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Abstract Extracts of the brown seaweed Ascophyllum
nodosum enhance plant tolerance against environmental
stresses such as drought, salinity, and frost. However, the
molecular mechanisms underlying this improved stress tol-
erance and the nature of the bioactive compounds present in
the seaweed extracts that elicits stress tolerance remain
largely unknown. We investigated the eVect of A. nodosum
extracts and its organic sub-fractions on freezing tolerance
of Arabidopsis thaliana. Ascophyllum nodosum extracts
and its lipophilic fraction signiWcantly increased tolerance
to freezing temperatures in in vitro and in vivo assays.
Untreated plants exhibited severe chlorosis, tissue damage,
and failed to recover from freezing treatments while the
extract-treated plants recovered from freezing temperature
of ¡7.5°C in in vitro and ¡5.5°C in in vivo assays. Electro-

lyte leakage measurements revealed that the LT50 value
was lowered by 3°C while cell viability staining demon-
strated a 30–40% reduction in area of damaged tissue in
extract treated plants as compared to water controls. More-
over, histological observations of leaf sections revealed that
extracts have a signiWcant eVect on maintaining membrane
integrity during freezing stress. Treated plants exhibited
70% less chlorophyll damage during freezing recovery
as compared to the controls, and this correlated with
reduced expression of the chlorphyllase genes AtCHL1 and
AtCHL2. Further, the A. nodosum extract treatment modu-
lated the expression of the cold response genes, COR15A,
RD29A, and CBF3, resulting in enhanced tolerance to
freezing temperatures. More than 2.6-fold increase in
expression of RD29A, 1.8-fold increase of CBF3 and two-
fold increase in the transcript level of COR15A was
observed in plants treated with lipophilic fraction of
A. nodosum at ¡2°C. Taken together, the results suggest that
chemical components in A. nodosum extracts protect mem-
brane integrity and aVect the expression of stress response
genes leading to freezing stress tolerance in A. thaliana.
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Introduction

Abiotic stresses negatively aVect plant growth and produc-
tivity accounting for more than 50% losses in productivity
of major crops (Bray et al. 2000). Among abiotic stresses in
the northern hemisphere freezing is important, resulting in
millions of dollars in lost revenue and further limiting the
extent of arable land in colder regions. Many economically
important plants such as cotton, soybean, maize, rice,
tomato; tropical fruits such as bananas, papayas, mangoes;
and subtropical fruits such as grapes, guavas, and oranges
are sensitive to low temperatures (Sharma et al. 2005). The
freezing process, types of damages associated with freezing
stress, tolerance responses in plants, and the current under-
standing of the genetic basis of freezing tolerance have
been reviewed (Guy 2003; Sharma et al. 2005).

Seaweed and seaweed products have been used as fer-
tilizers, biostimulants, and soil conditioners for centu-
ries. Besides their use as farmyard manure (FYM),
puriWed products of seaweed, commonly referred to as
‘seaweed extracts’, are sprayed as biostimulants on sev-
eral crop plants. The brown alga, Ascophyllum nodosum
(L.) Le Jol. is the most commonly used seaweed in com-
mercial extracts and suspensions. A wide range of bene-
Wcial eVects of products derived from Ascophyllum have
been reported. Commercial formulations of A. nodosum
extracts stimulate shoot growth and branching (Temple
and Bomke 1989), increase root growth, promote lateral
root development (Metting et al. 1990), improve nutrient
uptake (Yan 1993), and enhance resistance to diseases
(Featonby-Smith and van-Staden 1983) and tolerance to
environmental stresses such as drought, salinity and
frost (Nabati 1991; Nabati et al. 1994). It has been
reported that some bioactive organic compounds, rather
than mineral elements, account for the beneWcial eVects
of these extracts (Blunden 1991; Crouch and van Staden
1993).

A number of seaweed extract products have been used to
improve freezing tolerance in plants. In a Weld study, vine-
yard sprayed with extracts of giant Bull kelp Durvillea
potatorum showed a signiWcant reduction in shoot osmotic
potential in response to freezing stress (Wilson 2001). Field
studies on winter barley (Hordeum vulgare cv Igri) showed
that the application of A. nodosum improved winter hardi-
ness and increased frost resistance (Burchett et al. 1998).
However, the physiological mechanisms responsible for the
improvement in plant stress tolerance and the nature of the
compound in A. nodosum responsible for this bioactivity
remain unclear. Therefore, the present study aimed to
investigate the eVect of A. nodosum on enhancing freezing
tolerance and to characterize the physiological and molecu-
lar basis of this freezing stress tolerance in Arabidopsis
thaliana.

Materials and methods

Seeds of A. thaliana (col-0) were purchased from Lehle
Seeds (Round Rock, TX). Murashige and Skoog basal salt
mixture (Cat No: M5524), sucrose and agar, were pur-
chased from Sigma Aldrich (Oakville, ON). Powdered
alkaline extract of A. nodosum (Acadian®) was provided by
Acadian Seaplants Limited, Dartmouth, Nova Scotia, Can-
ada. The total organic and inorganic composition and ele-
mental analysis of this alkaline extract is presented in
Supplementary Table 1 (Acadian Seaplants Limited, tech-
nical information).

Preparation of seaweed extracts and its organic 
sub-fractions

An aqueous solution of the commercial formulation (Aca-
dian®) of A. nodosum extract (hereafter termed as ANE)
was prepared by dissolving 1 g of the extract powder in
20 ml of sterile distilled water by constant stirring with a
magnetic stirrer for 15 min. The solution was then Wlter
sterilized using a 0.22 �m SFCA syringe Wlter (Corning
Inc., NY, USA) and stored in sterile glass centrifuge tubes
at 4°C until further use.

A methanol organic fraction of ANE was prepared by
extracting 10 g in 50 ml methanol for 15 min. The extract
was centrifuged at 4,000£g for 10 min, and the supernatant
transferred to a clean centrifuge tube. The solvent was then
evaporated to dryness under a stream of nitrogen and stored
in sterile glass centrifuge tubes at ¡20°C until further use.
The dried methanol organic fraction was re-suspended in a
minimal quantity of methanol (100 �l g¡1 equivalent) and
the volume made up with sterile distilled water for use in
experiments.

For sub-fractionation, the methanol organic fraction was
prepared as described above and the pellet was re-sus-
pended in 50 ml of water. This aqueous solution was fur-
ther sub-fractionated by sequential extraction with three
volumes (75 ml each) of hexane, chloroform, and ethyl ace-
tate. The sub-fractions were dried under a stream of nitro-
gen and stored in sterile glass centrifuge tubes at ¡20°C
until further use. The dried sub-fractions were re-suspended
in minimal quantity of methanol (100 �l g¡1 equivalent)
and the volume made up with sterile distilled water for use
in experiments.

NMR spectroscopy analysis of ANE and the ethyl acetate 
fraction of ANE

Proton nuclear magnetic resonance (1H NMR) of these
fractions was measured on a Bruker Advance DRX-500
spectrometer (Bruker Canada Ltd.) at 500.13 MHz. The
ANE and its ethyl acetate fraction were dissolved in D2O
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(99.9%, Sigma Aldrich, Oakville, ON) and CD3OD (98.8%
D, Sigma Aldrich, Oakville, ON), respectively and then
placed in a 5-mm NMR tube containing 0.03% of the inter-
nal reference trimethylsilyl propionic- 2,2,3,3-d4 acid
(sodium salt). The spectrum in CD3OD was referenced to
the signal at 3.30 ppm and the D2O run was referenced to
4.80 ppm.

Fatty acid analysis

Fatty acid analysis of the ethyl acetate fraction of ANE was
conducted by Maxxam Analytics Inc. (Mississauga, ON)
using a gas chromatograph equipped with a Xame ioniza-
tion detector using AOAC method 996.06.

Sterol analysis

The sterol content of the ethyl acetate fraction of ANE was
obtained by gas chromatography–mass spectrometry analy-
sis of the trimethylsilyl ether (TMS) derivatives of the ster-
ols (Kamal-Eldin et al. 1998). BrieXy, TMS derivatives
were prepared by addition of 100 �l of N,O-bis(trimethyl-
silyl)triXuoroacetamide (Fluka cat no. 15238, Sigma-Ald-
rich Canada Ltd, Oakville, ON) to glass screw-top vials
containing fucosterol standards or the ethyl acetate subfrac-
tion. The vials were Xushed with nitrogen, sealed and
heated at 60°C for 1 h. Excess solvent was evaporated from
the samples which were then resuspended in dichlorometh-
ane. Analysis of the TMS derivatives was performed on a
SP-2340-60 m capillary column (Supelco, PA) Wtted on an
Agilent 6890 N gas chromatograph coupled to an Agilent
5975 Inert XL mass selective detector. Separation was per-
formed using the following temperature program: 100°C,
25°C min¡1, 200°C, 5°C min¡1, 250°C (16 min). Quantita-
tion of the fucosterol content was aVorded using a calibra-
tion curve constructed from derivatized fucosterol
standards.

Petri dish freezing tolerance assay

The in vitro Petri dish freezing tolerance assay used to
investigate the plants’ responses in ANE-induced freezing
tolerance was conducted as described by Xin and Browse
(1998). BrieXy, sterilized Arabidopsis seeds were grown on
solidiWed Murashige and Skoog basal salt medium
(Murashige and Skoog 1962) containing 1% sucrose and
supplemented with diVerent concentrations of ANE or its
organic subfractions. Required concentrations of Wlter ster-
ilized ANE (0.5 g L¡1) or organic fractions (1.0 g L¡1

equivalent of ANE) were added to molten (50°C) media,
and plated in partitioned petri dishes (Fisher ScientiWc,
Ottawa, ON). Two sets of controls, one set of plates with
distilled water used to dissolve ANE and a second set with

equal amount of methanol used to dissolve the ethyl acetate
fraction (100 �l L¡1 medium) were maintained. Seeds were
evenly distributed in the Petri dishes by placing individual
seeds with a 100 �L micro pipette at the rate of 10–15 seeds
per partition. The Petri dishes were incubated at 22/18°C
day/night temperatures, 16:8 photoperiod and light inten-
sity 100 �mol photons m¡1 s¡1 for 10 days.

Ten days after germination, Petri dishes were transferred
to a temperature-controlled incubator set to ¡2 § 0.1°C.
To achieve uniform freezing, the Petri dishes were equili-
brated at ¡2°C for 24 h before further lowering of the tem-
perature. After equilibration, the temperature of the
chamber was progressively lowered at the rate of 1°C per
day until the desired sub-zero temperatures were attained.
The temperature was monitored by wireless temperature
sensor modules (Traceable® Remote sensor module, Fisher
ScientiWc, Ottawa, ON, Canada) placed inside the petri
plates. At each temperature, Wve Petri plates per treatment
were withdrawn from chamber, thawed at 4°C for 12 h in
the dark, and returned to the original growth conditions
(16:8 photoperiod, 22/18°C day/night temperatures). Sur-
vival of plants (by degree of chlorosis and shoot damage)
was recorded visually, 48 h after returning to the original
growth conditions.

Peat pellet freezing assay

An in vivo assay, peat pellet freezing assay, was carried out
to study the eVect of ANE and its organic subfractions in
imparting freezing tolerance at the whole plant level in
green house conditions. Arabidopsis plants were grown in
peat pellets (4 cm dia pellets—JiVy-7®, JiVy Products Ltd,
NB, Canada) in greenhouse conditions set at 22/18°C day/
night temperatures and 16:8 photoperiod and light intensity
100 �mol photons m¡1 s¡1. Plants were irrigated once
every 2 days and fertilized weekly [20:20:20 NPK
(1 g L¡1) @ 10 ml per plant] for 2 weeks. Three-week-old
seedlings were used for the experiment. Extract treatments
were given 48 h prior to freezing treatment by irrigating
with desired concentrations of ANE (1.0 g L¡1) or organic
fractions (1.0 g L¡1 equivalent made up with sterile dis-
tilled water) at the rate of 20 ml per plant.

Forty-eight hours after treatment with extracts, plants
were transferred to a low-temperature incubator set to 0°C.
To achieve uniform freezing, plants were equilibrated at
0°C for 24 h. Freezing was initiated by spraying ice-cold
water and the temperature of the chamber was progres-
sively lowered at the rate of 1°C every 24 h until the
desired sub-zero temperature was attained. The temperature
was monitored by wireless temperature sensor modules
placed at diVerent points inside the freezing cabinet. At
desired temperatures, ten randomly selected plants from
each treatment were withdrawn from the chamber, thawed
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at 4°C for 12 h in dark, and then returned to the original
growth conditions of the greenhouse. Two days later, sur-
vival of plants was recorded visually according to the
degree of chlorosis and leaf damage. The plants which were
completely damaged or those which were chlorotic and
failed to show signs of regrowth were considered as dead.
The experiment was repeated three times with ten plants
per treatment.

Estimation of chlorophyll

Chlorophyll degradation during the post-freezing recovery
period is one of the morphological markers of freezing-
induced tissue damage in plants (Huner et al. 1993). The
eVect of ANE in maintaining the stability of chlorophyll
content and reduced degradation during post-freezing
recovery was analyzed by comparing the total chlorophyll,
chlorophyll a, and chlorophyll b content of freeze-damaged
leaf tissues of the treated and control plants from the “Peat
pellet freezing assay”. Leaf tissue (250 mg each) was col-
lected (second whorl of leaves) from 15 plants per treat-
ment and chlorophyll was estimated using the method
described by Arnon (1949). Two independent experiments
were carried out with 15 plants per treatment.

Electrolyte leakage assay

Plant materials, growth conditions, extract, and low-tem-
perature treatments were the same as described in the “Peat
pellet freezing assay”. Ten random plants from each treat-
ment were removed from the incubator and thawed at 4°C
for 12 h in dark. After thawing, two leaves from the second
whorl were excised from ten plants and placed in screw-
capped glass tubes containing 10 ml of deionized water.
The electrolyte leakage was quantiWed according to the
standard protocol described by Gilmour et al. 1988. A plot
of temperature versus percent electrolyte leakage was used
to determine the LT50 values. The experiment was repeated
three times with equal number of replicates.

QuantiWcation of freezing damage by cell viability staining

Trypan blue stain (3,3-[(3,3-dimethyl-4,4-biphenylylene)
bis (azo)] bis(5-amino-4-hydroxy-2,7-naphthalenedisulf-
onic acid) tetra sodium salt) was used to visualize the extent
of freezing-induced tissue damage in extract-treated and
control plants. Damaged tissues stain dark blue, whereas
the viable cells do not stain due to an intact cell membrane
barrier (Rate et al. 1999).

The plant growth conditions, extract treatments, and
freezing temperatures were as described in the “Peat pellet
freezing assay”. At each treatment/temperature combination,
Wve plants per treatment were removed from the incubator,

thawed at 4°C for 12 h in the dark, and then returned to the
normal growth conditions (16:8 h day:night cycle; 22/18°C
day/night temperatures and light intensity 100 �mol
photons m¡1 s¡1). Two days later, uniform sized leaves
from the second or third whorl were sampled from plants
(by excising at the base of the petiole) and the tissue dam-
age was assessed as described previously by Rate et al.
(1999). The area of the damaged tissue was measured using
the image processing and analysis software Image-j®

(Research Services Branch, NIH). For each treatment at
least 15 individual leaves, collected from Wve random
plants were stained and analyzed. The experiment was
repeated twice with similar results.

Histological studies

Light microscopy (brightWeld transmitted light)

Uniform sized leaves from the second/third whorl were
sampled from treated plants by excising at the base of the
petiole. The leaves were washed with sterile distilled water
to remove the soil and other extraneous matter and blotted
dry on Wlter paper pads. Segments (approximately
5 mm £ 3 mm) parallel to the leaf midrib were excised
5 mm inside the leaf margin using a sterile scalpel blade
(Fig. 5a). Care was taken to select the section from same
regions of the leaves across the temperature/extract treat-
ment combination. The leaf segments were submerged in
Karnovsky’s Wxative (paraformaldehyde–glutaraldehyde
solution, 2.5% glutaraldehyde + 2% formaldehyde in 0.1 M
Sorensen’s phosphate buVer; Electron Microscopy Sci-
ences, HatWeld, PA) and Wxed for 12 h at 22 § 0.5°C. Sam-
ples were stored in Wxative solution at 4°C until further use.
The samples were embedded in spur resin (longer pot life
recipe) following the protocol described by Spurr (1969).
The resin was allowed to polymerize at 60°C for 24 h and
sectioned using glass knives with a Reichert Ultra CutE®

ultramicrotome [Leica Microsystems (Canada) Inc., Rich-
mond Hill, ON] set to a thickness of 2 �m.

Epoxy Tissue Stain, a double stain comprised of Tolui-
dine blue and Basic fuchsin (Electron Microscopy Sci-
ences, HatWeld, PA), was used for staining the sections to
impart general contrast (Spurlock et al. 1966). Sections
were viewed using an Olympus BX50 light microscope
(Olympus Canada, Markham, ON) under standard bright-
Weld conditions and photographed using a Nikon Coolpix®

995 digital camera (Nikon Canada, Mississauga, ON)
attached to the microscope.

Fluorescence microscopy

A Xuorescent dye, Nile Red (5H-benzo[�]phenoxazine-5-
one, 9-diethylamino) was used to visualize the damage to
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the lipid bilayer of the plasma membrane. The staining pro-
tocol was adopted from AshraW et al. (2003), originally
used for staining fat deposition in animal tissue (AshraW
et al. 2003 and references therein). Staining solution was
prepared by dissolving Nile Red (Sigma Aldrich, Oakville,
ON) in acetone (5% w/v) and further diluting with water to
a Wnal concentration of 0.05 �g mL¡1. The leaf sections
were mounted on microscope slides and were stained by
Xooding with staining solution at room temperature for
30 min in dark and subsequently washed with several
changes of sterile distilled water. Stained sections were
viewed using Leica DM 1000 Xuorescence microscope
(Leica Microsystems (Canada) Inc., Richmond Hill, ON)
under a Xuorescent Wlter attached with a Leica DFC camera
[Leica Microsystems (Canada) Inc., Richmond Hill, ON]
and digital images were acquired using Leica Application
Suite®-image processing and analysis application software
[Leica Microsystems (Canada) Inc., Richmond Hill, ON].

QuantiWcation of the pectin methyl esterase (PME) activity

In order to explore the possible role of pectin methyl ester-
ases (PMEs) in aVecting the cell-wall responses during abi-
otic stresses, a gel diVusion assay to compare the PME
activity between treated and control plants was performed
as described by Downie et al. (1998). Total protein was
extracted from leaf tissue using PME extraction buVer
(0.1 M citrate/0.2 M Na2HPO4 buVer containing 1.0 M
NaCl, pH 5.0). The quantity of protein was normalized over
the samples and used as crude enzyme extract for quantiW-
cation of PME activity following the method described by
Downie et al. (1998). The experiment was repeated two
times with Wve plates for each treatment.

Molecular analysis of A. nodosum induced freezing 
tolerance

The molecular basis of ANE-induced freezing tolerance
was analyzed by studying the expression of key genes
known to be involved in freezing tolerance in Arabidopsis.
A two-step RT-PCR method was adopted for quantifying
transcript abundance. Plant growth conditions, extract, and
freezing temperatures treatments were as described in “Peat
pellet freezing assay”. Leaf samples were collected 0°C,
¡2°C, 24 h thawing at 4°C and 24 h after returning to the
normal growth conditions (16:8 h day:night cycle and 22/
18°C day/night temperatures). For each temperature/treat-
ment combination, 15 plants were randomly withdrawn,
leaves harvested (leaves harvested from 5 plants each were
pooled and constituted a replicate, n = 3) and Xash-frozen
in liquid nitrogen. The frozen leaf samples were ground in a
pre-chilled mortar and pestle and stored at ¡80°C until
further use.

Total RNA was isolated using the RNAqueous® Plant
RNA isolation Kit (Ambion Inc., Austin, TX) following the
manufacturer’s instruction. A ‘Two-step RT-PCR’ was
used for quantifying the transcript yield and comparing
diVerential gene expression. Ten micrograms of total RNA
was treated with DNase using the TURBO DNA-free® kit
(Ambion Inc., Austin, TX), and Wrst-strand cDNA was syn-
thesized using the Retroscript® Reverse Transcription Kit
(Ambion Inc., Austin, TX). The cDNA samples were puri-
Wed with QIAquick® PCR puriWcation Kit (Qiagen Inc.,
Mississauga, Ontario) and normalized with the Quant-
umRNA® Universal 18S internal standard (Ambion Inc.,
Austin, TX). A standard PCR reaction protocol was used to
amplify the transcripts and the diVerential gene expression
was compared on an agarose gel.

Quantitative Real-Time PCR was performed to assess
the fold change in transcript abundance of selected marker
genes. Quantitative Real-Time PCR was carried out in a
‘Step One Plus® Real-Time PCR System’ (Applied Biosys-
tems) using ‘Fast Start Universal SYBR Green Master®’
(Roche Diagnostics, Indianapolis, IN) adopting the manu-
facturer’s instructions. Data were analyzed using ‘Step One
software V2.0’ with a ‘Relative Standard Curve’ mode. The
primer sequences of the selected genes and key PCR
parameters are given in Supplementary Table 2.

Statistical analysis and experimental controls

For the in vitro experiments, each Petri dish (containing
about 50 plants) constituted a replicate. For in vivo experi-
ments, each plant grown in peat pellet was a replicate,
unless otherwise mentioned. The data were analyzed using
Tukey’s HSD (Honestly SigniWcantly DiVerent) Test with
P · 0.05 using CoStat statistical software (CoHort Soft-
ware, Monterey, CA).

The control plants were grown under identical growth
conditions to plants used for extract treatment except that
they received an equal volume of distilled water instead of
ANE or organic fractions of ANE. During preliminary stud-
ies, a separate set of plants treated with equal volume of
methanol used for re-suspending the sub-fractions was main-
tained. There was no diVerence between the aqueous metha-
nol (100 �l L¡1) treated and water controls, therefore only
distilled water controls were used for further experiments.

Results

NMR spectroscopy analysis of ANE and the ethyl acetate 
fraction of ANE

The 1H NMR spectra of ANE and its ethyl acetate sub-frac-
tion were obtained using diVerent deuterated NMR solvents
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(Fig. 1). Despite this diVerence, the 1H NMR spectrum of
the ethyl acetate fraction of ANE showed loss of reso-
nances between 3.3 and 4.5 ppm compared to that of the
ANE. The spectrum of the ANE was dominated by reso-
nances between 3.5 and 4.5 ppm while the 1H NMR spec-
trum of the ethyl acetate fraction of the ANE was
dominated by resonances between 0.8 and 2.5 ppm.
(Fig. 1a, b). In general, 1H NMR spectra of the ethyl acetate
fraction of ANE shows that this fraction is dominated by
the resonances corresponding to the lipophilic components
such as fatty acids and sterols (Fig. 1a, b).

Fatty acid and sterol analysis

Fatty acid analysis revealed that the ethyl acetate sub-fraction
of ANE contained 0.8% (w/w) butyric acid, 2.3% (w/w) pal-
mitic acid, 9.3% (w/w) oleic acid, 1.6% (w/w) linoleic acid
and 1.6% (w/w) arachidonic acid for a total fatty acid con-

tent of 15.6%. Analysis of the sterol content showed that
fucosterol was the only sterol present in signiWcant quanti-
ties. The fraction was determined to contain 50.0% fucos-
terol.

Petri plate freezing tolerance assay

Plants treated with ANE and/or its organic fractions (hex-
ane, chloroform or ethyl acetate) showed a higher tolerance
against freezing stress as compared to water controls. At
¡5.5°C, the control plants showed severe chlorosis and
exhibited a signiWcant amount of tissue damage during
recovery, whereas the treated plants were green and showed
very little tissue damage (Fig. 2). At ¡6.5°C, the control
plants showed 70% mortality, whereas the plants treated
with the organic sub-fractions of ANE were healthy and
recovered from stress-induced damage. Slight chlorosis
was evident in the older leaves of the treated plants, and the

Fig. 1 1H-NMR spectrum of (a) 
Ascophyllum nodosum extract 
(ANE) and (b) its ethyl acetate 
sub-fraction
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plants treated with the ethyl acetate sub-fraction showed the
highest tolerance. There was 100% mortality in control
plants at ¡7.5°C, whereas the treated plants displayed con-
siderably reduced damage.

Peat pellet freezing assay

Plants treated with ANE and its ethyl acetate subfraction
showed signiWcant tolerance against freezing and subse-
quent thawing over untreated controls (Fig. 3a). At ¡2.5°C,
the control plants showed severe chlorosis and tissue dam-
age, whereas the treated plants showed no symptoms of tis-
sue damage. The control plants exhibited signiWcant shoot
damage at ¡3.5°C, whereas ethyl acetate treated plants
showed no symptoms of injury. The control plants failed
to recover from freeze-induced tissue damage, whereas
the treated plants continued to grow after a lag phase of
8–10 days. At ¡4.5°C, all treated plants started showing
chlorophyll degradation; however, chlorotic symptoms
were much more severe in the ANE treated plants than
plants treated with the ethyl acetate subfraction. At this
temperature, the control plants showed 100% mortality,
whereas it was 60 and 40% in ANE and ethyl acetate sub-
fractions, respectively (Fig. 3a).

Electrolyte leakage assay

The temperature causing 50% leakage of electrolytes
from leaf cells (LT50) was determined for 15 samples per
treatment for each temperature regime in three indepen-
dent experiments. The LT50 values for the control plants

and plants treated with various concentrations of ANE or
its organic fraction are shown in Fig. 3b. At ¡3.5°C, the
percent of ion leakage in control plants had already
exceeded the LT50 values (63%), whereas the correspond-
ing value for ANE treated plants was only 12% and the
corresponding ion leakage values were 7.4, 5.6, and
11.4% for 0.5, 1.0 and 2.0 g L¡1 ethyl acetate fraction,
respectively. ANE-treated plants showed 15% electrolyte
leakage at ¡4.5°C while it was 24.4, 8.9 and 43.3% for
the respective concentrations of ethyl acetate sub-fraction
at the concentration of 0.5, 1.0, and 2.0 g L¡1, respec-
tively. The percentage ion leakage of ANE treated plants
was 49% at ¡5.5°C, while in the ethyl acetate fraction
(1.0 g L¡1) treatment it was as low as 37% (Fig. 3b). At
this temperature, other concentrations of ethyl acetate
fractions had exceeded the LT50 values and displayed ion
leakage percentages of 60.8 and 66.9% for 0.5 and
2.0 g L¡1, respectively. (Fig. 3b).

Estimation of chlorophyll

Freezing-induced chlorophyll damage was signiWcantly
lower in ANE-treated plants as compared to water controls
(Fig. 4). The total chlorophyll content of ANE-treated
plants after exposure to freezing stress was 0.91 mg g¡1

fresh weight, whereas it was 0.36 mg g¡1 fresh weight of
leaf tissue in control plants (data not shown). The results
indicated that the ANE-treated plants possess a threefold
higher capacity to protect chlorophyll against freezing-
induced damage as compared to water controls. The
higher chlorophyll retention by ANE-treated plants during

Fig. 2 Ascophyllum nodosum 
induced freezing tolerance in 
Arabidopsis thaliana in vitro. 
EVect of (a) Ascophyllum nodo-
sum extract (ANE) and (b) its 
organic sub-fractions on freez-
ing tolerance in Petri dish assay. 
(c) Comparison of the survival 
rate of plants treated with ANE 
and its organic sub-fractions 
over untreated controls in Petri 
dish assay at diVerent freezing 
temperatures
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post-freezing recovery was directly reXected in the content
of chlorophyll a and b, with no signiWcant change in their
relative proportions (Fig. 4).

The ability of ANE and its ethyl acetate fraction to retain
the chlorophyll (or reduce degradation) was correlated with
the reduced expression of two chlorophyllase genes AtCLH1
and AtCLH2 during post-freezing recovery (Fig. 4).

QuantiWcation of freezing damage by viability staining

ANE and its ethyl acetate fraction imparted greater toler-
ance against freezing-induced tissue damage in A. thaliana.
The area of damaged tissue was signiWcantly lower in
treated plants as compared to water controls (Fig. 5a). At

¡3.5°C, 94% of the leaf area of control plants exhibited
tissue damage, compared to 25 and 17% in ANE and ethyl
acetate fraction, respectively. The percentage area of tissue
damage was 49 and 35%, respectively, for the ANE and
ethyl acetate fractions at a temperature of ¡4.5°C, whereas
it was 97% for control plants (Fig. 5b). These results are in
agreement with the electrolyte leakage assay used to quan-
tify the tissue damage at diVerent temperature treatments.

Light microscopy

The histological observations of plastic-embedded leaf sec-
tions under the light microscope revealed that ANE and its
organic fractions imparted higher tolerance against freezing

Fig. 3 Ascophyllum nodosum 
induced freezing tolerance in 
greenhouse grown Arabidopsis 
thaliana (a) phenotypic respons-
es of plants treated with (i) water 
control (ii) ANE (1.0 g L¡1) and 
(iii) ethyl acetate subfractions 
(1.0 g L¡1) to a temperature of 
¡2.5°C for 24 h in “Peat pellet 
freezing assay”. (b) Dose depen-
dant responses of plants treated 
with ANE (1.0 g L¡1) and its 
ethyl acetate subfractions (0.5, 
1.0, 2.0 g L¡1) in the electrolyte 
leakage assay. Each value repre-
sents the average of ten repli-
cates. Bars represent standard 
error

Fig. 4 Ascophyllum nodosum 
reduced freezing-induced chlo-
rophyll degradation in Arabid-
opsis thaliana leaves. 
Comparison of chlorophyll a 
and b content of treated and un-
treated controls 48 h after freez-
ing treatment. Each value 
represents the average of 15 rep-
licates. Bars represent standard 
error. DiVerential expression 
patterns of Arabidopsis chloro-
phyllase genes (AtCLH1 and At-
CLH2) in (i) controls (ii) ANE 
and (iii) ethyl acetate subfraction 
treated plants (inset)
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injury at the cellular level (Fig. 6b). At ¡3.5°C, the control
plants displayed severe cellular injury and tissue damage.
The cell structure was completely disrupted and no cell

layers could be clearly diVerentiated. In addition, the vascu-
lar tissue was completely degenerated, the cytosolic con-
tents contracted, and cells Xattened (Fig. 6b). In contrast,
plants treated with ANE or its ethyl acetate subfraction
exhibited less cellular disruption or tissue disorganization
as compared to water controls. The mesophyll cells in the
leaf sections of treated plants showed cell enlargement as
compared to untreated controls (Fig. 6b, Table 1). Conse-
quently, control plants had a maximum number of cells per
microscopic Weld (55 § 1.75) as compared to ANE
(18 § 0.68) and its ethyl acetate fraction (27 § 1.02)
(Table 1). Increased cell density in control plants was
expected due to freezing-induced ion leakage which
resulted in cell contraction (Fig. 6b).

Nile red staining of leaf sections revealed that the plants
treated with ANE or its ethyl acetate fraction maintained
the integrity of plasma membrane and tissue organization
compared to control plants (Fig. 6c). In ethyl acetate frac-
tion, the lipid bilayer was intact both in plasmalemma as
well as the chloroplast membrane. ANE-treated plants
showed less tissue degradation, whereas control plants
displayed complete degradation (Fig. 6c).

Fig. 5 Ascophyllum nodosum reduced freezing-induced leaf damage
in Arabidopsis thaliana. a The extent of freezing-induced tissue dam-
age in controls and treated plants as revealed by trypan blue staining. b
Comparison of the area of tissue damage in the trypan blue-stained
leaves using the image processing and analysis software Image-j®.
Each value represents the average of 15 replicates. Bars represent stan-
dard error

Fig. 6 Ascophyllum nodosum protects cellular structure during freez-
ing stress in Arabidopsis thaliana. a Position and orientation of leaf
sections sampled from Arabidopsis leaves for histological studies.
b Comparison of freezing-induced tissue damage in the stained plastic
embedded leaf sections from (i) control plants or treated with (ii) ANE

(1.0 g L¡1) or (iii) ethyl acetate subfraction (1.0 g L¡1). c Fluorescence
images of sections stained with Nile red showing membrane integrity
in plants treated with (v) ANE (1.0 g L¡1) or (vi) ethyl acetate subfrac-
tion (1.0 g L¡1) as compared to (iv) water controls. MagniWcation
Bar 10 �m

Table 1 Histological measurements of stained leaf sections from
treated plants and water controls

Treatments No. of viable cells 
per unit area 
(at 1,000£ 
magniWcation)

Cell diameter (�M) 
(at 400£ 
magniWcation)

Water control 55 § 1.75 0.90 § 0.078

ANE (1.0 g L¡1) 18 § 0.68 5.88 § 0.323

Ethyl acetate 
subfraction (1.0 g L¡1)

27 § 1.02 3.96 § 0.240
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QuantiWcation of the pectin methyl esterase (PME) 
enzymatic activity

The gel diVusion assay for the quantiWcation of PME activ-
ity showed no diVerence between treated and control plants
(Supplementary Figure 1). This result indicated that the cell
enlargement in treated plants during the post freezing
recovery period (after a freezing treatment of ¡2.5°C for
24 h) may be the result of cell wall elongation through a
PME independent route.

Molecular analysis of A. nodosum mediated freezing 
tolerance

The expression of key candidate genes known to be associ-
ated with the freezing tolerance of A. thaliana was ana-
lyzed. The expression of the low-temperature stress marker
genes COR15A (Lin and Thomashow 1992), COR78/
RD29A (Yamaguchi-Shinozaki and Shinozaki 1993), tran-
scription factor DREB1A/CBF3 (C-repeat Binding Factor
3) (Stockinger et al. 1997), negative regulator ESK1
(Eskimo 1) (Xin and Browse 1998) and a biosynthetic gene
FAD8 (Fatty Acid Desaturase 8) (McConn et al. 1994)
were investigated.

A 1.8-fold induction of the transcription factor, CBF3
was observed in ethyl acetate treated plants at ¡2°C and a
two-fold increase was observed at thawing (Fig. 7a). The
COR genes, RD29A, and COR15A exhibited a 2.63- and

1.96-fold increase (respectively) in the transcript level at
¡2°C as revealed by real-time PCR studies (Fig. 7b, c).
During the post freezing recovery period, RD29A showed a
decreasing trend in treated plants as compared to control,
whereas there was no signiWcant diVerence in the expres-
sion of COR15A between treated and control plants
(Fig. 7b, c). Additionally, semi-quantitative PCR analysis
revealed that the expression of the negative regulator,
ESK1, and the fatty acid desaturase gene FAD8 were not
aVected by treatment with ANE and its ethyl acetate frac-
tion (Fig. 7d).

Discussion

The results presented in this paper show that extracts of
A. nodosum impart signiWcant tolerance to freezing
stress in A. thaliana. The treatments were given as root
irrigation which caused an enhancement of tolerance at
the above ground parts. The results suggests that treat-
ment with ANE and/or its organic subfractions induce
speciWc systemic physiological responses leading to
improved freezing tolerance at the whole plant level.
The plants grown in Petri dishes survived lower temper-
atures as compared to the plants grown in peat pellets.
This may be attributed to diVerences in the rate of ice
nucleation among the plants grown in the in vitro and in
vivo conditions.

Fig. 7 DiVerential expression patterns of key marker genes for low-temperature stress in treated and untreated plants under freezing and subse-
quent thawing regimes [i control plants or treated with ii ANE (1.0 g L¡1) or iii ethyl acetate subfractions (1.0 g L¡1)]
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Chlorophyll degradation during the post freezing recov-
ery process is one of the morphological markers of freez-
ing-induced tissue damage in plants (Huner et al. 1993).
Freezing-induced chlorophyll damage was signiWcantly
lower in ANE-treated plants as compared to controls. ANE-
treated plants exhibited three-fold higher chlorophyll
content as compared to control plants. ANE-induced chlo-
rophyll retention might be, atleast in part, due to the reduc-
tion in the activity of chlorophyllases, a group of enzymes
involved in chlorophyll degradation during leaf senescence.
Biotic stresses such as pathogen attack and abiotic stress
such as salinity, low temperature and excess light trigger
chlorophyllases (Karpinski et al. 2003; Kariola et al. 2005).
Our studies on the expression of the two chlorophyllases
AtCLH1 and AtCLH2 revealed that ANE and lipophylic
components of A. nodosum aVected the expression of these
genes (Fig. 4).

A number of gene products, such as COR15A (Lin and
Thomashow 1992; Nakayama et al. 2007) or their modiWed
polypeptides have been shown to protect chloroplast during
low-temperature stress. Our gene expression studies
showed signiWcant and sustained induction of COR15A
transcripts in ANE and ethyl acetate treated plants during
freezing stress. Arabidopsis COR15A encodes a chloro-
plast stromal protein that shows cryoprotective activity
(Nakayama et al. 2007). It protects freeze-labile enzymes
in the chloroplast stroma and is capable of associating with
chloroplast membranes, thus imparting protection against
low-or-freezing-temperature stresses (Steponkus et al.
1998; Nakayama et al. 2007). Taken together, ANE and its
organic subfractions improve chlorophyll retention by, at
least in part, a reduction in stress-induced chlorophyllase
activity and induction of COR15A during low-or-freezing-
temperature stresses.

Histological observations of stained leaf sections under
the light microscope revealed that ANE and its ethyl acetae
subfractions preserved cellular integrity under freezing
stress. Moreover, treated plants exhibited a signiWcant cell
enlargement, which may be due to cellular adaptation in
response to rehydration and cell expansion during the
recovery phase. In higher plants, the cell wall has a pivotal
role in cell expansion and enlargement. Pectin methyl ester-
ases (PMEs) are the group of enzymes which regulate the
plasticity of cell wall in higher plants. As a result, they are
capable of aVecting the plant cell wall response during abi-
otic stresses. However, the gel diVusion assay for quantiW-
cation of PME activity exhibited no diVerence in activity
between ANE-treated and control plants (Supplementary
Figure 1). This indicates that the cell enlargement in ANE-
treated plants during the post freezing recovery period may
be the result of a PME-independent mechanism.

Genetic studies suggest that cold acclimation and subse-
quent freezing tolerance is a multigenic, quantitative trait

with additive eVects (Thomashow 1994). Freezing tempera-
tures activate a number of cold-inducible genes which code
for dehydrins, lipid transfer proteins, translation elongation
factors, and the late-embryogenesis-abundant proteins
(Jones and Inouye 1994; Nishida and Murata 1996). The
largest class of cold-inducible genes that have been corre-
lated with tolerance to freezing stress are the ‘Cold Respon-
sive’ or COR genes. Arabidopsis COR genes that are
required for freezing-tolerance responses include: COR15A,
COR78/RD29, COR47, and COR6.6 (Thomashow 1999).
Induction of COR genes is mediated by a transcription fac-
tor known as the CRT/DRE Binding Factor (CBF) (Stock-
inger et al. 1997). CBF binds to the CRT/DRE elements in
the promoter of COR genes and initiates their transcription.
ESK1, a negative regulator independent of the CBF regulon
also has a major role in freezing tolerance of Arabidopsis.
ESK1 acts as a switch and controls the transcript levels of
many downstream cold-regulated genes (Xin and Browse
1998). ANE and its ethyl acetate subfraction aVected the
expression of key stress marker genes. RD29A, a key regu-
lator for drought, salinity and low temperature, and CBF, a
critical transcription factor for low-temperature tolerance,
showed increased levels of expression in ANE and ethyl
acetate treated plants. Realtime PCR analysis revealed that
ANE and ethyl acetate fractions induced signiWcant levels
(two-fold increase over control) of CBF3 expression in
treated plants during freezing stress (¡2°C) and the post-
freezing thawing period (Fig. 7). Induction of CBF3
leads to the activation of COR genes, like RD29A,
COR15A, a gene family involved in low-temperature toler-
ance (Stockinger et al. 1997). Thus, activation of CBF3 and
its target gene RD29A by ANE and its organic subfractions
could have resulted in the active induction of a series of
downstream genes which in turn imparted freezing toler-
ance to extract treated plants.

The CBF-independent negative regulator, ESK1 (Xin and
Browse 1998) was not involved in the ANE-induced freezing
tolerance. Treatments that activate the CBF regulon may not
inXuence esk pathway (Xin and Browse 1998). Additionally,
the expression of the fatty acid desaturase gene FAD8 was
not aVected by ANE treatment. FAD is a polygenic family
with at least eight genes (FAD1–8) that are actively cross-
linked in fatty acid desaturation of lipid bilayers (Upchurch
2008) and some member in this polygenic family other than
FAD8 may be active and responsible for lipid unsaturation in
ANE-induced freezing tolerance in Arabidopsis.

Discovery of chemical compounds that induce freezing
tolerance in crop plants would be beneWcial to agriculture,
especially in the northern hemisphere. However, there has
been only limited success in the identiWcation of chemical
factors that impart freezing tolerance. For example, appli-
cation of choline chloride in wheat seedlings (Horváth and
Van Hasselt 1985) and ethanolamine in tomato seedlings
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(Ilker et al. 1976) have been shown to improve freezing
tolerance and recovery from freezing injury (Ilker et al.
1976; Horváth and Van Hasselt 1985). However, the eVect
of these chemicals on animal and human health and the
environment is not clear; therefore, the use of natural com-
pounds and extracts from safe sources like A. nodosum
would be ideal. The results presented in this paper show
that extracts of A. nodosum induce speciWc systemic physi-
ological responses resulting in signiWcant improvement of
tolerance to low temperature. The 1H NMR spectra, fatty
acid, and sterol analysis of the bioactive organic fraction of
ANE showed that it is dominated by lipophilic components
and that these components represented »40% (w/w) of the
bioactive organic fraction. These components have not
been previously reported in the literature to elicit freezing
tolerance when directly applied to the plants. Further stud-
ies are needed to identify the chemical components in the
organic fractions that elicit freezing tolerance.
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