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A B S T R A C T

The development stages of conventional cauliflower seeds were studied and the accumulation of dehydrin
proteins through the maturation stages was investigated with the aim of identifying methods to improve the
viability of artificial seeds of cauliflower. While carbohydrate, ash and lipids increased throughout the de-
velopment of cauliflower traditional seeds, proteins increased with the development of seed and reached the
maximum level after 75 days of pollination, however, the level of protein started to decrease after that. A sig-
nificant increase in the accumulation of small size dehydrin proteins (12, 17, 26 KDa) was observed during
the development of cauliflower seeds. Several experiments were conducted in order to increase the accumula-
tion of important dehydrin proteins in cauliflower microshoots (artificial seeds). Mannitol and ABA (Absisic
acid) increased the accumulation of dehydrins in cauliflower microshoots while cold acclimation did not have
a significant impact on the accumulation of these proteins. Molybdenum treatments had a negative impact on
dehydrin accumulation. Dehydrins have an important role in the drought tolerance of seeds and, therefore,
the current research helps to improve the accumulation of these proteins in cauliflower artificial seeds. This
in turns improves the quality of these artificial seeds. The current results suggest that dehydrins do not play
an important role in cold tolerance of cauliflower artificial seeds. This study could have an important role in
improving the understanding of the molecular mechanism of abiotic stress tolerance in plants.

© 2017 Published by Elsevier Ltd.

1. Introduction

An effective protocol for cauliflower micropropagation was de-
signed by Kieffer et al. (2001) and optimized by Rihan et al. (2011b),
(2012)and enables the production of thousands of microshoots per
cauliflower curd and provides an optimal system for the analysis of the
physiological and molecular responses of cauliflower to various types
of abiotic stresses. Moreover, these microshoots can be used for artifi-
cial seed production, which are required to show a high level of abiotic
stress tolerance in order to be a cost effective method for cauliflower
propagation. Insights into how to make artificial seeds more success-
ful can come from studies of natural seed development.

Natural seed development involves a series of changes from ovule
fertilization to seed maturation that is genetically controlled. This de-
velopment comprises a series of morphological, physiological and
biochemical changes occurring from ovule fertilization to the time
when seeds become physiologically independent of the parent plant
(Delouche, 1971). Fellows et al. (1979) found that the physiological
maturity of orthodox-seeds generally occurs when the moisture con
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tent declines to about 50–60% and that at this stage, the seeds ex-
hibit the highest level of viability, vigour and dry weight. Seed matu-
rity is normally accompanied by noticeable changes in seed and fruit
colouration (Nkang, 2002). Seed development can be divided into four
different stages: embryo patterning, embryo growth, seed filling and
seed desiccation (Fei et al., 2007). After the completion of embryo
growth, major increases include accumulation of seed storage prod-
ucts such as protein, oil and carbohydrate. The seed filling stage is
followed by the desiccation stage during which seeds acquire drought
tolerance (Bewley and Black, 1994). Coelho and Benedito (2008) di-
vided the development of seeds into three main stages according to
the dry components accumulation: the first stage is characterised by a
relatively slow mass accumulation during embryogenesis. The second
stage is the maturation stage, characterised by a continuous and high
increase in dry matter. This stage ends by reaching the maximum dry
matter content at physiological maturity. Seed dehydration is the third
phase of the seed development. This stage is characterised by biologi-
cal mechanisms leading to embryo desiccation resistance.

Late Embryogenesis Abundant (LEA) proteins were first described
in wheat and cotton (Goyal et al., 2005) and are synthesised in abun-
dance during seed development and can comprise up to 4% of cel-
lular proteins (Roberts et al., 1993). LEA proteins have been linked
to the embryo capability for withstanding dehydration al

http://dx.doi.org/10.1016/j.plaphy.2017.05.011
0981-9428/© 2017 Published by Elsevier Ltd.
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though the mechanism of action is still not clear (Coelho and
Benedito, 2008). One of the mechanisms proposed with regards to
LEA functions was that these proteins might act as protectors of
macro-molecular and/or cellular structures during water deficit since
they preferentially network with the available water molecules and
deliver a hydration shell to protect the “integrity” and function of
these macro-molecules (Hoekstra et al., 2001; Garay-Arroyo et al.,
2000). LEA proteins also, together with oligosaccharides and perhaps
small heat shock proteins, (sHSPs), participate in the formation of the
“glassy state” of the seed and its stabilization in the dehydrated state
(Kalemba and Pukacka, 2008). LEA proteins increase hydrogen bond-
ing and, thereby, the average strength of the amorphous matrix and the
glass transition temperature (Wolkers et al., 2001).

LEA protein genes have been described in different plant species
and six different groups of these proteins have been characterised
according to their expression patterns and gene sequence. The main
classes are group 1, 2 and 3 (Wise, 2003; Bray, 1993). Group 1 con-
sists of LEA proteinsthat are found only in plants and are unstructured
proteins in solution. This group of proteins has a preserved 20-residue
amino acid motif, most often in one copy (Goyal et al., 2005). Group
2 LEA proteins, which are known as dehydrins, are mainly found in
plants (Close et al., 1989). This group of proteins is classified in three
sequence motifs described as the K-domain (lysine-rich), the Y-do-
main (DEYGNP) and the S-segment (poly-serine stutter) (Kalemba
and Pukacka, 2008). However, the K-domain, which contains the con-
sensus amino acid sequence EKKGIMDKIKELPG, is the only seg-
ment present in all types of dehydrins (Close, 1997). Based on the ex-
istence and combinations of segments, dehydrins are categorized into
the classes YnSK2, Kn, KnS, SKn and Y2Kn (Kalemba and Pukacka,
2008). Although dehydrins show some α-helical content, they are con-
sidered to be unstructured proteins (Lisse et al., 1996; Ceccardi et al.,
1994). Group 3 LEA proteins are defined by a repeated 11-mer amino
acid motif. The consensus sequence of this motif has been widely de-
scribed as ΦΦE/QXΦKE/QKΦXE/D/Q (where Φ characterizes a hy-
drophobic residue). This group of proteins has been identified in the
homologues of organisms other than plants (Dure, 2001).

It is widely accepted that both freezing stress and drought cause
desiccation of the plant cell protoplasm (Steponkus et al., 1980).
Freezing stress causes ice formation in the intercellular spaces and,
since ice has a lower osmotic potential than water, water moves from
inside the cells to the ice in the intercellular space resulting in desic-
cation of the cytosol (Thomashow, 1999). Several studies suggest that
plants have similar approaches to desiccation resistance regardless of
whether the desiccation is caused by drought or freezing stress and
several genes have been found to respond to both drought and freezing
stresses (Shinozaki and Yamaguchi-Shinozaki, 2000). It also seems
that there is a physiological cross adaptation where the exposure to
one stress can improve the tolerance to other stresses (Parmentier-Line
et al., 2002) where drought can predispose plants to cold tolerance
(Anisko and Lindstrom, 1996) and vice-versa (Levitt, 1960). It has
been demonstrated that groups of dehydrin proteins are produced by
conditions which have a dehydrative constituent such as drought,
salinity, cold and ABA (Close, 1997). The current study aimed to in-
vestigate the developmental stages of cauliflower seeds in terms of
the accumulation of seed reserve compounds (lipids, carbohydrates,
minerals and proteins) and in terms of the changes in the amount of
dehydrin protein which occurs. It was an aim to try to improve ar-
tificial seeds by mimicking processes occurring in conventional cau-
liflower seeds. Moreover, it aimed to investigate the effect of cer-
tain treatments such as Mannitol, and Molybdenum (MO) treatments
which were reported to have a positive effect on cauliflower

artificial seed cold tolerance (Rihan et al., 2014; Rihan, 2014), on
the accumulation of dehydrin proteins in cauliflower microshoots and,
therefore, to find out whether dehydrin proteins play any part in the
cold tolerance of cauliflower artificial seeds (microshoots).

2. Material and methods

2.1. Plant materials

Twenty young cauliflower plants (cv Medallion, Bred by Bejo
(Holland). Sold in the UK by Elsoms seeds) were obtained from a field
in Cornwall, courtesy of Simmonds & Sons Ltd, and replanted in large
pots in the Skarden Garden greenhouse at the University of Plymouth.
The plants were grown according to good commercial practice and
fertilized appropriately and given crop protection against aphid and
leaf disease as necessary. Five plants of the cultivar Fleet were cul-
tured between the Medallion plants to facillitate sufficient open pol-
lination between the two varieties in view of the self-incompatibility
nature of cauliflower and the necessity for external pollinators. When
the plants started flowering, they were covered with fleece bags for 8
days to ensure that there was a significant amount of flowers available
for fertilization. The bags were then removed for a week to allow open
pollination between cauliflower plants. The plants were then re-cov-
ered to stop further pollination (Fig. 1). Giving a limited period for
open pollination helped to increase the level of synchronization in cau-
liflower seed maturation. A month later, the first sample of cauliflower
seeds was collected. Subsequently, seed samples were collected five
times at 15 day intervals (Fig. 2) (It was difficult to collect any more
seeds after that since they had become very dry and the seeds started
falling from the plants). Samples were placed in nylon bags and trans-
ferred quickly to a fridge at 4 °C and the subsequent analyses were
done on the day of the sample collection or on the following day. De-
termination of moisture content.

Three replicates, each consisting of 5 g seeds, were used from each
seed sample. Seeds were dried to a constant weight in an oven at
130 °C. The moisture level was calculated as:

W1: Seed fresh weight.
W2: Seed dry weight.

2.2. Determination of lipid content (Rapid Soxhlet Extraction)

Rapid Soxhlet Extraction methods were used to determine the lipid
content of cauliflower seeds following the procedures described by
Rihan (2014). Well ground cauliflower seeds were weighed into cel-
lulose thimbles and solvent was added. The solvent was heated to
boiling point. The vapours were condensed and hot liquid solvent
washed through the sample in the thimble in a continuous process. The
non-volatile solutes were extracted into the solvent. After a period of
time, the solvent was recovered and the extracted lipids were quanti-
fied by weighing using the following equation:
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Fig. 1. The growth stages of cauliflower plants used for seed production.

Fig. 2. Cauliflower seed samples at different developmental stages.
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Three replicates, each consisting of 0.6 g of ground seeds, were
used for each seed sample.

2.3. Determination of nitrogen content (Kjeldahl method)

Kjeldahl method was used to determine the nitrogen content
(Rihan, 2014). Three replicates each consisting of 0.12 g of ground
seeds were used for each sample.

2.4. Determination of ash content

Samples were dried at 550 °C for 8 h. The ash level was calculated
using the following equation:

2.5. Determination of carbohydrate level

The carbohydrate content in the dried cauliflower seeds was deter-
mined by subtraction:

All the seed components analysis was carried out in the nutrition
laboratory at Plymouth University.

2.6. Protein extraction and immunoblotting for dehydrin protein
detection

The total proteins from each sample were extracted as described
previously by Ni et al. (1996). Samples from −80 °C were thawed on
ice, placed in a mortar and pestle and 2 mL extraction buffer (100 mM
potassium phosphate, 1 mM DTT, 1 mM EDTA, 1% Triton X-100,
10% glycerol, pH 7.8) was added to 1 g of tissues and ground. One
mL of the liquid grindate was transferred to a microfuge tube (1.5 mL)
on ice. The supernatant was centrifuged twice at 13,000xG for 15
and 10 min, respectively, at 4 °C. The total protein content was evalu-
ated using a bicinchoninic acid (BCA) assay kit (Pierce, product NO.
2161297A) following the manufacturer's instructions. The clear super-
natant containing proteins was separated using SDS-PAGE (Sodium
dodecyl sulfate polyacrylamide gel electrophoresis) (Laemmli, 1970)
and visualized using Coomassie blue staining solution. Unstained gels
were used for immunoblotting and the proteins were transferred to a
PVDF membrane (pore size 0.4 μm) (Milipore, Cat. No ISE000010)
by electro-blotting at 100 V for 35 min 1× Tris glycine transfer buffer
was prepared by dissolving Tris HCl 3.05 g L−1, Glycine 14.4 g L−1,
and adding methanol 200 ml L−1 of dH2O (Towbin et al., 1979). Af-
ter transferring the proteins onto the PVDF membrane, the mem-
brane was blocked using PBST (phosphate buffer saline + 0.05 Tween
20%) + 5% Marvel (a low fat skimmed milk powder) (Iceland Ltd)
for 1 h at room temperature with mild shaking. After incubation, hy-
bridization for the antibody raised against the K-segment of dehydrins
was achieved with primary antibodies obtained from Dr Michael Wis-
niewski‘s Laboratory, (USDA-ARS, Appalachian Fruit Research Sta-
tion, USA). Membranes were incubated with dehydrin primary an-
tibodies (produced in rabbit). Antibodies were diluted (1:1000) in
a total volume of 20 mL

PBST supplemented with 4% of semi skimmed milk and the mem-
branes were incubated overnight at 4 °C with gentle agitation. The
membranes were then washed 3 times with PBST while agitating to
wash off the excess primary antibody, for 5 min each and the mem-
brane was then incubated with horseradish peroxidase conjugated goat
anti-rabbit IgG secondary antibody (PBS diluted 1:20,000) (Abcam)
for an hour at room temperature with mild shaking to detect pri-
mary antibodies attached to the dehydrin protein. To ensure the speci-
ficity for dehydrin, antibodies were blocked using a peptide-salt con-
taining the dehydrin K-segment consensus peptide TGEKKGIMD-
KIKEKLPGQH kindly provided by Prof Timothy J. Close (University
of California, Riverside, USA). The peptide-salt (0.5 g) was dissolved
in PBS and equal volumes of the peptide salt (5 mg mL−1) and dehy-
drin antibody serum (1:1000) were mixed and left for 30 min. Anti-
gen-blocked serum was then used instead of the primary antibody. The
remaining protocol steps as above were then followed.

The membranes were washed 3 times with PBS for 5 min each and
then incubated with ECL detection reagent (Luminata crescendo west-
ern HRP substrate (Millipore, WBLUR0100)) in the dark for 5 min
and the image from the membrane was captured using a UVP gel doc-
umentation system. Blots were observed and digital images made.

The same procedures were applied with all samples to detect his-
tone H3 protein (Agrisera, Art no: AS10 710) as a housekeeping refer-
ence protein. Histone antibody was diluted (1:5000) in a total volume
of 20 mL PBST. Histone protein band intensities were used to normal-
ize the intensities of dehydrin protein bands using Image J software
(Java image processing program).

2.7. The effect of acclimation on the accumulation of dehydrin
proteins in cauliflower microshoots

Cauliflower microshoots (cv. Dionis, Bred by Vilmorin (in
France). Sold in the UK by Hazera UK) were obtained following pro-
cedures described in Rihan et al. (2011a) and the same protocol was
used to produce cauliflower microshoots throughout this study. The
26 day old cultures were transferred to the cold room at 4 °C for ac-
climation. Cauliflower cultures were left in the cold room for 15 days
for acclimation and the accumulation of dehydrin protein was investi-
gated using the procedure described above.

2.8. The effect of mannitol used with the culture media on the
accumulation of dehydrin proteins in cauliflower microshoots

Cauliflower microshoots (cv. Fremont, Bred by Seminis in Hol-
land) were produced. Culture media were prepared to have several os-
motic potentials by the addition of mannitol as follows,: mannitol free
culture media osmotic potential of −0.47 Osmol kg-1 (−1.14 MPa at
lab temperature 21 C) (this media contained 3% of sucrose), −0.7 Os-
mol kg-1 (−1.712 MPa), −1.15 Osmol kg-1 (−2.812 MPa), −1.60 Os-
mol kg-1 (−3.913 MPa), −2.05 Osmol kg-1 (−5.014 MPa), −2.50 Os-
mol kg-1 (−4.946 MPa) and −2.95 Osmol kg-1 (−7.215 MPa). 28 day
old microshoots were used to investigate the accumulation of dehydrin
proteins under the effect of mannitol treatments.

2.9. The effects of ABA on the accumulation of dehydrin proteins in
acclimated cauliflower microshoots

Cauliflower microshoots (cv. Cool, S&G seeds (Syngenta)) were
produced with five concentrations of ABA (Sigma-Aldrich, A-7631)
(0, 0.5, 1, 2, 4 mg L−1) added to the culture medium. 21 day old cauli
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flower microshoots cultures were transferred to the cold room at 4 °C
for 15 days for acclimation. Dehydrin protein accumulation in the cau-
liflower microshoots was assessed.

2.10. The effect of molybdenum on the accumulation of dehydrin
proteins in acclimated cauliflower microshoots

Cauliflower microshoots (cv. Cool) were produced with three con-
centrations of Mo (0, 15 and 30 ppm) used with the culture media. The
shaker containing the 25 day old microshoots was transferred from
room temperature to the cold room at 4 °C for 15 days for acclimation.
The accumulation of dehydrin proteins in the cauliflower microshoots
was assessed.

3. Statistical analysis

Each experiment was repeated 3 times. Results are presented as
means ± standard error (SE). All data were subjected to analysis of
variance (ANOVA) using Minitab software (version 15) and compar-
isons of means were made with least significant difference test (LSD)
at 5% level of probability.

4. Results

4.1. The development of cauliflower seed structure (moisture, lipids,
carbohydrate and ash)

Seed moisture level was quite high at the beginning of seed forma-
tion (76%) and it started decreasing gradually with the development of
the seeds. At the end of seed maturation, the moisture level was about
8%. At that point, the seed pods had become very dry and were start-
ing to dehisce and fall from the plants. The level of ash increased from
about 1.2% to about 5% and the level of protein increased to 28.7%
after 75 days of pollination (20% moisture level) (physiological mat-
uration) followed by a decrease in the level of total protein to about
23% (Fig. 3).

The level of lipids increased from about 4.5% at the beginning
of seed development to reach about 24% at the end of seed develop-
ment. The level of carbohydrate was about 9% at the beginning of

seed development and reached about 39% at the end of seed matura-
tion (Fig. 4).

4.2. The accumulation of dehydrin proteins during the development
of cauliflower seeds

No dehydrin bands were detected when blocked dehydrin antibody
was used as a primary antibody (Fig. 6) illustrating the specificity of
the antibody (see Fig. 5). Proteins at several molecular weights were
detected by the K-segment dehydrin antibody at 12, 17, 26, 50 and
78 kDa. The results demonstrated that dehydrin proteins at 12, 17 and
26 molecular weights displayed a very highly significant increase dur-
ing the development of cauliflower seeds (P < 0.001 for protein of
12 and 17 kDa size classes and P = 0.002 for protein of size class
26 kDa). The amount of these proteins was stabilized at a specific
stage of seed development when the moisture level was assessed to be
about 50% (60 days from pollination) (Figs. 6 and 7). The amounts of
high molecular weight dehydrin proteins at sizes 45 and 78 kDa were
significantly decreased during the development of cauliflower seeds
(P < 0.001 for protein of size class 78 kDa and P = 0.015 for protein
of size class 48 kDa). However, the relative amounts of these proteins
were very low compared to the proteins observed at the small molec-
ular weight sizes (12, 17 and 26 kDa) (Figs. 6 and 7).

A dehydrin protein of size class 78 kDa was observed in the im-
munoblotting experiment but not in the SDS PAGE analysis and this
could have been due to the low amount of this protein in the seed sam-
ple and because immunoblotting is a more sensitive approach for de-
tecting a specific type of protein.

4.3. The effect of mannitol on the accumulation of dehydrin proteins
in cauliflower microshoots

The use of mannitol with the cauliflower microshoots liquid cul-
ture media significantly increased the amount of dehydrin protein of
35 kDa size class (P < 0.001). However, the amount of this protein
stabilized using the liquid culture media with osmotic pressure lower
than −1.14 MPa. In terms of the effect of mannitol on the accumula-
tion of dehydrin protein of 78 and 170 kDa size classes, it was ob-
served that mannitol significantly increased the accumulation of these

Fig. 3. Moisture, protein and ash level changes during the development of cauliflower seeds.
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Fig. 4. Carbohydrate and lipid level changes during the development of cauliflower seeds.

Fig. 5. Immunoblot analysis for the detection of dehydrin proteins from cauliflower ar-
tificial seeds at different developmental stages using a blocked dehydrin k-segment an-
tibody.

proteins, reaching a peak at −5.014 MPa liquid culture media osmotic
pressure (P < 0.001) followed by a significant decrease at lower cul-
ture osmotic pressures. However, the microshoots produced from cul-
ture media that have an osmotic pressure lower than −5.014 MPa
were not capable of being encapsulated as artificial seeds (conver-
sion rate = 0 at this osmotic pressure i.e. lower than −5.014 MPa) as
reported by Rihan (2014) (Figs. 8 and 9) which suggests that these
proteins are important in regard to the viability of cauliflower mi-
croshoots.

4.4. The effect of cold acclimation on the accumulation of dehydrin
protein in cauliflower microshoots

Acclimation was observed to have no significant effect in cauli-
flower microshoots on the amount of dehydrin proteins at 79, 22, 35
and 37 kDa size classes (P = 0.110 for protein of size class 79 kDa,
P = 0.265 for protein of size class 22, P = 0.219 for the protein of

size class 35 kDa and P = 0.125 for protein of size class of 37 kDa).
Acclimation, however, significantly decreased the amount of dehydrin
protein of 28 kDa size class (P = 0.004) (Figs. 10 and 11).

4.5. The effect of ABA on the accumulation of dehydrin protein in
acclimated cauliflower microshoots

The use of ABA significantly increased the accumulation of de-
hydrin proteins at 78, 53, 50 and 35 kDa size classes (P = 0.008,
P = 0.001, P = 0.010 and P < 0.001 at 35, 78, 50 and 53 kDa pro-
tein size classes, respectively) (Figs. 12 and 13). However, while the
amount of dehydrin protein of size 35 kDa stabilized after a specific
concentration of ABA assessed to be 1 mg L−1, the amount of dehy-
drin proteins at 78, 50 and 35 kDa significantly decreased using con-
centrations of ABA higher than 2 mg L−1 with proteins at size classes
53 and 78 kDa and with concentration higher than 1 mg L−1 with pro-
tein of size class 50 kDa (Figs. 12 and 13). Moreover, the use of
2 mg L−1 increased the level of dehydrin protein of 62 kDa which was
not observed clearly using the other ABA treatments. Therefore, the
use of 2 mg L−1 of ABA was recommended to stimulate the maximum
accumulation of dehydrin proteins in the cauliflower microshoots (see
Fig. 14).

4.6. The effect of molybdenum on the accumulation of dehydrin
proteins in acclimated cauliflower microshoots

The use of molybdenum in acclimated cauliflower culture media
significantly decreased the amount of dehydrin proteins at 78, 35 and
50 kDa (P < 0.001 for protein of size class 78 kDa, P = 0.001 for pro-
tein 35 kDa and P = 0.040 for protein of size class 50 kDa). How-
ever, the effect of Mo on the amount of dehydrin protein of size class
53 kDa was found to be not significant (P = 0.087) (Figs. 14 and 15).

5. Discussion

Seed moisture content at the early stages of seed development was
high (about 80%) and decreased during maturation to a final level of
8% as expected. The high level of moisture is very necessary, espe-
cially at the early stages of seed development since water is the vehi
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Fig. 6. A: The SDS-PAGE analysis for protein samples derived from cauliflower seeds at different developmental stages. B: Immunoblot analysis for the detection of dehydrin pro-
teins from cauliflower artificial seeds at different developmental stages using a k-segment dehydrin antibody.

Fig. 7. The accumulation of dehydrin proteins during the development of cauliflower seeds.

cle for transferring nutrients from the parent plant to the developing
embryo and cotyledons.

The process of seed development comprises consecutive stages
that may be considered as preparation for successful future germina

tion and seed development is characterised by synthesis and accu-
mulation of food reserves and the development of the embryo. One
of the main metabolic activities that occurs during the development
of seeds is the conversion of sucrose via glycolysis to oil and lipids
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Fig. 8. A: SDS-PAGE analysis for protein samples derived mannitol treated microshoots. B: Immunoblot analysis for the detection of dehydrin proteins from cauliflower mannitol
treated microshoots using a k-segment dehydrin antibody.

Fig. 9. The accumulation of dehydrin proteins in mannitol treated microshoots.

(Wei et al., 2008; Baud et al., 2008). However, the lipid synthesis dur-
ing the development of seeds depends on the supply of several pre-
cursors such as, sucrose acetate (Vigeolas and Geigenberger, 2004),
glucose 6-phosphate, pyruvate, phosphoenol pyruvate and malate
(Rawsthorne, 2002). The developing embryo accumulates lipids in
several forms such as, triacylglycerols (TAG), fatty acids and es-
ter of glycerol when the early morphogenesis stage is completed.
The fatty acid biosynthesis pathway during the development of seeds
includes various subcellular compartments and is well understood
(Baud et al., 2002). Lipids are stored in cytosolic oil bodies that
form almost 60% of the cell volume in the cotyledons of mature

embryos of Arabidopsis thaliana which is a crucifer as is cauliflower
(Mansfield and Briarty, 1992). The accumulation of lipids is neces-
sary to supply the required energy for seedling growth after germi-
nation (Siloto et al., 2006). During germination, the oil is degraded,
providing energy and carbon to seedlings in their early growth stages
through the consecutive operation of β-oxidation, glyoxylate cycle,
partial tricarboxylic acid (TCA) cycle and gluconeogenesis (Chia et
al., 2005). However, although several studies have reported that the
level of lipids could decrease during the seed maturation of oil seeds
such as Crambe abyssinica, Nicotiana tabacum, Arabidopsis and B.
napus (Tomlinson et al., 2004; Baud et al., 2002; Norton and Harris,
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Fig. 10. The SDS-PAGE and Immunoblot analysis for the detection of dehydrin proteins from cauliflower acclimated and non-acclimated microshoots using a k-segment dehydrin
antibody.

1975; Gurr et al., 1972), this does not seem to be the case with cauli-
flower seeds since no decrease in the lipid level was observed during
seed maturation. Moreover, the lipids accumulated to about 24% of
the seed component when the seed moisture was assessed to be around
8% which accords with the findings of Gurusamy and Thiagarajan,
(1998).

Soluble carbohydrates can act as cryprotectants, antioxidants and
osmotic regulators in salt and drought stressed plants (Nkang, 2002).
Sucrose has a fundamental function in the development of seeds as
a main form of transportation of energy and carbon for most plant
species and as a regulator of gene expression (Da Silva Bonome et al.,
2011). Seeds are non-photosynthetic structures and are therefore very
dependent on sucrose importation. However, as the first step for the
production of storage products is hydrolysis of sucrose, the cleavage
of sucrose to hexose is essential for plants (Koch, 2004). There are
two enzyme pathways for sucrose hydrolysis in plants and these path-
ways are catalysed by sucrose synthase (SuSy) and invertases. It has
been suggested that SuSy and invertases play an essential role for the
transitions between seed development phases (Weschke et al., 2003;
Baud et al., 2002). Acid invertase activity and hexose/sucrose ratio
were observed to be high in the cell wall in the early stages of the
seed development of many cereals such as rice (Hirose et al., 2002)
and barley (Weschke et al., 2000). However, while the invertase activ-
ity increases following the transition of the embryonic expansion stage
to the storage stage, the SuSy activity increases in the storage stage
and this induces the synthesis of the cell wall, starch and other re-
serve components (Winter and Huber, 2000). Several researchers have
shown that the gene expression for the invertases happen predomi-
nantly in the first stages of seed development while the expression of
SuSy genes occurs in the intermediate and final stages of the devel-
opment. These changes could control the transition from the division
and expansion stage to the storage of reserve compounds (Borisjuk et
al., 1998). This could explain the relatively sharp increase in carbo-
hydrates level in the final developmental stages of cauliflower seeds
and this is in agreement with Nkang (2002) who reported that carbo-
hydrates such as starch and sucrose increase through the development
of E. caffra seeds with a sharp increase during the final stages of the
development.

Seed proteins are mainly produced in the cotyledons throughout
the mid to late development stages of seed development. Amino acids
are transferred from the phloem into the maternal seed tissue from
where they are transferred to the seed and, consequently, taken up by
the embryo (Golombek et al., 2001). The level of cauliflower seed
total proteins increased to reach the maximum (assessed to be about
28%) at seed moisture level around 20%. After that, the level of
protein decreased to about 23% at moisture level around 8%. How-
ever, the small reduction in the level of protein in the late stages of
cauliflower seed developments is in agreement with that reported by
Gurusamy and Thiagarajan (1998) who found that the small decrease
in the cauliflower seed protein content observed at the late stages of
seed development could be caused by its utilization in growth.

Although several studies have reported the important role of car-
bohydrate in seed desiccation tolerance, recent studies have demon-
strated that carbohydrates alone are insufficient to protect against des-
iccation (Bettey et al., 1998). It has been suggested that a set of
heat-stable, late-embryogenesis-abundant (LEA) proteins has an es-
sential role in the seed desiccation capacity (Blackman et al., 1991;
Dure et al., 1989).

A very highly significant increase in the amount of relatively low
molecular weight dehydrin proteins (12, 26 and 6 kDa) was observed
here during the development of cauliflower seeds, especially when
the moisture level dropped below 50%. However, although a slightly
significant decrease in the amount of dehydrin proteins at relatively
high molecular weights was found, this was considered to be unim-
portant since these proteins were of much lower abundance than the
low molecular weight dehydrin proteins. The current results accord
with the findings of Kalemba and Pukacka (2008) who reported that
dehydrins are produced during the development of seeds as an ele-
ment of the embryogenesis program and that they accumulate in re-
sponse to seed desiccation. Dehydrins were observed in different plant
species, such as several recalcitrant seeds of Castanospermum aus-
trale L., Clausena lansium (Lour.) and the orthodox woody plant
seeds of Acer platanoides L. (Finch-Savage and Blake, 1994). De-
hydrins are thought to bind and stabilise cell lipids and membrane
structure under abiotic stresses (Rorat, 2006). Farrant et al. (2004) and
Close (1997) demonstrated that acquisition of desiccation tolerance of
orthodox seeds is linked with an accumulation of late embryogene
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Fig. 11. The effect of cold acclimation on the accumulation of dehydrin proteins in cauliflower microshoots.

sis abundant (LEA) proteins. Goyal et al. (2005) indicated that LEA
proteins could play an essential part in protecting the cellular or mol-
ecular structure from the damaging effect of water loss. It was also
demonstrated that dehydrin proteins protect cells under drought stress
by protecting the structure of proteins and preserving their water bind-
ing (Garnczarska et al., 2008; Farrant et al., 2004). The amino acid
composition of dehydrin proteins with a high content of charged and
polar residues could support their specific protective roles under envi-
ronments of cell dehydration (Rorat, 2006; Allagulova et al., 2003).

Considering the important role of dehydrin proteins in seed abi-
otic stress tolerance, several experiments were conducted here aimed
at increasing the amount of these proteins in cauliflower microshoots
which in turn might improve cauliflower artificial seed abiotic stress
tolerance. Moreover, the cauliflower micropropagation system applied
in the current studies facilitates the investigation of molecular re-
sponse of specific stressor or protective elements such as mannitol,
Mo and ABA, applied with the liquid culture media taking advantage
of the huge number of microshoots that can be produced from the
culture system. However, culture systems have been widely used for
molecular and physiological studies since they have potential advan

tages over whole plants (Tal, 1983) including the homogeneity of the
plant culture population, the capacity of easily repeating the experi-
ments under controlled conditions and the possibility of isolating the
culture response from the whole plant response (Parmentier-Line et
al., 2002).

The effect of various materials on the accumulation of dehydrin
proteins in cauliflower microshoots was investigated. However, the
protein bands detected were observed to be of different molecular
sizes depending on the cauliflower variety used and this could be
due to the various genetic backgrounds of these varieties. In agree-
ment with the hypothesis put forward here, different studies have re-
ported dehydrin proteins at different size classes, for example, while
Battaglia et al. (2008) reported that most of the described Brassica de-
hydrins range from 19 to 22 kDa with the only exception of 31 kDa
ERD10 dehydrin of Brassica napus. Rurek (2010) was able to detect
dehydrin proteins at several other size classes such as 40, 50, 55 and
70 kDa.

The effect of drought stimulation using a high osmotic pressure
solution of mannitol with culture liquid media was determined. 78
and 170 kDa proteins seem to play an essential role in relation to the
viability of cauliflower microshoots since the artificial seeds using
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Fig. 12. SDS-PAGE analysis for protein samples derived acclimated cauliflower microshoots treated with ABA. B: Immunoblot analysis for the detection of dehydrin proteins from
cauliflower acclimated microshoots treated with ABA using a k-segment dehydrin antibody.

Fig. 13. The effect of ABA used with cauliflower microshoots liquid culture media on the accumulation of dehydrin proteins in the acclimated cauliflower microshoots.

microshoots derived from lower than −5.014 MPa osmotic pressure
showed no germination capacity (Rihan et al., 2014). However, dehy-
drin proteins have been reported to increase in response to dehydra-
tion stress (Cellier et al., 1998; Han and Kermode, 1996; Welin et al.,
1994) and non-penetrating osmotic agents such as mannitol, which re-
duce the osmotic potential of the culture media and are widely used to
induce the osmotic potential of the cultured cell in woody and herba-
ceous plants (Leustek and Kirby, 1990; Fallon and Phillips, 1989;
Leustek and Kirby, 1988; Bhaskaran et al., 1985).

Several studies have reported the increase of dehydrin proteins
resulting from low temperature treatments and acclimation (Welin
et al., 1994). Muthalif and Rowland (1994) and Panta et al. (2001)
reported the accumulation of dehydrin proteins in whole blueberry
plants under the effect of low but non-freezing temperature while
Parmentier-Line et al. (2002) reported the accumulation of these pro-
teins in cold treated blueberry cell cultures. However, although sev-
eral studies have reported the accumulation of dehydrin proteins dur-
ing the acclimation of Arabidopsis, Fragaria, Brassica, Miscanthus
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Fig. 14. SDS-PAGE and Immunoblot analysis for the detection of dehydrin proteins from cauliflower acclimated microshoots treated with Mo using a k-segment dehydrin antibody.

Fig. 15. The effect of Mo used with cauliflower microshoots liquid culture media on the accumulation of dehydrin proteins in the acclimated cauliflower microshoots.

and woody plant species of genus Prunus, Cydonia (Baniulis et al.,
2012, Rugienius et al., 2009; Lukoševičiu ̄te ̇ et al., 2009, Nishizawa
et al., 2008; Patton et al., 2007; Wisniewski et al., 2006; Welling et
al., 2004), the amount of these in cauliflower microshoots was not
significantly affected by cold acclimation. Moreover, the acclimation
significantly decreased the amount of 28 kDa dehydrin protein. This
could be due to the culture conditions as a liquid media and reproduc-
tive tissue have been used for cauliflower microshoot production and
these conditions may have affected the cauliflower microshoots’ re-
sponse to cold acclimation. Kovalchuk et al. (2009) reported that the
composition of culture media plays an essential role in the acclima-
tion of plant microshoots and cold tolerance under in vitro conditions.
It could also be that the cold treatment might have been too long and

the cold-induced peak in dehydrin accumulation could probably have
been detected earlier. However, this needs further investigation.

As cold acclimation was reported here to have no role in the ac-
cumulation of dehydrin proteins in cauliflower miroshoots and as the
process of acclimation was reported to improve the cold tolerance of
cauliflower microshoots, an important question was raised about the
role of dehydrin proteins in cauliflower microshoots cold tolerance.
Therefore, the effect of some materials, which were reported to have
negative (ABA) or positive (Mo) effects on acclimated cauliflower
microshoots cold tolerance (ABA), their effect on the accumulation
of dehydrin proteins in cauliflower microshoots was investigated. The
use of ABA at 1 and 2 mg L−1 significantly increased the level of de-
hydrin proteins at various dehydrin size classes. However, Zhang et
al. (2006) indicated that ABA is one of the most central stress sig
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nal transduction pathways of plant responses to abiotic stress. In
agreement with the current results, several studies have demonstrated
the positive responses of several dehydrin proteins to exogenous ABA
application or diverse stresses that involved ABA as regulator (Close,
1996; Nylander et al., 2001). Schroeder et al. (1987) and Kao et al.
(1996) have also demonstrated that the accumulation of dehydrin pro-
teins could be induced by the application of exogenous ABA in cul-
tured embryos. Moreover, working with ABA deficient mutants in A.
thaliana (Leonkloosterziel et al., 1996; Paiva and Kriz, 1994; Nelson
et al., 1994) and maize (Mori and Muto, 1997; Pla et al., 1993), the
significant effect of endogenous ABA on the induction of LEA protein
gene expression was demonstrated. Although exogenous ABA signif-
icantly increased the accumulation dehydrin proteins, it did not im-
prove their cold tolerance indicating that there is no significant role
of dehydrin proteins in the cold tolerance of cauliflower microshoots.
However, more research is still required to determine the effect of de-
hydrin proteins on the cold tolerance of cauliflower.

The application of molybdenum to the cauliflower culture me-
dia decreased the accumulation of dehydrin proteins at different size
classes. This indicates again that dehydrin proteins have no significant
effect on the cold tolerance of cauliflower microshoots since molyb-
denum was confirmed earlier in this thesis to significantly improve the
cold tolerance of the microshoots (Rihan et al., 2014). Molybdenum
has an essential role on the synthesis of ABA (Huang et al., 2009) and
ABA was confirmed to have positive effects on the accumulation of
dehydrin in cauliflower microshoots. Molybdenum has a negative ef-
fect on the accumulation of these proteins. It should be mentioned that
molybdenum has an essential role in several enzymes in plants such as
nitrate reductase, aldehyde oxidase, xanthine dehydrogenase and sul-
phite oxidase (Mendel and Hansch, 2002). However, to the best of our
knowledge, this is the first study to determine the effect of molybde-
num on the accumulation of dehydrin proteins in plants and further
investigations are required to determine the mechanism which molyb-
denum decreases the accumulation of dehydrins.

6. Conclusion

The chemical changes that occur during the development of cau-
liflower seeds were determined and the accumulation of dehydrin
proteins during the development of the seeds was confirmed. Sev-
eral chemical materials were applied to the cauliflower microshoots
culture media with the aim of increasing the level of dehydrin pro-
teins in order to simulate the structure of cauliflower traditional seeds
in artificial seeds. The addition of these chemical materials also en-
abled an investigation into the possible contribution made by dehy-
drins to microshoot cold tolerance. Several treatment reported in this
study, such as mannitol and ABA treatments, significantly increased
the level of dehydrin accumulation in cauliflower microshoots. This is
turns played an important role to improve the quality of artificial seed
produced. Interestingly, the current results suggest that dehydrin pro-
teins make no significant contribution to cauliflower microshoot cold
tolerance. The research helps to improve the understanding of mole-
cular aspects and the role of dehydrin proteins in plant abiotic stress
tolerance.
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