decreasing trend in transpiration rate under well-watered
and moderate drought conditions (Fig. 4). However, there
was no difference between different concentrations of ABA
under severe drought conditions (Fig. 4).

Plant height
Dracocephalum moldavica plant height was not different

between the 2 years across treatments (P> 0.05). Aver-
aged over 2 years data, the moderate and severe drought
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Fig.6 Change in number of stem branch in dragonhead plants
grown in well-watered, moderate and severe drought conditions and
treated by different ABA concentrations (uM) in 2016 and 2017.
Mean +SE (n=45). P (Y), year; P (WR), watering regimes effect; P
(ABA), ABA effect; P (Y X WR), year X watering regimes interaction

decreased plant height by 19.77 and 35.21% compared with
well-watered condition. The effect of ABA and interaction
of ABA X watering regimes on plant height was significant
(P <0.0001). Overall, plant height decreased with increasing
ABA concentrations in all of moisture regimes. The lowest
plant height was obtained from plants treated by ABA 40 uM
in all moisture regimes, which was 23%, 26.45% and 28.54%
lower than control (non-application of ABA) under well-
watered, moderate and severe drought conditions, respec-
tively (Fig. 5).

Number of stem branch

Watering regimes significantly altered the number of stem
branch (P <0.05). Moderate and severe drought decreased
the number of stem branch 30.37 and 50.13%, respectively,
compared to the well-watered condition. The effect of ABA
and interaction between watering regimes and ABA on the
number of stem branch was not significant, but there was
a significant effect in interaction of watering regimes and
ABA (Fig. 6).
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ABA concentration (M)

effect; P (Y XABA), year X ABA interaction effect; P (ABAXWR),
ABA x watering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

Inflorescence length

Plant inflorescence length was not significant differ among
the years. The watering regimes significantly affected plant
inflorescence length but ABA concentration and interaction
effects had no significant effects on this trait (Fig. 7). The
highest inflorescence length (33.72 cm) was obtained from
the plant grown in well-watered condition, which was 2.2
and 7.44 fold, respectively, as compared to those grown in
moderate and severe drought conditions.

Leaf area

There were no significant differences (P> 0.05) in D. mol-
davica leaf area (LA) between years (Fig. 8). Averaged
over the years, without ABA application, plants grown in
the well-watered condition, had the greatest LA (820.75
cm? plant™!), which was 67.17% and 86.53% higher than
moderate and severe conditions, respectively. The effects
of the variables watering regimes, ABA and interaction
of ABA X watering regimes on LA were significant at
P <0.0001. In all three moisture regimes, leaf area showed
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Fig.7 Change in Inflorescence length (cm) in dragonhead plants
grown in well-watered, moderate and severe drought conditions and
treated by different ABA concentrations (uM) in 2016 and 2017.
Mean +SE (n=45). P (Y), year; P (WR), watering regimes effect; P
(ABA), ABA effect; P (Y X WR), year X watering regimes interaction

a negative response to ABA application, and decreased with
increasing ABA concentrations (Fig. 8). The lowest leaf area
was obtained from 40 pM ABA concentration in all moisture
regimes, which was 63.08%, 53.43% and 60.19% lower than
control under well-watered, moderate and severe drought
conditions, respectively.

Leaf dry weight

According to the results of variance analysis, leaf dry weight
(LDW) did not differ (P> 0.05) among 2 years. Without
ABA application, moderate and severe drought caused
18.05% and 30.15% reduction in LDW compared with well-
watered condition, respectively. Watering regimes, ABA and
interaction of ABA X watering regimes effects on LDW were
significant at P <0.0001. With increasing ABA concentra-
tion, LDW decreased, and the highest and lowest LDW
was obtained from control and ABA 40 pM concentration,
respectively, in three moisture conditions (Fig. 9).
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effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA xwatering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

Biological yield

Watering regimes, ABA and their interaction significantly
(P <0.0001) altered plant biological yield, but the effect of
the year treatment was not significant (P >0.05) (Fig. 10).
Without ABA application, moderate and severe drought
decreased biological yield by 18.17% and 39.83%, respec-
tively, compared to well-watered condition. ABA application
caused a descending trend in biological yield, meaning that
biological yield decreased with increasing ABA concentra-
tion in all moisture conditions (Fig. 10).

Seed yield

1000-seed weight was only significantly affected by the
effect of watering regimes (Fig. 11). Averaged over the
years, the highest 1000-seed weight (2.03 g) was obtained
from well-watered condition (Fig. 11), which was 28.57%
and 53.69% higher than moderate and severe drought condi-
tions, respectively.

Dracocephalum moldavica seed yield was significantly
affected by watering regimes, ABA and interactions among
the independent variable. The experiment results were not
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Fig.8 Change in leaf area (cm? plant™) in dragonhead plants
grown in well-watered, moderate and severe drought conditions and
treated by different ABA concentrations (uM) in 2016 and 2017.
Mean + SE (n=45). P (Y), year; P (WR), watering regimes effect; P
(ABA), ABA effect; P (Y X WR), year X watering regimes interaction

different for 2 consecutive years (P >0.05). Averaged over
the 2 years, without ABA application, moderate and severe
drought caused 21.21% and 30.88% reduction in seed yield
compared with well-watered condition, respectively. As
shown in Fig. 12, increase in ABA concentrations was asso-
ciated with reduction of seed yield. The lowest seed yield
was obtained from plants treated with 40 pM ABA in all
three moisture regimes (Fig. 12), which was less than control
under well-watered, moderate and severe drought conditions
14.28%, 23.94% and 32.13%, respectively.

Total phenolic content

As shown in Fig. 13, total phenolic content were affected
by watering regimes, ABA and interaction among the inde-
pendent variables. Total phenolic content was not differ-
ent (P >0.05) among 2 years (Fig. 13). Without the ABA
treatment, the highest total phenolic content was obtained
from plants grown in moderate drought conditions (Fig. 13),
respectively, 5.64 and 9.02% higher than plants grown in
severe drought conditions and in good irrigation conditions.
However, depending on watering regimes, plants obviously
showed a different response to ABA treatment in terms of
total phenolic content. Overall, the maximum total phenolic

P (YXWR): 0.088

P (Y*ABA): 0.056

P (ABAXWR): < 0.0001
P (Y*ABAXWR): 0.053

effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA xwatering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

content (8.9 mg g~'FW) was obtained in moderate drought
condition with the application of 20 pM ABA while the
future increase in ABA concentration decreased it (Fig. 13).
There was an increasing trend in total phenolic content with
increasing in ABA concentration up to 20 uM in the plant
grown well-watered and severe drought conditions and then
it remained almost stable up to 40 pM ABA (Fig. 13).

Essential oil content and yield

Essential oil content of D. moldavica significantly affect by
watering regimes, ABA application and interactions between
treatments (P <0.01). Averaged over 2 years data, without
ABA application, D. moldavica plants grown under moder-
ate and severe drought conditions, respectively, had 45.45%
and 37.5% more essential oil content, than well-watered con-
ditions. The maximum essential oil content (0.58%) accumu-
lated in plants that grown under moderate drought condition
and treated with 5 uM ABA (Fig. 14a).

The essential oil yield was significantly affected by water-
ing regimes, ABA and interactions among the independ-
ent variable (Fig. 14b). Without ABA application, plant
grown under moderate drought had higher essential oil yield
than plants grown under well-watered and severe drought
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Fig.9 Change in leaf dry weight (g) in dragonhead plants grown in
well-watered, moderate and severe drought conditions and treated
by different ABA concentrations (uM) in 2016 and 2017. Mean +SE
(n=45). P (Y), year; P (WR), watering regimes effect; P (ABA),
ABA effect; P (YXWR), yearxwatering regimes interaction

conditions (Fig. 14b). Plant essential oil yield response to
ABA application varied depending on the moisture condi-
tions (Fig. 14b). In the well-watered condition, application
of ABA had a positive effect on essential oil yield and there
was an increasing trend in essential oil yield, associated
with increasing ABA concentration (Fig. 14b). The high-
est essential oil yield (19.58 kg ha™') was obtained from
5 uM ABA concentration under moderate drought condition
(Fig. 14b). In the severe condition, essential oil yield was
not significantly affected by the ABA exogenous application
(Fig. 14b).

Discussion

In this study, it was evaluated how different water stress con-
ditions can influence many physiological parameters of D.
moldavica. Furthermore, although the endogenous signal-
ing of ABA is known to improve the response of plants to
drought, D. moldavica exposed to exogenous ABA showed
heterogeneous responses.

Compared to well-watered condition, drought stress
severely decreased PN in D. moldavica plants (Fig. 2).
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effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA xwatering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

Stomatal closure (shown in Fig. 3) due to drought leads
to a decrease in intercellular CO, concentrations (data not
shown). In addition, drought can disturbs the photosyn-
thesis pathway key enzymes activity such as ribulose—1,
5-bisphosphate carboxylase—oxygenase (Rubisco) and
fructose—1,6-bisphosphatase (FBP) (Webber et al. 1994;
Vu et al. 1999). According to our results, PN decreased
with increasing in ABA concentration (Fig. 2). Our results
indicated that a reduction in PN with increasing ABA con-
centration (Fig. 2) attributed to diffusive related to stomatal
conductance limitations in ABA-treated plants (shown in
Fig. 3). ABA can regulate stomatal closure by Ca>* and K*
outflowing in the guard cell membrane (Pei et al. 2000) and
causing photosynthesis inhibition (Zhou et al. 2006).

In this study, drought stress markedly reduced leaf area,
leaf dry weight, height, biological yield, seed yield of D.
moldavica plants compared to well-watered plants, and this
effect was more pronounced with the severity of drought
(Fig. 8). Under drought conditions, leaf area was sharply
reduced due to reduction in leaf growth and increasing leaf
abscission (Anyia and Herzog 2004).

The reduction in photosynthetic yield caused by ABA is
closely associated with the development of photosynthetic
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Fig. 10 Change in biological yield (kg ha™') in dragonhead plants
grown in well-watered, moderate and severe drought conditions and
treated by different ABA concentrations (uM) in 2016 and 2017.
Mean +SE (n=45). P (Y), year; P (WR), watering regimes effect; P
(ABA), ABA effect; P (Y X WR), year X watering regimes interaction

organs such as leaves. Indeed, leaf area responded nega-
tively to increasing concentration of ABA. ABA plays a
key role in stomatal regulation (Wu et al. 1997). The causal
association between elevated ABA levels and reduced
stomatal aperture under stress conditions has been well
established (Hsiao et al. 1976). The application of exog-
enous ABA causes reduction in the stomatal conductance
and hence PN (Li et al. 2004), which subsequently leads
to a decrease in growth and number and area of the leaves
due to the decrease in assimilates flow. The leaf production
in ABA-treated watermelon (Agehara and Leskovar 2014)
and Catharanthus plants (Jaleel et al. 2006) was reduced. In
addition, ABA reduced the leaf number in Ocimum sanctum
(Nair et al. 2009). The plant height also decreased under
stressful conditions. In drought stress conditions because
of reduction in citokinins transport from root to shoot or
because of an increased amount of ABA in leaves, the flex-
ibility of the cells wall decreased, so plant growth is reduced.
El-antably (1974) reported that ABA reduced plant height of
corn and sorghum significantly by about 15 and 11%, respec-
tively, by cessation of extension growth in both corn and
sorghum plants. This may be an indirect effect of ABA on
inhibition of shoot growth. The application of ABA reduced
plant height. ABA can act as an inhibitor of the elongation

P (YXWR): 0.374
P (Y*ABA): 0.064

P (ABAXWR): < 0.0001
P (YXABAXWR): 0.085

effect; P (Y XABA), year X ABA interaction effect; P (ABAXWR),
ABA x watering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

of the stem in some plants, including eggplant (Latimer and
Mitchell 1988), cucumber (Yamazaki et al. 1995) and pepper
(Biai et al. 2011).

The reduction of the dry weight of the leaves of the plant
and the biological yield of the D. moldavica are shown in
Figs. 9 and 10. Leaf dry weight and biomass accumulation
are very sensitive to water deficit because they are depend-
ent on cell expansion (Hsiao et al. 1976; Hearn 1994). Loka
et al. (2011) reported that drought caused a reduction in the
whole plant leaf area by decreasing the initiation of new
leaves and a decrease in leaf size. The result of reduced leaf
growth is the reduction of biomass accumulation. A com-
mon detrimental effect of water deficit on plants production
is the reduction in fresh and dry biomass production (Zhao
et al. 2006). Kamara et al. (2003) reported that drought
significantly reduced total dry weight in maize. Leaf dry
weight and biological yield decreased by application of ABA
(Figs. 9 and 10). ABA has also been shown to be involved in
mobilization of reserves under drought stress conditions. Yin
et al. (2004) reported that exogenous application of ABA
in Populus kangdingensis and Populus cathayana reduced
total dry weight. ABA is also involved in many physiological
processes, such as photosynthesis. It has been demonstrated
that ABA plays important roles in stomatal conductance
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Fig.11 Change in 1000 seed weight (g) in dragonhead plants
grown in well-watered, moderate and severe drought conditions and
treated by different ABA concentrations (uM) in 2016 and 2017.
Mean +SE (n=45). P (Y), year; P (WR), watering regimes effect; P
(ABA), ABA effect; P (Y X WR), year X watering regimes interaction

(Phillips et al. 1997), the stability of photosynthetic appa-
ratus (Xu et al. 1995; Gong et al. 1998) and the assimilates
production (Alamillo and Bartels 2001). Plant production
and finally biological yield of D. moldavica plant decreased
due to reduced photosynthetic activity.

The seed yield decreased under drought stress conditions
in this experiment. Under water deficit, the duration of seed
filling may be controlled by the increased rate of leaf senes-
cence, which regulated by the nitrogen status of the plant
(De Souza et al. 1997). Drought stress during seed filling
generally decreases nitrogen accumulation of new plant
tissues (Frederick and Camberato 1995). Drought mainly
influences seed yield by limiting seed numbers by either
influencing the amount of dry matter produced by the time
of flowering or by directly influencing pollen or ovule func-
tion, which leads to decreased seed-set. Secondarily, drought
influences seed filling mainly by limiting the assimilate sup-
ply, leading to smaller seed size and lower yields (Frederick
etal. 1991).

ABA application decreased seed yield (Fig. 12). Studies
with exogenous application of ABA suggest that cell divi-
sion and developing processes under full water conditions,
showed similar responses to those of water deficit and led
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effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA x watering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

to lower seed-set and seed development (Myers et al. 1990;
Mambelli and Setter 1998). Trivedi et al. (2018) reported
that ABA application reduced seed yield in maize.
Interesting data were observed on the variation of the
total phenol content under water stress conditions and at
increasing concentrations of ABA. Total phenolic content
increased under drought conditions (Fig. 13). Exposure to
some environmental stress, such as drought often increases
the production of reactive oxygen species (ROS) (Sanchez-
Rodriguez et al. 2011). ROS can produce antioxidants and
secondary metabolism such as phenolic compounds which
play an important role in the detoxification of ROS (Ksouri
et al. 2007). Shikimate is the main phenolic compounds bio-
synthesis pathway (Parida et al. 2004) and phenylalanine
ammonium lyase (PAL, EC 4.3.1.5) is a key enzyme. Some
data reports that the PAL activity increases in drought con-
ditions by increasing the plant phenolic compounds (Keles
and Oncel 2002; Oh et al. 2009). Moreover, exogenous ABA
can induce an increase in the biosynthesis of flavonoids and
carotenoids in conditions of water stress (Gai et al. 2020).
Indeed, phenolic content improved with increasing in ABA
concentration in well-watered and severe drought conditions
(Fig. 13). In addition, ABA increased total phenolic content
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Fig. 12 Change in seed yield (kg ha™') in dragonhead plants grown
in well-watered, moderate and severe drought conditions and treated
by different ABA concentrations (uM) in 2016 and 2017. Mean +SE
(n=45). P (Y), year; P (WR), watering regimes effect; P (ABA),
ABA effect; P (YXWR), yearxwatering regimes interaction

up to 20 uM concentration in moderate drought (Fig. 13).
Shen et al. (2016) reported that ABA could improve the
expressions of PAL and tyrosine aminotransferase (TAT)
genes that are key enzymes in the phenolic biosynthesis
pathway. From these data, it can be assumed that the increase
in phenolic compounds can be induced up to certain lev-
els of water stress in D. moldavica. Indeed, severe drought
decreases the production of these secondary metabolites in
both years. Doses higher than 20 uM of exogenous ABA
are no longer efficient in increasing phenolic compounds
in conditions of moderate drought in D. moldavica. We can
hypothesize that to counteract plant stress, exogenous ABA
induces an enzymatic mechanism for the synthesis of new
phenolic compounds which is regulated by the increase in
ABA levels. When the exogenous ABA exceeds the concen-
tration of 20 uM it has an inhibitory effect (negative feed-
back) on the action of the enzyme (or even on the expression
of the enzyme itself).

Essential oil content significantly affected by drought
(Fig. 14a, b). Akula and Ravishankar (2011) have reported
that plants increased essential oil content as a defense sys-
tem to protect against ROS when exposed to drought condi-
tions. Selmar and Kleinwéchter (2013) showed that the total

P (YXWRY): 0.613

P (YXABA): 0.925

P (ABAXWR): <0.0001
P (YXABAXWR): 0.986

effect; P (Y XABA), yearX ABA interaction effect; P (ABAXWR),
ABA x watering regimes interaction effect; P (Y XABAXWR),
year X ABA X watering regimes interaction effect. Different letters
above the bars denote statistically significant differences between
treatments at the P <0.05 level according to Duncan’s test

monoterpenes concentration of sage plant was significantly
higher under drought stress compared to normal irrigated
plants. The results of the present study showed that, under
severe drought conditions, the essential oil yield decreased
despite the increasing in essential oil percentage, (Fig. 14a,
b). In drought conditions, accumulation of plants biomass
decreases, so the percentage of essential oil increases with-
out increasing in the biosynthesis of the essential oil content.
However, drought increases the activity of the essential oil
biosynthetic pathway enzymes (Selmar et al. 2017). Since
the essential oil yield is related to the interaction between the
essential oil percentage and dry weight production (Baher
et al. 2002), increasing drought intensity leads to an increase
in the essential oil percentage and decreases leaf yield,
which ultimately reduces the essential oil yield.

ABA application affected the percentage and yield of
essential oil. The highest percentage and yield of essential
oil obtained in moderate drought condition with the appli-
cation of 5 pM ABA (Fig. 14a and b). Terpenoids are the
main components of essential oil. 1-deoxy—D—xylulose
S5—phosphate synthase (DXS) and 3-hydroxy—3-methylglu-
taryl-CoA reductase (HMGR) are two of the key enzymes in
the pathway of biosynthesis of the terpenoids (Lichtenthaler
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Fig. 13 Change in total phenolic content (mg g~' FW) in dragon-
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1999). ABA can increase DXS and HMGR activity in treated
plants (Mansouri and Asrar 2012; Jacobo-Veldzquez et al.
2015; Wang et al. 2015).

It is interesting to note that in conditions of moderate
drought the maximum effect of exogenous ABA on the
increase of essential oils is reached at 5 pM compared to
20 uM for the synthesis of phenolic compounds. This dual
response suggests that different dosages are required for the
activation of the two biosynthetic pathways by exogenous
ABA in D. moldavica.

Conclusion

In this study, we analyzed the roles of exogenous ABA on
some physiological, morphological and metabolic parame-
ters of D. moldavica under drought stress. The study showed
that severe and moderate drought reduce photosynthetic effi-
ciency and alter transpiation processes and leaf morphology.
Exogenous ABA does not restore these impaired functions
but improves secondary metabolism. D. moldavica produces
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effect; P (ABAXWR), ABA X watering regimes interaction effect; P
(Y XABAXWR), yearx ABA X watering regimes interaction effect.
Different letters above the bars denote statistically significant differ-
ences between treatments at the P <0.05 level according to Duncan’s
test

high quantities of some secondary metabolites such as phe-
nolic compounds and essential oil as a response to stress
condition. In particular, a concentration of 5 uM of exog-
enous ABA is required to activate the biosynthetic pathway
of essential oils and 20 pM for phenolic compounds in D.
moldavica under moderate drought. This can be explained
by the existence of multiple biosynthetic pathways of the
secondary metabolites of D. moldavica activated by differ-
ent dosages of ABA. Unfortunately, a critical aspect of this
manuscript is that it did not assess endogenous ABA levels.
The quantification of the endogenous levels of ABA could
have better clarify the signaling involved in the biosynthetic
pathways of phenols and essential oils. Therefore, extreme
ecological conditions and treatment with ABA should be
considered economically and pharmaceutically significant
in D. moldavica cultivation, especially in arid and semi-arid
regions. This study will contribute to the understanding of
the abiotic stress resilience mechanism in D. moldavica and
provide new insights to improve D. moldavica drought toler-
ance in the future.
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Fig. 14 Change in essential oil percentage (%, w/w) a and essential
oil yield (kg ha™") b in dragonhead plants grown in well-watered,
moderate and severe drought conditions and treated by different
ABA concentrations (pM) in 2016 and 2017. Mean=+SE (n=45). P
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ing regimes interaction effect. Different letters above the bars denote
statistically significant differences between treatments at the P <0.05

level according to Duncan’s test

@ Springer



127 Page 16 of 18

Planta (2021) 253:127

Acknowledgements This work was supported by University of Zanjan,
Iran and University of Brescia, Italy.

Author contribution statement ARY conceived the study; VK and
ARY performed biochemical, anatomical and morphological analysis,
and helped interpret results. AT and BF provided plant care, performed
histological analysis and helped interpret results. ARY, VK interpreted
results and wrote original draft of the manuscript; AM Statistical analy-
sis and review and editing of the manuscript.

Funding Open access funding provided by Universita degli Studi di
Brescia within the CRUI-CARE Agreement.

Data availability The data will be made available on reasonable
request.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agehara S, Leskovar DI (2014) Growth reductions by exogenous absci-
sic acid limit the benefit of height control in diploid and triploid
watermelon transplants. HortScience 49(4):465-471

Aghajanlou F, Mirdavoudi H, Shojaee M, Mac Sweeney E, Mastinu A,
Moradi P (2021) Rangeland management and ecological adapta-
tion analysis model for Astragalus curvirostris Boiss. Horticultu-
rae 7(4):67. https://doi.org/10.3390/horticulturae7040067

Akula R, Ravishankar GA (2011) Influence of abiotic stress sig-
nals on secondary metabolites in plants. Plant Signal Behav
6(11):1720-1731

Alamillo JM, Bartels D (2001) Effects of desiccation on photosyn-
thesis pigments and the ELIP-like dsp 22 protein complexes in
the resurrection plant Craterostigma plantagineum. Plant Sci
160(6):1161-1170

Alves AA, Setter TL (2004) Response of cassava leaf area expansion to
water deficit: cell proliferation, cell expansion and delayed devel-
opment. Ann Bot 94(4):605-613

Amin GR (1991) Popular medicinal plants of Iran, vol 1. Iranian
Research Institute of Medicinal Plants Tehran, Iran: Deputy of
Research, Ministry of Health and Educational Medicine

Anyia A, Herzog H (2004) Water-use efficiency, leaf area and leaf
gas exchange of cowpeas under mid-season drought. Eur J Agron
20(4):327-339

Baher ZF, Mirza M, Ghorbanli M, Bagher Rezaii M (2002) The influ-
ence of water stress on plant height, herbal and essential oil
yield and composition in Satureja hortensis L. Flavour Fragr J
17(4):275-277

Bettaieb I, Bourgou S, Sriti J, Msaada K, Limam F, Marzouk B (2011)
Essential oils and fatty acids composition of Tunisian and Indian
cumin (Cuminum cyminum L.) seeds: a comparative study. J Sci
Food Agric 91(11):2100-2107

@ Springer

Biai CJ, Garzon JG, Osborne JA, Schultheis JR, Gehl RJ, Gunter CC
(2011) Height control in three pepper types treated with drench-
applied abscisic acid. HortScience 46(9):1265-1269

Castellarin S, Bavaresco L, Falginella L, Gongalves MVZ, Di Gaspero
G (2012) Phenolics in grape berry and key antioxidants. Int J Mol
Sci 14:18711-18739

Charles DJ, Simon JE (1990) Comparison of extraction methods for
the rapid determination of essential oil content and composition
of basil. ] Amer Soc Hort Sci 115(3):458-462

Clevenger J (1928) Apparatus for the determination of volatile oil. J
Am Pharm Assoc 17(4):345-349

Colom M, Vazzana C (2002) Water stress effects on three cultivars of
Eragrostis curvula. Ital ] Agron 6(2):127-132

Cordoba A, Hernandez R, Viveros-Palma I, Mendoza S, Guevara-Gon-
zalez RG, Feregrino-Perez AA, Esquivel K (2021) Effect on plant
growth parameters and secondary metabolite content of lettuce
(Lactuca sativa L.), coriander (Coriandrum sativum), and chili
pepper (Capsicum annuum L.) watered with disinfected water by
Ag-TiO2 nanoparticles. Environ Sci Pollut Res. https://doi.org/
10.1007/s11356-021-13317-7

Cruz R, O’Toole J (1984) Dryland rice response to an irrigation gradi-
ent at flowering stage 1. AgronJ 76(2):178-183

Dane JH, Hopmans JW (2002) 3.3. 2 Laboratory. Methods of soil
analysis: Part 4, Physical methods (methodsofsoilan4):675-719

De Souza P, Egli DB, Bruening WP (1997) Water stress during seed
filling and leaf senescence in soybean. Agron J 89(5):807-812

El-antably HM (1974) Effect of abscisic acid and other growth hor-
mones on germination, growth and yield of corn and sorghum.
Biochem Physiol Pflanz 166(4):351-356

Eriksen RL, Padgitt-Cobb LK, Townsend MS, Henning JA (2021)
Gene expression for secondary metabolite biosynthesis in hop
(Humulus lupulus L.) leaf lupulin glands exposed to heat and
low-water stress. Sci Rep 11(1):5138. https://doi.org/10.1038/
s41598-021-84691-y

Eyres G, Dufour JP, Hallifax G, Sotheeswaran S, Marriott PJ (2005)
Identification of character-impact odorants in coriander and wild
coriander leaves using gas chromatography-olfactometry (GCO)
and comprehensive two-dimensional gas chromatography—time-
of-flight mass spectrometry (GCx GC-TOFMS). J Sep Sci
28(9-10):1061-1074

Ferrara G, Mazzeo A, Matarrese AMS, Pacucci C, Pacifico A, Gamba-
corta G, Faccia M, Trani A, Gallo V, Cafagna I (2013) Application
of abscisic acid (S-ABA) to ‘Crimson Seedless’ grape berries in
a Mediterranean climate: effects on color, chemical characteris-
tics, metabolic profile, and S-ABA concentration. J Plant Growth
Regul 32(3):491-505

Flexas J, Medrano H (2002) Drought-inhibition of photosynthesis in
C; plants: stomatal and non-stomatal limitations revisited. Ann
Bot 89(2):183-189

Flores G, Blanch GP, Ruiz del Castillo ML (2018) Abscisic acid treated
olive seeds as a natural source of bioactive compounds. LWT
90:556-561. https://doi.org/10.1016/j.1wt.2018.01.009

Frederick JR, Camberato JJ (1995) Water and nitrogen effects on winter
wheat in the southeastern Coastal Plain: I. Grain yield and kernel
traits. AgronJ 87(3):521-526

Frederick J, Woolley J, Hesketh J, Peters D (1991) Seed yield and agro-
nomic traits of old and modern soybean cultivars under irrigation
and soil water-deficit. Field Crops Res 27(1-2):71-82

Gai Z, Wang Y, Ding Y, Qian W, Qiu C, Xie H, Sun L, Jiang Z, Ma
Q, Wang L, Ding Z (2020) Exogenous abscisic acid induces the
lipid and flavonoid metabolism of tea plants under drought stress.
Sci Rep 10:12275. https://doi.org/10.1038/s41598-020-69080-1

Ghassemi-Golezani K, Ghassemi S, Salmasi SZ (2018) Changes in
essential oil-content and composition of ajowan (Carum copticum


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/horticulturae7040067
https://doi.org/10.1007/s11356-021-13317-7
https://doi.org/10.1007/s11356-021-13317-7
https://doi.org/10.1038/s41598-021-84691-y
https://doi.org/10.1038/s41598-021-84691-y
https://doi.org/10.1016/j.lwt.2018.01.009
https://doi.org/10.1038/s41598-020-69080-1

Planta (2021) 253:127

Page170f 18 127

L.) seeds in response to growth regulators under water stress. Sci
Hortic 231:219-226. https://doi.org/10.1016/j.scienta.2017.12.
011

Gong M, Li Y-J, Chen S-Z (1998) Abscisic acid-induced thermotoler-
ance in maize seedlings is mediated by calcium and associated
with antioxidant systems. J Plant Physiol 153(3—4):488-496

Gonzélez-Villagra J, Cohen JD, Reyes-Diaz MM (2018) Abscisic acid
is involved in phenolic compounds biosynthesis, mainly antho-
cyanins, in leaves of Aristotelia chilensis plants (Mo0.) subjected
to drought stress. Physiol Plant 165(4):855-866. https://doi.org/
10.1111/ppl.12789

Gupta AK, Rather MA, Kumar Jha A, Shashank A, Singhal S, Sharma
M, Pathak U, Sharma D, Mastinu A (2020) Artocarpus lakoocha
Roxb. and Artocarpus heterophyllus Lam. flowers: New sources
of bioactive compounds. Plants (basel) 9(10):1329. https://doi.
org/10.3390/plants9101329

Hearn A (1994) The principles of cotton water relations and their appli-
cation in management. In: Constable GA, Forrester NW (eds)
Challenging the future. Proc World Cotton Research Conference
I, Brisbane. CSIRO Publishing, Melbourne, pp 66-92

Hsiao TC, Acevedo E, Fereres E, Henderson D (1976) Water stress,
growth and osmotic adjustment. Phil Trans R Soc Lond B
273(927):479-500

Jacobo-Velazquez DA, Gonzalez-Agiiero M, Cisneros-Zevallos L
(2015) Cross-talk between signaling pathways: the link between
plant secondary metabolite production and wounding stress
response. Sci Rep 5:8608

Jaleel CA, Gopi R, Lakshmanan GA, Panneerselvam R (2006) Tri-
adimefon induced changes in the antioxidant metabolism and
ajmalicine production in Catharanthus roseus (L.) G. Don. Plant
Sci 171(2):271-276

Jogawat A, Yadav B, Chhaya LN, Singh AK, Narayan OP (2021) Cross-
talk between phytohormones and secondary metabolites in the
drought stress tolerance of crop plants: a review. Physiol Plant,
Online Version. https://doi.org/10.1111/ppl.13328

Kamara A, Menkir A, Badu-Apraku B, Ibikunle O (2003) The influ-
ence of drought stress on growth, yield and yield components of
selected maize genotypes. J Agric Sci 141(1):43-50

Keles Y, Oncel I (2002) Response of antioxidative defence system to
temperature and water stress combinations in wheat seedlings.
Plant Sci 163(4):783-790

Koyama R, de Assis AM, Yamamoto LY, Borges WF, de S4a BR,
Prudéncio SH, Roberto SR (2014) Exogenous abscisic acid
increases the anthocyanin concentration of berry and juice from
‘Isabel’ grapes (Vitis labrusca L.). HortScience 49(4):460—464

Ksouri R, Megdiche W, Debez A, Falleh H, Grignon C, Abdelly C
(2007) Salinity effects on polyphenol content and antioxidant
activities in leaves of the halophyte Cakile maritima. Plant Physiol
Biochem 45(3-4):244-249

Kumar A, Premoli M, Aria F, Bonini SA, Maccarinelli G, Gianoncelli
A, Memo M, Mastinu A (2019) Cannabimimetic plants: are they
new cannabinoidergic modulators? Planta 249(6):1681-1694.
https://doi.org/10.1007/s00425-019-03138-x

Kumar A, Memo M, Mastinu A (2020) Plant behaviour: an evolu-
tionary response to the environment? Plant Biol 22(6):961-970.
https://doi.org/10.1111/plb.13149

Latimer JG, Mitchell CA (1988) Effects of mechanical stress or absci-
sic acid on growth, water status and leaf abscisic acid content of
eggplant seedlings. Sci Hortic 36(1-2):37-46

Lazzari P, Pau A, Tambaro S, Asproni B, Ruiu S, Pinna G, Mastinu
A, Curzu MM, Reali R, Bottazzi ME, Pinna GA, Murineddu
G (2012) Synthesis and pharmacological evaluation of novel
4-alkyl-5-thien-2’-yl pyrazole carboxamides. Cent Nerv Syst
Agents Med Chem 12(4):254-276. https://doi.org/10.2174/18715
2412803760636

LiC, Yin C, Liu S (2004) Different responses of two contrasting Popu-
lus davidiana populations to exogenous abscisic acid application.
Environ Exp Bot 51(3):237-246

Lichtenthaler HK (1999) The 1-deoxy-D-xylulose-5-phosphate path-
way of isoprenoid biosynthesis in plants. Annu Rev Plant Biol
50(1):47-65

Loka DA, Oosterhuis DM, Ritchie GL (2011) Water-deficit stress in
cotton. In: Oosterhuis DM, Robertson WC (eds) Stress physiol-
ogy in cotton, vol 7. The Cotton Foundation, Cordova, pp 37-72

Lu S, Su W, Li H, Guo Z (2009) Abscisic acid improves drought
tolerance of triploid bermudagrass and involves H,0,-and NO-
induced antioxidant enzyme activities. Plant Physiol Biochem
47(2):132-138

Mahdavi A, Moradi P, Mastinu A (2020) Variation in terpene profiles
of Thymus vulgaris in water deficit stress response. Molecules
25(5):1091. https://doi.org/10.3390/molecules25051091

Mambelli S, Setter TL (1998) Inhibition of maize endosperm cell divi-
sion and endoreduplication by exogenously applied abscisic acid.
Physiol Plant 104(2):266-272

Mansouri H, Asrar Z (2012) Effects of abscisic acid on content and
biosynthesis of terpenoids in Cannabis sativa at vegetative stage.
Biol Plant 56(1):153-156

Mastinu A, Pira M, Pani L, Pinna GA, Lazzari P (2012) NESS038C6,
a novel selective CB1 antagonist agent with anti-obesity activity
and improved molecular profile. Behav Brain Res 234(2):192-
204. https://doi.org/10.1016/j.bbr.2012.06.033

Mastinu A, Bonini SA, Premoli M, Maccarinelli G, Mac Sweeney
E, Zhang L, Lucini L, Memo M (2021) Protective effects of
Gynostemma pentaphyllum (var. Ginpent) against lipopolysac-
charide-induced inflammation and motor alteration in mice.
Molecules 26(3):570. https://doi.org/10.3390/molecules26030570

Meda A, Lamien CE, Romito M, Millogo J, Nacoulma OG (2005)
Determination of the total phenolic, flavonoid and proline contents
in Burkina Fasan honey, as well as their radical scavenging activ-
ity. Food Chem 91(3):571-577

Moreira GC, dos Anjos GL, Carneiro CN, Ribas RF, Dias FdS (2020)
Phenolic compounds and photosynthetic activity in Physalis
angulata L. (Solanaceae) in response to application of abscisic
acid exogenous. Phytochem Lett 40:96—100. https://doi.org/10.
1016/j.phytol.2020.09.018

Morgan JM (1984) Osmoregulation and water stress in higher plants.
Annu Rev Plant Physiol 35(1):299-319

Myers PN, Setter TL, Madison JT, Thompson JF (1990) Abscisic acid
inhibition of endosperm cell division in cultured maize kernels.
Plant Physiol 94(3):1330-1336

Nair VD, Jaleel CA, Gopi R, Panneerselvam R (2009) Changes in
growth and photosynthetic characteristics of Ocimum sanctum
under growth regulator treatments. Front Biol China 4(2):192-199

Naservafaei S, Sohrabi Y, Moradi P, Mac Sweeney E, Mastinu A
(2021) Biological response of Lallemantia iberica to brassinolide
treatment under different watering conditions. Plants 10(3):496.
https://doi.org/10.3390/plants 10030496

Negin B, Moshelion M (2016) The evolution of the role of ABA in the
regulation of water-use efficiency: from biochemical mechanisms
to stomatal conductance. Plant Sci 251:82—-89. https://doi.org/10.
1016/j.plantsci.2016.05.007

Oh M-M, Trick HN, Rajashekar C (2009) Secondary metabolism and
antioxidants are involved in environmental adaptation and stress
tolerance in lettuce. J Plant Physiol 166(2):180-191

Parida AK, Das AB, Sanada Y, Mohanty P (2004) Effects of salinity
on biochemical components of the mangrove, Aegiceras Cornicu-
latum. Aquat Bot 80(2):77-87

Pei Z-M, Murata Y, Benning G, Thomine S, Kliisener B, Allen GJ,
Grill E, Schroeder JI (2000) Calcium channels activated by
hydrogen peroxide mediate abscisic acid signalling in guard cells.
Nature 406(6797):731

@ Springer


https://doi.org/10.1016/j.scienta.2017.12.011
https://doi.org/10.1016/j.scienta.2017.12.011
https://doi.org/10.1111/ppl.12789
https://doi.org/10.1111/ppl.12789
https://doi.org/10.3390/plants9101329
https://doi.org/10.3390/plants9101329
https://doi.org/10.1111/ppl.13328
https://doi.org/10.1007/s00425-019-03138-x
https://doi.org/10.1111/plb.13149
https://doi.org/10.2174/187152412803760636
https://doi.org/10.2174/187152412803760636
https://doi.org/10.3390/molecules25051091
https://doi.org/10.1016/j.bbr.2012.06.033
https://doi.org/10.3390/molecules26030570
https://doi.org/10.1016/j.phytol.2020.09.018
https://doi.org/10.1016/j.phytol.2020.09.018
https://doi.org/10.3390/plants10030496
https://doi.org/10.1016/j.plantsci.2016.05.007
https://doi.org/10.1016/j.plantsci.2016.05.007

127 Page 18 of 18

Planta (2021) 253:127

Phillips J, Artsaenko O, Fiedler U, Horstmann C, Mock HP, Miintz
K, Conrad U (1997) Seed-specific immunomodulation of absci-
sic acid activity induces a developmental switch. EMBO J
16(15):4489-4496

Prasad PV, Boote KJ, Allen LH Jr (2006) Adverse high temperature
effects on pollen viability, seed-set, seed yield and harvest index
of grain-sorghum [Sorghum bicolor (L.) Moench] are more severe
at elevated carbon dioxide due to higher tissue temperatures.
Agric for Meteorol 139(3—4):237-251

Rad SV, Valadabadi SAR, Pouryousef M, Saifzadeh S, Zakrin HR,
Mastinu A (2020) Quantitative and qualitative evaluation of Sor-
ghum bicolor L. under intercropping with legumes and different
weed control methods. Horticulturae 6(4):78. https://doi.org/10.
3390/horticulturae6040078

Randall H, Sinclair T (1988) Sensitivity of soybean leaf development
to water deficits. Plant Cell Environ 11(9):835-839

Reza Yousefi A, Rashidi S, Moradi P, Mastinu A (2020) Germination
and seedling growth responses of Zygophyllum fabago, Salsola
kali L. and Atriplex canescens to PEG-induced drought stress.
Environments 7(12):107. https://doi.org/10.3390/environmen
ts7120107

Roberts E (1988) Temperature and seed germination. Symp Soc Exp
Biol 42:109-132

Sanchez-Rodriguez E, Moreno DA, Ferreres F, del Mar R-W, Ruiz
JM (2011) Differential responses of five cherry tomato varie-
ties to water stress: changes on phenolic metabolites and related
enzymes. Phytochemistry 72(8):723-729

Sandhu AK, Gray DJ, LuJ, Gu L (2011) Effects of exogenous abscisic
acid on antioxidant capacities, anthocyanins, and flavonol con-
tents of muscadine grape (Vitis rotundifolia) skins. Food Chem
126(3):982-988

Sangwan N, Farooqi A, Shabih F, Sangwan R (2001) Regulation of
essential oil production in plants. J Plant Growth Regul 34(1):3-21

Selmar D, Kleinwéchter M (2013) Influencing the product quality
by deliberately applying drought stress during the cultivation of
medicinal plants. Ind Crops Prod 42:558-566

Selmar D, Kleinwidchter M, Abouzeid S, Yahyazadeh M, Nowak M
(2017) The impact of drought stress on the quality of spice and
medicinal plants. In: Ghorbanpour M, Varma A (eds) Medicinal
plants and environmental challenges. Springer Int. Publishing, pp
159-175

Shen L, Ren J, Jin W, Wang R, Ni C, Tong M, Liang Z, Yang D
(2016) Role of NO signal in ABA-induced phenolic acids accu-
mulation in Salvia miltiorrhiza hairy roots. Chin J Biotechnol
32(2):222-230

Simonneau T, Habib R, Goutouly J-P, Huguet J-G (1993) Diurnal
changes in stem diameter depend upon variations in water content:
direct evidence in peach trees. J Exp Bot 44(3):615-621

Stanley L, Yuan Y-W (2019) Transcriptional regulation of carotenoid
biosynthesis in plants: So many regulators, so little consensus.
Front Plant Sci 10:1017. https://doi.org/10.3389/fpls.2019.01017

Tardieu F, Reymond M, Hamard P, Granier C, Muller B (2000) Spatial
distributions of expansion rate, cell division rate and cell size in
maize leaves: a synthesis of the effects of soil water status, evapo-
rative demand and temperature. J Exp Bot 51(350):1505-1514

@ Springer

Trivedi K, Anand KV, Vaghela P, Ghosh A (2018) Differential growth,
yield and biochemical responses of maize to the exogenous appli-
cation of Kappaphycus alvarezii seaweed extract, at grain-filling
stage under normal and drought conditions. Algal Res 35:236-244

Umezawa T (2011) Systems biology approaches to abscisic acid signal-
ing. J Plant Res 124(4):539-548

Vu JC, Gesch RW, Allen LH Jr, Boote KJ, Bowes G (1999) CO, enrich-
ment delays a rapid, drought-induced decrease in Rubisco small
subunit transcript abundance. J Plant Physiol 155(1):139-142

Wang W, Vinocur B, Altman A (2003) Plant responses to drought,
salinity and extreme temperatures: towards genetic engineering
for stress tolerance. Planta 218(1):1-14

Wang XM, Yang B, Ren CG, Wang HW, Wang JY, Dai CC (2015)
Involvement of abscisic acid and salicylic acid in signal cascade
regulating bacterial endophyte-induced volatile oil biosynthesis
in plantlets of Atractylodes lancea. Physiol Plant 153(1):30—42

Wardlaw I, Willenbrink J (2000) Mobilization of fructan reserves and
changes in enzyme activities in wheat stems correlate with water
stress during kernel filling. New Phytol 148(3):413-422

Wassmann R, Jagadish S, Sumfleth K, Pathak H, Howell G, Ismail A,
Serraj R, Redona E, Singh R, Heuer S (2009) Regional vulner-
ability of climate change impacts on Asian rice production and
scope for adaptation. Adv Agron 102:91-133

Webber AN, Nie G-Y, Long SP (1994) Acclimation of photosyn-
thetic proteins to rising atmospheric CO,. Photosynth Res
39(3):413-425

Wheeler TR, Craufurd PQ, Ellis RH, Porter JR, Prasad PV (2000) Tem-
perature variability and the yield of annual crops. Agric Ecosyst
Environ 82(1-3):159-167

Wu Y, Kuzma J, Marechal E, Graeff R, Lee HC, Foster R, Chua N-H
(1997) Abscisic acid signaling through cyclic ADP-ribose in
plants. Science 278(5346):2126-2130

Xu Q, Henry RL, Guikema JA, Paulsen GM (1995) Association of
high-temperature injury with increased sensitivity of photosyn-
thesis to abscisic acid in wheat. Environ Exp Bot 35(4):441-454

Yamazaki H, Nishijima T, Koshioka M (1995) Effects of (+)-S-absci-
sic acid on the quality of stored cucumber and tomato seedlings.
HortScience 30(1):80-82

Yin C, Duan B, Wang X, Li C (2004) Morphological and physiological
responses of two contrasting poplar species to drought stress and
exogenous abscisic acid application. Plant Sci 167(5):1091-1097

Zhao T-J, Sun S, Liu Y, Liu J-M, Liu Q, Yan Y-B, Zhou H-M (2006)
Regulating the drought-responsive element (DRE)-mediated sign-
aling pathway by synergic functions of trans-active and trans-
inactive DRE binding factors in Brassica napus. J Biol Chem
281(16):10752-10759

Zhou B, Guo Z, Lin L (2006) Effects of abscisic acid application on
photosynthesis and photochemistry of Stylosanthes guianensis
under chilling stress. Plant Growth Regul 48(3):195-199

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/horticulturae6040078
https://doi.org/10.3390/horticulturae6040078
https://doi.org/10.3390/environments7120107
https://doi.org/10.3390/environments7120107
https://doi.org/10.3389/fpls.2019.01017

	Concentrations-dependent effect of exogenous abscisic acid on photosynthesis, growth and phenolic content of Dracocephalum moldavica L. under drought stress
	Abstract
	Main Conclusion 
	Abstract 

	Introduction
	Materials and methods
	Plant material and experimental site
	Experimental design and treatments
	Growth and yield analyses
	Net photosynthesis rate (PN), stomatal conductance and transpiration rate
	Total phenolic contents
	Essential oil yield
	Statistical analysis

	Results
	Net photosynthesis rate, stomatal conductance and transpiration rate
	Plant height
	Number of stem branch
	Inflorescence length
	Leaf area
	Leaf dry weight
	Biological yield
	Seed yield
	Total phenolic content
	Essential oil content and yield

	Discussion
	Conclusion
	Acknowledgements 
	References




