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Abstract

The aim of this experiment was to determine the response of dill (Anethum graveolens L.) to
water deficiency and salinity. In spring, dill biomass decreased with increasing water deficiency
due to a reduction in the number and mean weight of leaves per plant. The concentrations of
chlorophyll, carotenoids, vitamin C and total phenolics within the leaves were unaffected by
water stress, but the Cl, Na and K content decreased. Salinity had no effect on plant growth in
the spring, except at the highest level (8 dS/m™), where a decrease in biomass occurred. The
chlorophyll and total phenolics content of leaves rose in the autumn with increasing salinity,
whereas vitamin C and carotenoids were unaffected. In spring, increasing salinity caused
fluctuations in the chlorophyll and vitamin C content of the leaves and a decrease in total
phenolics. The concentrations of chlorophyll and antioxidants were higher in spring than in
autumn at all levels of salinity. The essential oil content was also higher in the spring than in the
autumn, irrespective of salinity. A relative decrease in dill ether within the herb oil under
increasing salinity was compensated for by an increase in a-phellandrene. In the flower oil,
increasing salinity caused a decrease in the relative concentrations of both a-phellandrene and
dill ether, which was compensated for by an increase in carvone. Overall, dill appears more
resistant to salinity than to water stress, but the season of cultivation has the most important
effect on both yield and quality.
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Introduction

Water availability is a major environmental factor for the productivity of crop plants
and water shortage has been estimated to adversely affect the agricultural usage of 25%
of the world’s land (Delfine et al., 2005). Water deficiency not only limits plant growth
and survival but also induces various physiological and metabolic responses, such as
stomatal closure, a decline in growth rate, solute and antioxidant accumulation, a
reduction in photosynthesis and transpiration and the expression of stress specific genes
(Jones and Tardien, 1998; Hughes et al., 1989). The stress response depends on the
severity of drought or water shortage (Sarker et al., 2005) and varies with the species,
cultivar and plant density (Fatima et al., 2000).
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In the case of aromatic plants, water deficit decreased the plant height, fresh and dry
weight of Satureja hortensis (Baher et al., 2002) and reduced the leaf area of dill
(Charles et al., 1995), as well as affecting the oil yield and composition of sweet basil
(Simon et al., 1992), rosemary (Singh and Ramesh, 2000) and anise (Zehtab-Salmasi
et al., 2001). Similarly in geranium, water stress had a negative impact on biomass and
essential oil yield as the intervals between irrigations increased (Putievsky et al., 1990).

Salinity in the soil and/or irrigation water is also a serious environmental problem
that can cause drastic changes in the growth, metabolism and productivity of crops
(Jaleel et al., 2008; Zhu, 2001). It is estimated that up to 20% of irrigated lands in the
world are affected by different levels of salinity and sodium content (Mostafazadeh-
Fard et al., 2007). The growth and yield of many crop species are sensitive to salinity,
the deleterious effects of which are attributed to increased osmotic pressure within
the root zone and ion toxicity. This leads to nutritional imbalance, a reduction in
photosynthetic efficiency, stomatal closure, ion homeostasis, osmolyte accumulation
and an increase in the generation of reactive oxygen species (Munns, 2002; Parida and
Das, 2005; Parvaiz and Satyawati, 2008). Salt stress may also induce changes in plant
morphology (Amirjani, 2010).

All plants tolerate salinity up to a certain threshold level without any yield reduction,
the degree of tolerance relating to the developmental stage of the plant at the time of
exposure to stress (Adam, 1990). Thereafter, a further increase in salinity significantly
reduces yield (Ozturk et al., 2004). Dill (Anethum graveolens L.), an annual aromatic
herb of the Apiaceae grown widely throughout Europe, America and Asia for use as a
fresh herb and for the production of essential oil, is reported to be relatively tolerant to
salinity (Ghassemi-Golezani et al., 2011; Udagawa, 1995; Mehr et al., 2012; Nourani
Azad et al., 2008; Gururaja Rao et al., 2001a,b). However, plant growth is restricted by
water stress (Mehta et al., 2012; Ghassemi-Golezani et al., 2008). Because there is little
or no available information concerning the effects of salinity and water stress on dill
growth in relation to the season of cultivation or on the quality of the fresh herb, the
experiments described in the present paper were undertaken.

Materials and Methods
Cultivation and treatments

The study was carried out at the Agricultural University of Athens (37° 58” 55.83°" N,
23°42° 16.69° E). Seeds of dill (Anethum graveolens L. cv. Ducat) were sown in trays
containing a commercial peat compost (Klasmann TS-2, Klasmann-Deilmann GmbH,
Geeste, Germany) on 02 October 2011 (autumn sowing of salinity experiment of year
1), on 08 January 2012 (spring sowings of the salinity and water stress experiments of
year 1) and on 03 February 2013 (spring sowing of the water stress experiment). Stress
by water deficiency was not applied during the autumn since the climatic conditions of
southern Greece (relatively high rainfall in comparison with the spring) rarely cause
water deficiency during this period.

At the stage of 3-4 true leaves, the plants were transplanted to 11 L pots containing a
(1:1v/v) mixture of peat and perlite (Perloflor P4, Perlite Hellas, Piracus, Greece)
enriched with 150 g potassium monophosphate, 40 g potassium sulphate, 20 g
magnesium sulphate, trace elements and 300 g marble dust per m’. The pots contained
four plants each and were spaced outdoors at 50 x 50 cm. During cultivation, the plants
were fertilized with 300 ppm N-P-K fertilizer (20-20-20) within the irrigation water.
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Water stress was applied to plants by delaying irrigation until the moisture level of
the substrate at irrigation (saturation) decreased to the desired level according to the
indications of soil tensiometers (Irrometer-Moisture Indicator, Irrometer, Riverside,
California) placed in the pots. Three irrigation regimes were employed: (1) irrigation
when the tensiometer readings reached 20 centibars (adequate water supply — control)
and (2, 3) two levels of water deficiency, when irrigation was applied (2) at 30-40
centibars (WS40) and (3) at 50-60 centibars (WS60) on a scale where 0 centibars = soil
saturation and 100 centibars = dry soil. In each treatment, 60 plants were used.

To study the effect of salinity, NaCl was applied to plants in the form of aqueous
solutions. The electrical conductivity (EC) levels applied were 0.63 (control), 2, 4, 6
and 8 dS m™. In each treatment, 120 plants were used. The EC of the control was that of
the irrigation water and added fertilizer, while in the other treatments a stock solution of
NaCl (IM) was added to the irrigation water in quantities sufficient to achieve the
desired EC. Salinity was applied once the plants had formed the 4™ to 6™ true leaf.
Initially, irrigation was applied at a rate of 0.5L per pot once a week, but with increasing
growth and temperature (in the spring) the quantity was progressively increased to 1L
every 2-3 days. To avoid run-off, plastic dishes were placed beneath each pot.

The plants of all treatments were harvested in the early morning: 89 and 106 days
after sowing the autumn and spring crops of the salinity experiment and 93 days after
sowing the crop for the water stress experiment, just prior to flowering. Additionally, in
the autumn crops, a few plants were permitted to flower and the flowers and fruits/seeds
collected separately for oil analysis The plants were cut 1cm above the substrate and,
following the removal of any old, senesced leaves, immediately transferred to the
laboratory.

Laboratory analysis

On arrival in the laboratory, the fresh weight of foliage and the number of leaves per
plant were recorded. For dry matter determination five samples of leaves from each
treatment were randomly selected at harvest. The leaves were dried to constant weight
at 72 °C and ground in a MF 10 Basic mill (IKA-Werke, GmbH & Co. KG, Staufen,
Germany) to mesh size < 0.25 mm. Quality characteristics (chlorophylls, carotenoids,
vitamin C and total phenolics) in the leaves were determined colorimetrically using a
Perkin Elmer Model Lambda 1A spectrophotometer (Perkin Elmer, Waltham, MA,
USA.). In each treatment five replicates were used. Chlorophyll a, chlorophyll b and
total chlorophyll concentrations of the leaves were measured using the method of Arnon
1949), carotenoids were determined according to Kirk and Allen (1965), vitamin C
(L—ascorbic acid) was measured following the method of Bajaj and Kaur (1981),
while total phenolics were measured by the Folin Ciocalteu method according to
Lisiewska et al. (2006).

The inorganic ion content (Cl, Na and K) of leaves was determined in year 2. Cl was
determined by titration according to Eaton et al. (1995), while Na and K were
determined using flame emission spectroscopy (Sherwood Model 410, Cambridge,
UK), according to Horneck and Hanson (1998).

Because of a lack of plant material in the water stress experiment, essential oil
extraction was performed only from the plants subjected to salinity.
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Essential oil extraction and analysis

Immediately after harvest, leaves (or additionally some flowers and fruits/seeds in
the autumn crops) were placed in sealed, airtight plastic food-bags and stored at -20 °C
until essential oil extraction. Essential oil yield was measured with the use of hydro-
distillation, using a Clevenger apparatus filled with 100 g of plant material for 3 hours
(Petropoulos et al., 2008). Essential oils were analyzed by gas chromatography (GC)
using a Hewlett Packard 5890 II gas chromatograph equipped with a FID detector and a
HP-5MS capillary column (30 m x 0.25 mm, film thickness 0.25 pm). Quantitative data
were obtained electronically from FID area percent data without the use of correction
factors. Gas Chromatography/Mass Spectrometry (GC/MS) analysis was performed
under the same conditions as GC using a Hewlett Packard 5890 II GC equipped with a
Hewlett Packard 5972 mass selective detector in the electron impact mode (70 eV).
Tentative identification of the compounds was based on a comparison of their relative
retention time and mass spectra with those of pure standards and the NBS75K library
data of the GC/MS system and literature data (Adams, 2001). A minimum of three
assays were performed for each treatment.

Statistical methods
The results were subjected to analysis of variance (ANOVA) and means (of 5

replications per experimental treatment) were compared by the application of Duncan’s
multiple range tests using the statistical package SPSS Statistics 22.

Results
Influence of water deficiency

Plant height decreased with increasing water deficiency in year 1, but not in year 2
where, due to adverse climatic conditions (temperatures in excess of 30 °C during April
and May), plant growth was less than in year 1 irrespective of the level of water
deficiency. The number of leaves plant”, plant biomass (fresh weight) and leaf weight
plant™ all decreased with increasing water deficiency in both years (Table 1).

Table 1. The effect of water stress on plant height and weight, leaf number and weight per plant.

Season Irrigation Plant height =~ Number of_ lleaves Plant Wei_%ht Leaf Weiglht
level (cm) plant (g plant™) (g plant™)
Control 45.9 a 6.2 a 42.4 a 30.6 a
Spring 2012 WS40 37.0 b 5.0 b 26.2 b 20.4 b
WS60 40.0 b 4.6 b 21.8 c 15.8 c
Control 25.2 a 5.1 a 12.3 a 9.2 a
Spring 2013 WS40 24.9 a 4.3 b 9.1 b 5.7 b
WS60 24.6 a 35 c 5.8 c 24 c

Means for each season in columns followed by the same letter are not significantly different at P=0.05.
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The concentration of chlorophyll (a, b and total) was unaffected by water deficiency,
with the exception of chlorophyll a in year 1, which tended to increase under moderate
stress (WS 40) (Table 2). Similarly, there were no significant changes in the
concentrations of carotenoids, vitamin C or total phenolics in relation to water
deficiency in either year (Table 3). The concentrations of chlorine and sodium in the
leaves decreased with increasing water deficiency, as did the concentration of potassium
(at WS 60) (Table 4).

Table 2. The effect of water stress on the chlorophyll (a, b and total) concentrations in the leaves.

Chlorophyll a Chlorophyll b Chlorophyll total
Season Irrigation level
(mg 100 g fw.™")

Control 2323 b 106.1 a 338.3 b
Spring 2012 WS40 298.6 a 151.3 a 449.9 a

WS60 235.2 b 137.2 a 372.5 ab

Control 200.7 a 100.9 b 301.7 a
Spring 2013 WS40 199.5 a 109.5 ab 309.1 a

WS60 192.3 a 119.4 a 311.7 a

Means for each season in columns followed by the same letter are not significantly different at P=0.05.

Table 3. The effect of water stress on the concentrations of carotenoids, vitamin C and total phenolics in
the leaves.

Carotenoids Vitamin C Total phenolics
Season Irrigation level
(mg 100 g f.w.™") (mg GAE 100 g f.w.™)
Control 28.6 a 324.4 a 239.3 a
Spring 2012 WS40 27.5 a 3338 a 233.8 a
WS60 36.2 a 370.4 a 249.9 a
Control 27.9 a 318.8 a 278.3 a
Spring 2013 WS40 24.2 a 311.7 a 247.3 a
WS60 234 a 305.8 a 252.7 a

Means for each season in columns followed by the same letter are not significantly different at P=0.05.

Table 4. The effect of water stress on the concentrations of Cl, Na and K in the leaves.

cr Na' K"
Season Irrigation level 1
(mg 100 g fw.”)
Control 18.8 a 39.7 a 549.3 a
Spring 2013 WS40 9.3 b 16.2 b 589.3 a
WS60 9.7 b 13.6 b 329.8 b

Means within each column followed by the same letter are not significantly different at P=0.05.
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Influence of salinity

The effect of salinity on plant growth differed between the seasons of cultivation.
Thus, in the autumn plant height increased under the presence of salinity at 4-8 dS m™.
Similarly, there was an increase in the number of leaves per plant (although not always
to a statistically significant level) and in plant biomass at all levels of salinity. By
contrast, in the spring there was no effect of salinity on plant height or plant biomass
(except for a reduction in biomass at 8 dS m™), while the number of leaves per plant
decreased at the highest salinity levels (6-8 dS m™) (Table 5).

Table 5. The effect of salinity on plant height, leaf number and leaf weight per plant.

Season Salinity l_clevel Plant height Leaf nur_rllber Leaf wei %ht
(dSm™) (cm) plant (g plant™)

0.63 44.5 a 6.5 a 54.9 a

2.0 40.5 a 6.1 ab 57.0 a

Spring 4.0 40.3 a 6.2 a 58.2 a
6.0 43.4 a 5.7 be 59.1 a

8.0 40.2 a 5.5 c 41.8 b

0.63 48.0 b 6.7 b 38.5 b

2.0 51.1 ab 7.7 a 52.4 a

Autumn 4.0 51.9 a 6.9 b 55.3 a
6.0 53.6 a 7.6 a 61.5 a

8.0 52.8 a 7.3 ab 55.7 a

Means for each season within each column followed by the same letter are not significantly different at
P=0.05.

The concentration of total chlorophyll in the leaves increased significantly at the
higher salinity levels (4-8 dS m™) in the autumn, whereas in the spring an increase in
leaf chlorophyll concentration was observed at low levels of salinity (2-4 dS m™), but at
higher levels (6-8 dS m™) decreased, though not to a significant level at 8 dS m™ (Table
6). The leaf chlorophyll concentration in the spring was higher than in the autumn at all
levels of salinity except 6 dS m™', where the difference was not statistically significant.
In consequence, the leaves of plants grown in spring were darker green in colour than
those grown in the autumn irrespective of the level of salinity.

Table 6. The effect of salinity on the total chlorophyll concentration in the leaves.

Salinity level Total chlorophyll (mg 100 g f.w.™)
(dS m™) Spring Autumn
0.63 330.5 c* 155.1 c
2.0 542.1 a* 144.3 c
4.0 408.2 b* 191.3 ab
6.0 184.5 d 164.0 be
8.0 287.7 c* 204.3 a

Means for each season within each column followed by the same letter are not significantly different at P=0.05.
Means followed by an asterisk (*) differ significantly (P=0.05) between the two crops (autumn and spring).
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The concentration of carotenoids in the leaves of plants from the spring cultivation
increased at the level of 2-4 dS m™ but was not affected at 6-8 dS m'l, while in autumn
there was an increase only at 6 dS m' (Table 7). In contrast, the vitamin C content
decreased under conditions of salinity in both seasons, although not always to a
statistically significant degree. In contrast, whereas in the spring the concentration of total
phenolics decreased at all levels of salinity, in the autumn an increase was observed at the
highest salinity levels (6-8 dS m™) (Table 7). When comparing the results from the two
seasons of cultivation, it is apparent that at each level of salinity the concentrations of
carotenoids, vitamin C and total phenolics within the leaves was almost invariably higher
in the spring than that at the corresponding levels of salinity in the autumn.

Table 7. The effect of salinity on the concentrations of carotenoids, vitamin C and total phenolics in the leaves.

Salinity level Carotenoids Vitamin C Total phenolics
(dSm™) (mg 100 g fw.™")

0.63 24.9 b* 344.9 a* 301.0 a*

2.0 39.9 a* 260.9 b* 265.2 b*

Spring 4.0 34.0 a* 325.7 ab* 196.1 c
6.0 20.2 b 114.4 c 248.2 b*

8.0 26.1 b* 255.0 b* 264.3 b*

0.63 17.0 b 146.7 ab 229.7 b

2.0 14.8 b 166.7 a 199.5 b

Autumn 4.0 17.4 b 121.6 b 181.3 c
6.0 23.2 a 114.9 b 303.5 a

8.0 17.9 b 139.6 ab 3253 a

Means for each season within each column followed by the same letter are not significantly different at P=0.05.
Means followed by an asterisk (*) differ significantly (P=0.05) between the two crops (autumn and spring).

The inclusion of increasing amounts of NaCl in the irrigation water caused a
progressive increase in the concentrations of sodium and chlorine within the leaves
during both seasons of cultivation. In contrast, the concentration of potassium fluctuated
with increasing salinity in the spring but progressively decreased in the autumn (Table
8). At corresponding levels of salinity, the concentration of all three ions was higher in
leaves in the spring than in the autumn (except Na at 8 dS m™).

Table 8. The effect of salinity on the concentrations of Cl, Na and K in the leaves.

Salinity level Cr Na' K"
(dSm™) (mg 100 g fw.™")

0.63 29.2 d 19.7 e* 1284.2 b*

2.0 53.6 cd* 68.0 d* 968.0 d*

Spring 4.0 74.6 bc* 174.6 c* 1099 .4 c*
6.0 94.9 b* 387.7 a* 1238.8 b*

8.0 200.4 a* 278.3 b 1446.6 a*

0.63 17.6 d 15.0 d 744.0 a

2.0 26.7 d 31.1 d 661.6 b

Autumn 4.0 43.4 c 134.1 c 536.5 c
6.0 64.5 b 233.5 b 460.0 d

8.0 76.5 a 306.0 a 3943 d

Means for each season within each column followed by the same letter are not significantly different at P=0.05.
Means followed by an asterisk (*) differ significantly (P=0.05) between the two crops (autumn and spring).
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The yield of essentlal oil from the leaves of dill (herb oil) in the autumn was 0.10-0.14
ml 100 g fresh weight™, 1rrespect1ve of'the level of salinity (Table 9). In sprm% the oil yield
was relatively higher, ranglng between 0.13 and 0.37 ml 100 g fresh welgh at the lower
levels of salinity (<3 dS m™), but rising to 1.29 ml 100 g fresh weight' at 4.5 dS m’
consistent with an increase in aroma of the spring-grown plants compared with those in the
autumn (Table 9). The principal constituents of d111 herb oil in the autumn crop were
a-phellandrene (63.27-70.16 mg 100 g fresh weight™), f- phellandrene (12.08-12.88 mg 100
g fresh weight™) and dill ether (8.80-12.17 mg 100 g fresh weight™) (Table 10). In contrast,
the principal constltuents of dill flower oil were a-phellandrene (15.85-35.26 mg 100
g fresh weight™), hmonene (32.00-37.55 mg 100 g fresh weight™) and carvone (22.89-40.58
mg 100 g fresh welght ) (Table 11) while those of the seeds were llmonene (39.37-42.67
mg 100 g fresh weight™) and carvone (40.34-54.98 mg 100 g fresh weight™) (Table 12).

The most significant effect of increasing salinity on dill herb oil composition was
that it caused a progressive increase in the relative concentration of a-phellandrene,
which is a major aroma constituent, but a small decrease in another aroma constituent:
dill ether (Table 10). However, in the case of flower oil, increasing salinity caused a
decrease in the relative concentrations of both a-phellandrene and dill ether, which was
compensated for by an increase in carvone (Table 11), whereas in seed/fruit oil there
was virtually no effect of salinity on the oil constituents (Table 12).

Table 9. The effect of salinity on dill oil yield (ml oil 100 g fresh weight™).

Salinity level Spring
(dS m™) Leaves (lamina) Flowers
0.63 0.37 0.73
1.5 0.13 0.93
3.0 0.20 1.09
4.5 1.29 0.96
Autumn
Leaves (lamina) Flowers Fruits Seeds
0.63 0.12° (d) 0.74° (c) 1.10° (b) 2.22° (a)
2.0 0.10° (d) 0.95% (¢) 1.22° (b) 3.56" (a)
4.0 0.13%(¢) 0.84° (b) 297" (a) nd*
6.0 0.14° (¢ 0.93" (b) 4.44" (a) nd

Means for each season within each column followed by the same letter are not significantly different at P=0.05.
Means for each salinity level followed by a different letter in parenthesis are significantly different (P=0.05)
between the plant parts.

*nd: not determined

Table 10. The principal constituents of dill herb oil (mg 100 g fresh weight™) of the autumn crop in
relation to salinity.

0il composition R.T. (min) 0.63 dSm’ 2.0dSm” 4.0dSm” 6.0dS m’
o-thujene 8.10 0.13° 0.15° 0.23" 0.23"
o-pinene 8.37 1.30° 1.35° 2.06" 2.13"
Sabinene 9.52 nd* 0.05 0.05" 0.06"
B-pinene 9.90 0.01° 0.06 0.16° 0.14°
B-myrcene 10.40 0.54° 0.64° 0.81° 0.81°
o-phellandrene 11.50 63.27° 66.95" 69.77° 70.16°
n-cymene 11.90 0.71° 1.05° 0.97° 0.81°
B-phellandrene 12.30 12.08* 12.85 12.70° 12.88*
Terpinolene 15.90 0.23* 0.13* 0.16 0.13*
Dill ether 19.50 12.17° 11.06® 8.80 9.76"
Germacrene D 34.53 0.25* 0.47° 0.44° 0.45*

Means within each row followed by the same letter are not significantly different at P=0.05.
nd: not determined
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Table 11. The principal constituents of dill flower oil (mg 100 g fresh weight") of the autumn crop in
relation to salinity.

Oil composition R.T.(min) 0.63dSm™ 2.0dSm™ 4.0dS m™ 6.0dSm’
o-pinene 8.37 0.79* 0.67* 0.36° 0.42°
B-myrcene 10.40 0.37° 0.36° 0.29° 0.32°
o-phellandrene 11.50 35.26 32.41° 17.66° 15.85°
Limonene 11.89 32.00° 33.53° 34.10° 37.55°
T-cymenene 14.20 0.08" 0.07° 0.07° 0.06
Dill ether 19.50 10.17° 5.80° 3.90¢ 4.26™
Cis-dihydro carvone 20.16 0.31° 0.31° 0.30° 0.25°
Trans-dihydro carvone 21.48 1.68 2.34 217" 1.68°
Carvone 21.78 22.89° 32.64° 40.58° 36.32°
Trans-carvyl acetate 23.74 0.08" 0.04° 0.15° 0.07°
Cis-carvyl acetate 24.05 0.23" 0.10° 0.10° 0.15°
Germacrene D 34.53 0.10* 0.05% 0.19% 0.06"

Means within each row followed by the same letter are not significantly different at P=0.05.

Table 12. The principal constituents of dill fruit oil (mg 100 g fresh weight™) of the autumn crop in
relation to salinity.

0il composition R.T.(min) 0.63dSm’ 2.0dSm’ 40dSm’ 6.0 dS m™
B-myrcene 10.40 0.38° 0.17° 0.37° nd
o-phellandrene 11.50 1.49° 14.44* 1.27° 1.82°
Limonene 11.89 42.67° 41.35° 39.37* 40.57*
Dill ether 19.50 0.54° 1.03* 1.92° nd
Cis-dihydro carvone 20.16 0.60°* 0.19° 0.28° nd
Trans-dihydro carvone 21.48 2.30° 2.03° 2.41° 2.34°
Carvone 21.78 50.73 40.34* 50.57* 5498

Means within each row followed by the same letter are not significantly different at P=0.05.
Discussion

Dill is a cool season species and as such grows better in the warm regions of the
Mediterranean Basin, (e.g. in Greece) under the relatively low temperatures between
autumn and early spring. However, because fresh dill is in demand throughout the year,
crops may be grown even in late spring and early summer, but plant growth and the
yield of foliage is restricted due to the shorter biological cycle of the plant and the early
onset of flowering in response to increasing photoperiod.

In the spring (but rarely in the autumn and winter), plants may be subjected to stress
due to water deficiency, which further restricts yield. In many regions too, particularly
coastal areas, plants may experience salt stress (salinity) due to sea water contamination
of irrigation supplies. Salinity affects crop growth irrespective of the cultivation season,
but stress is exacerbated in the spring due to significantly lower precipitation and to
higher water evaporation and transpiration as a result of the higher temperatures during
this period.
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The reduction in plant growth, expressed in terms of plant height, leaf number and
plant biomass, as a result of increasing water deficiency in the spring is consistent with
the observations of other authors on dill (Mehta et al., 2012; Ghassemi-Golezani et al.,
2008), parsley (Petropoulos et al., 2006), oregano and mint (Matraka et al., 2010) and
also relates to reduced root length under conditions of water deficiency (Mehr and
Ganjeali, 2013). However, it is apparent from the present results that although water
stress reduced foliage yield, it did not adversely affect leaf quality. Thus, leaf colour
(chlorophyll content) was the same, or even higher, under conditions of water
deficiency and the nutritional value (vitamin C and other antioxidants) was the same as
in non-stressed plants. Elsewhere, it has been reported that water deficiency may cause
a reduction in chlorophyll and carotenoid concentrations (Mehr and Ganjeali, 2013), as
observed in mint and oregano (Matraka et al., 2010), but not in Trachyspermum ammi
(Azhar et al.,, 2011). These differences, however, may be accounted for by differences in
the severity and duration of water stress and other factors (soil, sunlight etc.). For
example, Bettaieb et al. (2011) found that the B-carotene and total phenolics content of
cumin increased under moderate water deficit, but decreased under severe water deficit.
The reduction in the inorganic ion (Na, Cl, K) content of the leaves in response to water
deficiency may result from a reduction in root ion uptake efficiency (Mehr and Ganjeali,
2013), but, as shown here, is unlikely to affect leaf quality.

Overall, salinity had a relatively small effect on plant growth, causing a reduction in
the number of leaves and plant biomass of the spring crop only at the highest salinity
levels (6-8 and 8 dS m™', respectively), whereas in the autumn both plant height and
biomass increased at all levels of salinity. Although dill has previously been recognised
as moderately tolerant to salinity, the present results suggest even greater tolerance than
this and our data appear to justify the interesting proposal of the Indian Agricultural
Research Institute (2014) and Central Soil Salinity Research Institute (Gururaja-Rao
et al., 2001b) to cultivate dill (albeit for seed) in saline regions. Moreover, dill appears
to be more tolerant to salinity than other aromatic species, such as fennel (Foeniculum
vulgare) (Abd El-Wahab, 2006). However, salinity may reduce plant height and the
number of leaves per plant of dill at an early stage in its growth cycle (up to 30 days
from sowing) (Mehr et al., 2012; Mehr, 2013).

The quality of the fresh leaves may be affected by salinity, but the season of growth
appears to be a more important factor. Thus plants had a higher chlorophyll content and
were therefore greener in the spring, irrespective of salinity. Additionally antioxidants
in the leaves (carotenoids, vitamin C and total phenolics) were at higher levels in the
spring at nearly all levels of salinity. Overall, there was virtually no effect of salinity
on the carotenoid and vitamin C concentrations within the leaves of the autumn crop,
while the total phenolics concentrations increased at 6-8 dS m™. In contrast, in the
spring, the vitamin C and total phenolics concentrations decreased with increasing
salinity, but the carotenoid concentrations were mostly unaffected. This means that
although the nutritional value and appearance (greenness) of fresh dill in the spring was
superior to that of the autumn cultivation, the nutritional/antioxidant value decreased
with increasing salinity in the spring, but not in the autumn. As in the case of water
stress, however, the effect of salinity, both in dill (Parvaiz and Satyawati, 2008; Nourani
Azad et al., 2006) and other aromatic species (e.g. fennel) (Mehta et al., 2012), depends
not only on the magnitude and duration of the stress, but also on the stage of growth at
which stress occurs (Parida and Das, 2005; Abd EI-Wahab, 2006).
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The concentration of inorganic ions (Na, Cl, K) in the leaves of dill at corresponding
levels of salinity was almost invariably higher in the spring than in the autumn. In both
seasons the concentrations of Na and Cl in the leaves increased with increasing salinity.
However, whereas K also increased with increasing salinity in the spring, in the autumn
it fell. An increase in Na and Cl accumulation and a decrease in K in response to
increasing applications of NaCl in the irrigation water have been reported for fennel
(Ashraf and Akhtar, 2004). In the present experiments, the difference in response of K
to salinity in the spring and autumn presumably relates to the climatic conditions during
each season: progressively decreasing temperatures and small photoperiod in the
autumn (hence less irrigation with saline water), increasing temperatures, photoperiod
and light intensity during the spring. However, further experimentation is required to
clarify this observation.

The yield of essential oils was higher in the spring than in the autumn. Ghassemi-
Golezani et al. (2008, 2011) reported that salinity up to a level of 12 dS m™ increased
the yield of essential oil from leaves, flowers and fruits of dill, but only because of an
increase in dry matter. In contrast, Udagawa (1995) reported a decrease in essential oil
yield with increasing salinity up to 3.6 dS m™. It is likely, however, that the difference
in the results of these authors stems from the stage at which the plants were harvested.
In the present experiments, the plants for herb oil extraction were harvested prior to the
onset of flowering and in this case the essential oil was distilled only from leaves. If,
however, harvest is delayed and the tissues from which oil is distilled include flowers,
or even fruits/seeds, the quantity and composition of oil distilled, as well its the
response to salinity, will be different from that derived from leaves alone.

The principal constituents of dill herb oil in the autumn crop were a- and
B- phellandrene and dill ether, which is similar to that previously reported (Callan
et al, 2007). The characteristic aroma of dill leaves is derived principally from
a-phellandrene and dill ether and to a lesser extent limonene and a-pinene (Callan et al.,
2007). Qualitative analysis of the essential oils in the leaves showed that a-phellandrene
increased in the salinity treatments with 4 and 6 dS m™, while dill ether decreased. This
may cause some change in the aroma profile of the leaves, although this could not be
detected macroscopically. Overall, therefore, salinity does not appear to significantly
influence either the quantity of oil within the leaves, or its quality, although further
research is required to verify these observations. In flower oil, whereas increasing
salinity caused a decrease in the relative concentrations of both a-phellandrene and dill
ether, there was a concomitant increase in carvone, which is another important oil
constituent.

Conclusions

From the results of the present experiments it may be concluded that taking into
account both yield and quality aspects, dill is an aromatic plant that is relatively
resistant to salinity (up to 6-8 dS m™) and although growth is less resistant to water
deficiency, quality is not impaired. In the warm Mediterranean region, stress due to
water deficiency is normally observed only in the spring, whereas stress due to salinity
may occur in both the spring and autumn. The quality (chlorophyll and antioxidant
content of the leaves) is higher in the spring than in the autumn and the effects of
salinity differ between the two seasons.
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