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The planting of fennel (Foeniculum vulgare L.) in the fall is important
in temperate areas where this leads to more efficient use of limited
available water, although winter mortality is a serious barrier for
employing a fall planting system for this plant. Improved cold
tolerance through selection of frost-resistant ecotypes could reduce
winter losses or acclimate the plants to cold temperatures. To determine whether cold acclimation (AC) could reveal potential frost
tolerance, two local ecotypes of fennel (Gonabad and Kerman)
were exposed to low temperatures under controlled conditions to
reveal any potential frost tolerance. Compared with non-acclimated
control plants, AC increased survival at a lethal temperature (LT50),
the temperature at which plants showed 50% less dry matter
(DMT50) and the number of nodes per main stem in both ecotypes
at 3 weeks after applying a freezing treatment, whereas plant
height and plant dry weight were less in AC treatment compared
with non-acclimated (NAC) plants. Percentage of survival and the
number of nodes per main stem did not show significant reduction
up to -6°C but at a lower temperature was reduced significantly
(p £ 0.01). Increasing freezing intensity beyond -3°C reduced the
plant height as compared with controls, and plant DMT production was also less in all treatments as compared with 0°C. Plant
height, number of nodes per main stem, and plant DMT in the
Gonabad ecotype were 73%, 68%, and 146%, respectively, more
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than the Kerman ecotype at -9°C. The percentage of survival in
the Gonabad ecotype at 9°C under AC conditions was 33% more
than NAC plants, whereas at the same temperature in the Kerman
ecotype, a 94% increase over NAC was seen. Imposing -9°C as
compared with 0°C temperature level under NAC conditions
caused 52%, and 95% reductions of both Gonabad and Kerman
ecotypes, respectively.
KEYWORDS acclimation, culinary herb, DMT50, frost resistance,
LT50, winter hardening

INTRODUCTION
An approach to hostile growth environments for major agronomic crops is
switching to locally adapted medicinal plants as cash-crops for farmers (2).
For many years, fennel (Foeniculum vulgar L.) has been used for traditional
medical purposes. Though different organs of fennel plants contain chemicals
with medical value, most interest is in fennel fruit (commonly known as
seeds) from which an essential oil is extracted. Fennel seeds are used as an
appetizer and stomach stimulator (24) but also have applications in the
cosmetic industry (13), and food technology (12).
In farming systems, spring planting of fennel competes with that of
other crops and frequently results in the plant’s flowering during periods of
high temperatures and poor water supply. Fall planting of fennel could
increase the efficiency of winter and spring precipitation and result in
higher biomass and subsequently possible higher yield due to a longer
growth period. Higher yield and production of crops, such as annual forage
legumes (19), lentils (6) and chickpeas (20), have been obtained through
fall planting rather than spring planting. Yet, freezing temperatures are a
major environmental constraint limiting growth, development, and distribution
of fall-seeded plants. An earlier experiment (15) with early November and early
December plantings of fennel resulted in 95% and 75% mortality, respectively,
owing to winter frost (up to −12°C). These results contrast with no mortality
being observed in fennel planting at mid-March and mid-April, indicating that
fall planting can be possible only if the plants are winter hardy (3).
An increase in freezing tolerance in fennel, similar to that observe in
other crops after exposure to a period of low temperature (7,10), could be
assumed to increase winter survival of the plant. This cold acclimation
(8,14) in plants is initiated when frost is preceded by a period of relatively
low temperatures (3), although the threshold temperatures below which the
hardening occurs differ among plant species and cultivars (5). For example,
AC has been observed for pea plants after exposure to 2 days at 2 °C (22),
whereas arabidopsis requires exposure to only 4°C (17).
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No investigations on the response of fennel plants to AC are apparent,
yet survival of fall planting of fennel in temperate regions with freezing
winter temperatures requires understanding the possibility of acclimation.
This study evaluated the effect of acclimation on the freezing tolerance of
two fennel ecotypes by monitoring survival, DMT production, and morphological traits.

MATERIALS AND METHODS
Plant Material
Fennel, Foeniculum vulgare Mill (family Umbelliferae) was used in this
study. Seeds (fruit) of fennel ecotypes Kerman and Gonabad were sown in
containers (15-cm diameter) filled with a sand:plant debris:field soil mixture
(1:1:1, v:v:v:) and transferred to glasshouse (natural photoperiod, 19°C to
25°C). At the two- to three-leaf stage after emergence, the plants were
thinned to five plants per container and maintained under the same environmental conditions. At the three- to five-leaf growth stage, plants were
acclimated for 3 weeks under the following conditions:
Week 1: 11 h, 8°C day,13 h, 5°C night
Week 2: 10 h, 6°C day, 14 h, 4°C night
Week 3: 9 h, 5°C day, 15 h, 3°C night
At 24 hours before the end of the acclimation period, the plants were
irrigated and transferred in their containers to a thermogradient freezer
with 5°C for subjection to freezing temperatures (0, −3, −6, −9, −12, and
−15°C) for acclimation. The temperature was reduced at the rate of −2°C
per h−1, and the plants were sprayed with ice nucleation active bacteria to
induce freezing. After 1 hour at exposure to the freezing temperature, the
containers with plants were immediately transferred to growth chamber at
4 ± 1°C for 24 hours to reduce the speed of ice melting and then returned
to the glass house for 3 weeks (Figure 1). The acclimation temperatures
were chosen to cover the most frequent AC temperature range of 0°C to
10°C (9) and based on the environmental patterns that naturally occur in
the study location. None of the plants was flowering, ensuring the plants
were not exposed to freezing temperatures during the sensitive growth
stage.
Survival counts, taken at 3 weeks after return of the plants to the glasshouse, were determined by counting the number of live plants remaining
within each container. At the end of flowering, plant height, number of
nodes per main stem, and dry weight of the survived plants were measured.
The lethal temperature (LT50: 50% of plants dying) and temperature at
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FIGURE 1 Day and night temperatures conditions from sowing, in the two experiments with
freezing temperatures.

which had 50% less DMT50 were determined from a linear regression line
fitted within the linear relationship between the freezing temperature and
survival and DMT production for each ecotype.

Statistical Analysis
This experimental results were analyzed by analysis of variance based on
factorial split plot with completely randomized arrangement with six replications. A least significant difference (LSD) test was used to separate means.
Acclimation and non-acclimation were accommodated as main plots and
combination of ecotype and temperature were allocated as subplots.

RESULTS AND DISCUSSION
Plant Survival
Averaged across both ecotypes, acclimation resulted in 17.5% survival
enhancement (Table 1) as compared with NAC plants. Freezing temperatures had a negative relationship with survival as the percent survival
decreased with lower freezing temperatures. Within the fennel ecotypes,
survival was significantly different (p < 0.05), with the Gonabad ecotype
having 60% survival at −12°C, whereas none of the Kerman ecotype plants
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TABLE 1 The Effect of Ecotype and Acclimation on Fennel
Treatment

Variable
Ecotype
Gonabad
Kerman
LSD (0.05)
Acclimation condition
Acclimated
Non-acclimated
LSD (0.01)

Survival*

LT50

DMT50

(%)

(°C)

(°C)

68.4
57.4
3.6

−11.0
−8.9
0.8

−9.2
−7.6
1.6

71.7
54.2
5.2

−11.4
−8.5
1.2

−10.0
−6.8
2.1

LT = lethal temperature for 50% plant kill; DMT = temperature for 50%
reduction in dry weight.
*Plants surviving at 3 weeks after exposure to freezing temperatures.

survived this temperature. This difference between the ecotypes indicates existing genotype differences for winter hardening among fennel
ecotypes.
The interaction of ecotype and freezing temperature on survival was significant (p < 0.05), although by reducing the temperature, survival of both
ecotypes was reduced. At −9°C, the Gonabad ecotype had 30% more survival
than the Kerman ecotype. The plants of the Kerman ecotype were completely
lost at −12°C, whereas the Gonabad ecotype had 30% survival at this temperature level. A similar response has been reported for peas (Pisum sativum)
wherein a freezing treatment on two winter genotypes and one spring genotype showed that 4 weeks after freezing at −6°C, the spring genotype had 3%
survival and winter genotypes between 69% to 83% survival (21). The higher
survival of the Gonabad ecotype may be due to this plant’s originating from
colder regions than the Kerman ecotype. This possibility was obvious under
NAC conditions wherein at −9°C, the Gonabad ecotype showed 67% survival
whereas the Kerman ecotype survival was only 6%.
The LT50 was significantly different between two ecotypes (p ≤ 0.05),
being −11°C for the Gonabad ecotype and −8.9°C for the Kerman ecotype
(see Table 1). Acclimation treatment improved LT50 to −3°C of both
ecotypes as compared with control plants (p ≤ 0.01). The response of
ecotypes to acclimation, however, was different. Acclimation improved the
LT50 of Gonabad and Kerman ecotypes at −2.8°C and −3.2°C, respectively.
DMT50 of Gonabad ecotype was 1.6°C lower than that of the Kerman
ecotype. Acclimation improved the DMT50, averaging −6.8°C under NAC
conditions for both ecotypes and −3.2°C under acclimated conditions. The
DMT50 of the Gonabad ecotype was 1.8°C less than the Kernman ecotype
under NAC and 1.5°C less under acclimated conditions. This indicated
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better regrowth of the Gonabad ecotype after subjection to the acclimation
treatment. Azizi (1) also reported that a wheat variety with DMT50 of −14.2°C
had a better regrowth as compared with other study wheat cultivars.

Plant Height
To attain required frost resistance, plants should cease their growth during the
cold acclimation (16). In such conditions, plants form a compact morphology,
and winter types of plants usually have a leaf rosette. Freezing significantly
(p < 0.05) reduced plant height of both fennel ecotypes at the end of flowering
(Figure 2a). Increasing the freezing temperature showed a negative relationship
with plant height. At temperature of −12°C, plant height was 15% of 0°C
temperature. Azizi (1) recorded the tallest wheat plants occurred in plants not
subjected to freezing and, by lowering the temperature to −16°C, plant height
was reduced to 16% of control plants. The reduction in height of two ecotypes
in the current study differed in response to freezing. Lowering the temperature
to −9°C resulted in 58% and 26% reduction of plant height in Kerman and
Gonabad ecotypes, respectively, as compared with NAC controls, and represented a significant difference between the ecotypes (p < 0.05).
In comparison of NAC and AC plants, at the end of flowering, NAC
plants height was 43% more than that of AC plants. NAC plants were taller
to a temperature of −6°C as compared to AC plants, but the result was
reversed at lower temperatures so that at −9°C, the AC plants were 44%
taller than the NAC plants. This difference indicates that freezing temperatures to −6°C are not enough to induce any effect on plant height. No significant differences (p > 0.05) between the two ecotypes of acclimated plants
height in response to freezing temperature levels occurred. A significant
difference (p < 0.01) between the two study ecotypes, however, was
observed among NAC plants for plant height.

Nodes Per Main Stem
Freezing temperature levels to −6°C did not induce any significant difference (p > 0.05) on the number of nodes on the main stem of the acclimated
plants, but with acclimation at −9°C temperature and −12°C temperature,
the number of nodes decreased by 30% and 81%, respectively. The significant difference (p < 0.05) between AC and NAC plants (see Figure 2b) was
apparent as freezing temperatures decreased to −9°C, wherein the number
of nodes in AC plants was 2.1 times more than that of NAC plants, and at
−12°C, only three nodes were in AC plants, whereas all NAC plants were
destroyed at this freezing temperature.
Despite the lack of differences in number of nodes per main stem
between Gonabad and Kerman ecotypes at mild freezing (−3°C and −6°C),
at −9°C, the number of nodes per main stem was 68% more in the Gonabad
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FIGURE 2 The effect of acclimation on plant height (a), number of nodes on main stem (b),
and plant weight (c).

ecotype. At −12°C, only three nodes were observed in the Gonabad ecotype
whereas no plants of the Kerman ecotype survived.

Dry Weight
Generally, AC plants had less dry weight as compared with NAC plants (see
Figure 2c). Both ecotypes of fennel, as compared with control the respective control plants, showed a significant reduction (p < 0.01) in dry weight
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across all freezing temperatures. At −9°C and −12°C, the dry weight of
AC plants was 36% and 7% of control plants, respectively. Dry weight
reduction in AC plants at −9°C as compared with 0°C treatments was
40% but was 75% in NAC plants at the same temperature. Hekneby et al.
(11) studied freezing hardiness of several annual legumes and observed
that plant dry weight of alfalfa under NAC at −1°C and −4°C was greater
than that in AC treatments, but at −7°C, the AC plants had higher dry
weight than NAC plants.
Under NAC conditions, freezing treatments had less effect on dry
weight of the Gonabad ecotype than on the Kerman ecotype. For instance,
at −9°C, the reduction of dry weight of the Kerman ecotype was about 80%
and of the Gonabad ecotype was 47% as compared with 0°C. Under acclimated conditions, dry weight of the Gonabad ecotype at −9°C temperature
was 35% of plants at 0°C as compared with the 46% for the Kerman
ecotype. At −12°C, the dry weight of the acclimated Gonabad ecotype was
42% at 0°C, but none of the Kerman ecotype survived at this temperature.
Chen et al. (4) observed 60% and 80% reduction of wheat regrowth using
freezing treatments of −15°C and −20°C, respectively.

CONCLUSION
Our study indicates winter survival potential, although to a different extent
within the two studied ecotypes of fennel. The freezing tolerance in the
Gonabad ecotype was higher than that in the Kerman ecotype, probably
owing to adaptation of this ecotype to cool conditions in which the Gonabad ecotype grows. Acclimation improved LT50 and DMT50 of both
ecotypes, but a better regrowth was observed in the Gonabad ecotype after
severe freezing temperature (−9°C and −12°C).
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