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Background: Stresses such as heat shock, starvation, or osmotic is essential to lead isolated microspores towards embryo-
genesis. Despite the effectiveness of stresses in embryogenesis, they exert adverse effects on metabolism and growth of
the regenerated plants.

Objectives: The effects of heat shock and 2,4-D treatment on total protein content of treated microspores, morphological
and physiological characteristics of the doubled haploid (DH) plants were assessed.

Materials and Methods: Buds containing mid- to late- uninucleate microspores were used for microspore culture.
Microspores were isolated and cultured in NLN-13 medium and incubated at 30°C for 14 days or treated with 2,4-D (35
mg.L-1) for 30 min to induce embryogenesis. Microspore-derived embryos were transferred onto B5 medium for plantlet
regeneration. Ploidy level of the regenerated plantlets was determined using Partec flow cytometry. Spectrophotometric
readings were carried out at 490, 663 and 645 nm to determine Chl a-b and carotenoids contents. TRIzol and cetyl-three-
ethyl-ammonium bromide (CTAB) were used for protein extraction from microspores and leaves. Length and width of
stomata and pollen grains were also photographed using light microscope (Olympus).

Results: Applied stressors significantly reduced total protein content of treated microspores however, protein content and
concentration of chlorophyll a and b of the DH plants were only increased by heat shock treatment when compared with
the donor plant ‘Hyola 420°. In contrast, carotenoids were not affected by applied stressors. Longer and wider stomata
were observed by 2,4-D treatment but, the length of pollen grains was significantly decreased following heat shock and
2,4-D treatment.

Conclusions: Total protein content of cultured microspores, concentration of chlorophyll a and b, length and width of
stomata of microspore-derived doubled haploid plants were significantly affected by the type of inductive stresses.
However, carotenoids were more stable and not affected by applied stressors.
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rated into Brassica breeding programs as well as gene
transformation, biochemical and physiological studies

1. Background
Isolated microspore culture is likely to remain a

prominent method in plant breeding programs as it
allows for the rapid production of DH plants while, in
the context of developmental biology, it allows for in
vitro embryogenesis to be explored in a greater detail
(1). Comprehensive utilization of DH production via
isolated microspore culture system has been incorpo-

(2). However, all these applications depend heavily on
the efficiency of microspore embryogenesis and subse-
quent plant regeneration.

Isolated microspores, when given the optimal com-
bination of culture conditions and stresses, can be
diverted from the normal gametophytic developmental
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pathway towards sporophytic pathway, and subse-
quently produce embryos and haploid or DH plants (3,
4, 5). In Brassica, microspores are usually induced by
heat shock pretreatment (6, 7) and its duration (8),
osmotic stress (6, 9),chemical inducers such as 2,4-D
(10), mutagenic agents (11) or stress hormones (5).
Exposure of isolated microspores to high temperature
is considered to be a key factor for embryogenesis
induction. Working on B. napus microspore culture,
Ahmadi et al. (8) noted that elevated temperature
(30°C) not only efficiently induced microspore
embryogenesis but also accelerated the process of
embryogenesis. Heat shock influences microtubule
distribution, blocks further gametophytic develop-
ment, during which, acentric nucleus migrates to more
central position and mitosis ultimately results in a
symmetrical division with two daughter cells, similar
in size and organelle distribution (3, 12, 13).

2, 4-D, a synthetic auxinic herbicide, is an appreci-
ated chemical inducer of microspore embryogenesis
(10). According to Ardebili et al. (10), 2,4-D at 15-45
mg.L-! for 15-45 min, induces microspore embryoge-
nesis in B. napus.However, the frequency of embryo
production and normal plantlet regeneration were
lower in comparison to the heat shock (30 or 32.5°C)
treatment (10). In addition, 2,4-D has been widely
used for embryogenesis induction in somatic cells of
Hylomeconvernalis (14) and zygotic cells of
Arabidopsis thaliana (15). 2,4-D acts not only as an
exogenous auxin analogue, but also as an abiotic stres-
sor (16). Although such stresses efficiently induce
microspore embryogenesis, they exert adverse effects
on metabolism and growth of the regenerated plants
and adaptation to such stresses depends heavily on the
series of morphological, physiological and biochemi-
cal adjustments (17).

2. Objectives

In this study, the effects of two inductive stress-
es 1.e. heat shock and 2,4-D treatment on total pro-
tein content of treated microspores, morphological
(length and width of guard cells, length of pollen
grains) and physiological characteristics (protein con-
tent and concentration of pigments of photosynthesis)
of the derived DH plants were assessed.

3. Materials and Methods

3.1. Donor Plants and Growth Conditions
Rapeseed (B.napus L.)cv. ‘Hyola 420 was the test
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plant. Donor plants were grown in a growth chamber
at a day/night temperature of 25/20°C with 16h pho-
toperiod and light intensity (PFD) of 400 pnEm-2s-1.
Plants were irrigated with 0.5 mg.L-! N.P.K. and 0.3
mg.L-1 micronutrients (Green More) two times a week.

3.2. Microspore Culture and Microspore-derived
Embryo (MDE) Regeneration

Flower buds (2.5-3.5 mm in length) containing a
mixed population of mid- to late- uninucleate
microspores were harvested from the main and lateral
branches of the donor plants that had reached anthesis
after about 80-100 days of culture. Harvested buds
were immersed in 3.5% sodium hypochlorite
(Golrang®, Tehran, Iran) with gentle shaking for 15
min followed by three 5-min washes with cold (4°C)
sterile distilled water. Approximately 90-100 sterilized
buds were placed in a glass tube and gently macerated
into 15 mL of liquid NLN-13 (18)medium supple-
mented with 13% (w/v) sucrose (DuchefaBiochemie,
Haarlem, The Netherlands) using a sterile glass rod.
The crude suspension was filtered through a 50 pm
nylon mesh, collected into two 50 mL centrifuge tubes
and the volume was adjusted with fresh NLN-13 medi-
um to 25 mL. The filtrate was centrifuged at 100 xg for
5 min at 4°C. The supernatant was decanted and the
pellet was rinsed in fresh NLN-13 medium. This pro-
cedure was repeated twice. Finally the plating density
was adjusted to 2x104 microspores/mL using a hemo-
cytometer (Precicolor, Germany). Microspore suspen-
sion (5 mL) was dispensed into 6 cm sterile plastic
Petri dishes (Farazbin®, Tehran, Iran). Cultures were
incubated either at 304+0.5°C in dark for 14 days or
treated with 2,4-D (35 mg.L-1) for 30 min, and trans-
ferred to 25+1°C. Once embryos were visible to the
naked eye,the Petri dishes were transferred onto a
rotary shaker in dark at 55 rpm.

MDEs measuring 4-6 mm in lengthwere trans-
ferred onto B5 medium (19) containing 0.1 mg.L-! gib-
berellic acid (GA;, Fluka, Buchs, Switzerland), 2%
(w/v) sucrose, pH 5.7 and 0.7% (w/v) agar
(DuchefaBiochemie). Following incubation at 4 +
0.5°C in dark for 10 days, the Petri dishes were main-
tained at 25+1°C under a 16h photoperiod with light
intensity of 40 pE/m?2/s! for 1 week. The MDEs were
placed onto B5 medium containing 1% (w/v) sucrose,
pH 5.7, 0.9% (w/v) agar with no GA; for plantlet
regeneration (11). Regenerated plantlets were trans-
ferred to pots containing sterile peat and perlite (1:1
v/v) and maintained in a growth chamber at 24+1°C
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under a 16h photoperiod with light intensity of 150
LEm-2s-! for 2 weeks. Gradual adaptation to green-
house conditions was then followed.

3.3. Determination of Ploidy Level and Chromosome
Doubling

Ploidy statues/DNA content of regenerated plants
was determined using flow cytometry (PA, Partec,
GmbH, Miinster, Germany). Segments measuring 7-10
mm in diameter from young leaves were finely
chopped using a sterile surgical blade in 400 uLL OTTO
extraction buffer (20) for the isolation of nuclei.
Extraction solution (1600 pL) containing DNA-
specific fluorochrome 4,6-diamino-2-phenylindole
(DAPI) (21) was added and the solution was filtered
through 50 pm nylon filter mesh. After 2-3 min incu-
bation in the extraction solution, the filtrate was imme-
diately analyzed with flow cytometer. Measuring
about 12000 nuclei, the relative content of DNA was
determined.

Haploid plants without any obvious phenotypic
abnormalities were treated with colchicine to induce
chromosome doubling. Once the plants were removed
from the pots, the roots were washed with tap water.
The roots of these plants were submerged in a 0.34%
colchicine (Sigma-Aldrich, St. Louis, MO) solution of
1.5 h and washed three times in water, transferred to
soil and left without watering for 1 week (6).

3.4. Chlorophyll Content

Leaves were cut into small pieces and ground in a
glass tissue grinder in the mixed acetone (80%, 20 mL)
and magnesium carbonate (0.5 g) in order to extract
chlorophyll (Chl) a-b and carotenoids from the DH and
the donor plant ‘Hyola 420°. The extract was cen-
trifuged at 2000 xg for 10 min at 4°C and the pellet
was discarded. Spectrophotometric readings were
made at 490, 663 and 645 nm to determine Chl a-b and
carotenoids content according to Lichtenthaler and
Wellburn (22).

3.5. Protein Extraction

Protein extraction from microspores was per-
formed according to Man et al. (23) with some modi-
fications. Isolated microspore suspensions following
heat shock (2 days at 30°C) and 2,4-D treatment (35
mg.L'1 for 30 min) were centrifuged at 150 xg for 5
min at 4°C,the supernatant was decanted and TRIzol
(1 mL) was added to the pellet. After incubating for 10
min at room temperature (25°C), chloroform (0.2 mL)
was added and vortexed for 15 s. The mixture was
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incubated for 15 min at room temperature. The result-
ing suspension was centrifuged at 12000 xg for 15 min
at 4°C and the supernatant containing RNA was
decanted. Ethanol (0.3 mL, 100%) was added to the
pellet and incubated for 2 min using gentle shaking.
The suspension was centrifuged at 2000 xg for 5 min
at 4°C and the supernatant containing proteins was
transferred to other tube. After adding acetone (100%)
and gentle shaking for 10 min, the suspension was cen-
trifuged at 12000 xg for 10 min at 4°C. The super-
natant was decanted and 2 mL of guanidine hydrochlo-
ride was added to the pellet and centrifuged again. This
process was repeated twice. Ethanol (1 mL, 100%)
containing 2.5% glycerol was added to tube for 20 min
and centrifuged at 10000 xg. Ethanol was added to the
pellet using gentle shaking and the tube was incubated
for 10 min at room temperature until the pellet was
dried. Finally, 0.2 mL of SDS (1%) was added to the
dried pellet, vortexed for 20 min and centrifuged at
10000 xg for 10 min at 4°C. The pellet, containing
protein, was stored at -20°C until needed. For extrac-
tion of total soluble protein of leaves, 100 mg of frozen
plant material (-80°C) was ground in liquid nitrogen,
vortexed with 300 pL extraction buffer (100 mM
HEPES pH 7.1, 250 mM sorbitol, 10 mM MgCl,, 10
mM KCI, 1 mM EDTA, 1 mM EGTA, 2 mM DTT, and
1 mM PMSF), and centrifuged at 15000 xg for 20 min
at 4°C. The protein concentration of supernatant was
measured using Bradford assay (24).

3.6. Anatomical Features

Length and width of stomata and pollen grains
were photographed using light microscope (Olympus,
Nagano and Japan) with digital camera (Canon power
shot S80). The photographs were taken by Zoom
Browser Ex program and the dimensions were meas-
ured using Corel Draw software version 12.

3.7. Experimental Design and Statistical Analysis

The experiments were conducted in completely
randomized design (CRD) to evaluate the effect of two
stressors. Each treatment had five replications. Data
analyses were performed using SPSS software version
17 and the means were compared using Duncan’s mul-
tiple range test (DMRT) at oo = 0.01 following analysis
of variance (ANOVA).

4. Results

Late unicellular microspores (suitable for rapeseed
microspore culture, 11) were isolated (Figure 1A) and
stained by DAPI to confirm the exact developmental
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Figure 1. A,B: late unicellular microspores, C: globular
embryo, D: DAPI-stained globular embryo,E: heart-shaped
embryo, F: DAPI-stained heart-shaped embryo,G: torpedo-
shaped embryo, H: cotyledonary embryo, I,J: cotyledonary
embryo transferred onto the B5 medium containing 0.1
mg.L-1 GA3, K: germinated embryo transferred onto hor-
mone-free B5S medium for plantlet regeneration, L: fully-
developed plantlet transferred into pots containing sterile
peat and perlite

stage (Figure 1B). Successive MDE development was
also documented under inverted microscope (Figure
1C and D: globular embryo, 1E and F: heart-shaped
embryo, 1G: torpedo-shaped embryo and 1H: cotyle-
donary embryo). Cotyledonary MDEs were transferred
onto the B5 medium containing 0.1 mg.L-! GA,
(Figure 1 I and J) and transferred onto the hormone-
free B5 medium for plantlet regeneration (Figure 1K).
Fully developed plantlets were transferred to pots con-
taining sterile peat and perlite for acclimation (Figure
1 L). Chromosome number of haploid plantlets were
doubled using colchicine treatment.Anatomical and
physiological characteristics were measured during
flowering phase.

4.1. Quantification of Proteins

Total protein content of microspores and regenerated
DH plants were significantly affected by applied stres-
sors (Figure 2). The highest protein content was
observed in untreated microspores (9.1976 pg.mL-1).
The difference between heat shock (8.7288 pg.mL-1)
and 2,4-D treated (8.5666 pg.mL-!) microspores was
not significant. The highest leaf protein content was
obtained in heat shock treated DH plants (41.7584
mg.mL-1). No significant difference was observed
between leaf protein content of the donor plant ‘Hyola
420’ and the DH plants obtained by 2,4-D treatment.
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Figure 2. Effects of heat shock (30 + 0.5°C for 14 days) and
2,4-D (35 mg.L-! for 30 min) stress treatment on protein
content of A: Microspores; B: regenerated DH plants.
Means followed by the same letters are not significantly dif-
ferent according to DMRT (P = 0.01)

=~ 6
2 b
w 5
E
S 4
g
' 3
o3
8
Q2 =
] b
1 . . B
0 : I ,
Hyola 420 Heat shock (DH) 2,4-D (DH)

Figure 3. Effects of heat shock (30+0.5°C for 14 days) and
2,4-D (35 mg.L-! for 30 min) stress treatment on carotenoid
and Chl a-b content of regenerated DH plants. Means fol-
lowed by the same letters are not significantly different
according to DMRT (P = 0.01)

4.2. Pigments of Photosynthesis

The concentration of main photosynthetic pigments
(Chl a-b and carotenoids) in the donor plant ‘Hyola
420’ was compared with the DH plants (Figure 3). A
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Figure 4. Length and width of stomata in, A: diploid; B: DH plants derived from heat stressand C: DH plants derived from

2,4-D treatment; bar = 2 pm

Figure 5. Length of pollen in, A: diploid; B: DH plants derived following heat stress and C: DH plants derived from 2,4-D

treatment; bar =2 pm

significant difference between the concentrations of
Chl a-b in ‘Hyola 420’ and the heat shock treated DH
plants was evident. The highest concentration of Chla
and b (5.6600 and 1.6191 mg.mL-1, respectively) was
observed in heat shock treated DH plants. However,
carotenoids were more stable and were not affected by
either heat shock or 2,4-D treatment.

4.3. Length and Width of Stomata and Pollen Grains
Morphological variation in size of stomata (Figures
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Figure 6. Effects of heat shock (30 + 0.5°C for 14 days) and
2,4-D (35 mg.L! for 30 min) stress treatment on length and
width of pollen and stomata of regenerated DH plants.
Means followed by the same letters are not significantly dif-
ferent according to DMRT (P = 0.01)
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4,5) was also observed between DH plants derived
from 2,4-D as a stressor with diploid and DH plants
resulting from heat stress. Length and width of stoma-
ta and pollen grains were affected by applied stressors
(Figure 6). Longer (1.1296 cm) and wider (0.8085 cm)
stomata were observed in the DH plants treated by 2,
4-D. Additionally, the differences between length and
width of stomata in the donor plant ‘Hyola 420’ and
the heat shock treated DH plants were not significant.
The length of pollen grains significantly decreased in
both heat shock treated and 2,4-D treated DH plants
when compared with the donor plant ‘Hyola 420°.

5. Discussion

Stress is an essential component for microspore
embryogenesis (3). Plants respond variably to induc-
tive stresses. These responses include varieties of mor-
phological and physiological alterations that all
depend on the degree and the complexity of stress type
and the manner in which the stress is perceived by
plant. According to our results, applied stressors i.e.
heat shock (30+0.5°C for 14 days) and 2,4-D (35
mg.L-1 for 30 min) treatment, significantly reduced
total protein content of treated microspores. Working
on tobacco microspore embryogenesis, Garrido et al.
(25) noted a decrease in the overall synthesis of protein
content in microspores during a 7-day starvation (25).
Protein degradation and inhibition of protein synthesis
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following inductive stresses are implicated in the
switching microspore from gametophytic develop-
mental pathway towards embryogenesis (26).

Ultra-structural studies in microspores of B. napus
cv. “Topas” showed organelle-free regions in the cyto-
plasm of heat treated microspores (27), support the
idea that the protein degradation and inhibition of pro-
tein synthesis may trigger a switch from gametophytic
pathway towards microspore embryogenesis (28). In
addition, some of the observed structural and biochem-
ical changes suggest that a transient cell cycle arrest is
needed prior to embryogenic commitment (29). Such a
phase of metabolic quiescence during the induction
period is necessary for cytoplasmic reorganization and
the generation of an autophagic response that would
eliminate the weakest microspores (30). However,
according to our results, the difference between pro-
tein content of the heat shock (8.7288 ug.mL-1) and
2,4-D treated (8.5666 pg.mL-1) microspores was not
significant.

Leaf protein content was also affected by heat
shock and 2,4-D treatment in the derived DH plants.
According to our results, the highest total protein con-
tent (41.7584 mg.mL-1) was observed in the DH plants
obtained by heat shock treatment. However, Gulen and
Eris (31) noted that both gradual heat stress (increased
stepwise by 5°C/48 h up to 30-45°C) and constant heat
stress (30-45°C) conversely affected total protein con-
tent in strawberry (Fragaria % ananassa cv.
Camarosa).Thus, temperature incline leads to protein
content reduction. This might be due to protein denat-
uration and inhibition of newly protein synthesis at
high temperatures, since the injury from high temper-
ature has often been attributed to the denaturation of
proteins (31). Similar results were observed by He et
al. (32) in creeping bentgrass. The plant total protein
content in response to heat stress seems to be
species/genotype dependent (33). Thermo-tolerant
species/genotypes have significantly higher total pro-
tein content and newly synthesized proteins compared
to the less thermo-tolerant species/genotypes during
prolonged period of heat stress (33, 34). The decline in
the content of total or newly synthesized proteins sug-
gests that protein degradation rates exceed protein syn-
thesis rates during heat stress. Thermo-tolerant
species/genotypes may be able to sustain protein syn-
thesis better and/or posses relatively more thermo-sta-
ble proteins i.e. heat shock proteins during heat stress
(33). In this study, 2,4-D treatment did not affect total
protein content of the derived DH plants in comparison
with the donor plant ‘Hyola 420°. Information about
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regulatory role(s) of 2,4-D treatment on protein con-
tent of plants is rather limited. However, Kumar (35)
noted that 2,4-D treatment (50-1200 ppm) reduced
total protein content gradually from lower to higher
concentration in Triticum aestivum L. at normal labo-
ratory temperature (25+£2°C).
The highest concentration of Chl a-b (5.6600 and
1.6191 mg.mL-!, respectively) was observed in the DH
plants derived following heat shock treatment.
Working on coffee seedlings, Oliviera ef al. (36) noted
that temperature ranging from 10°C to 25°C caused
Chl a-b accumulation in the seedlings’ cotyledonary
leaves. However, inhibitory effect of higher tempera-
tures (> 37°C) on Chl a-b accumulation has been
reported (37, 38). Chlorophylls (a and b) are known to
be easily degraded by conditions such as dilute acids,
high temperatures and in response to abiotic stresses
(39, 40). In this study, Chlorophylls (a and b) content
were not affected in the DH plants treatedby 2,4-D in
comparison with‘Hyola 420°.However, Setyaningrum
(41), noted that 2,4-D (1 mg.L-!) markedly increased
Chl a-b content in alfalfa callus (Medicago sativa L.).
According to our results, carotenoids were more
stable in comparison with Chl a-b and its content was
not affected by stressors used in this study. Working on
Coriandrum staivum L., Kumar et al. (42) noted that
2,4-D (10-100 uM) did not affect carotenoid content in
treated seedling. However, instability of carotenoids is
observed in other species upon high temperatures
(>50°C) regimes (43) and 2,4-D treatment (41). Urrea
et al. (42) observed 15.0%, 17.7% and 25.4% degrada-
tion of carotenoids at 50, 60 and 80°C, respectively in
carrot (Daucus carota). Furthermore, 2,4-D (1 mg.L-1)
application increased carotenoid content in callus of
M. sativa L. (41).

Heat shock and 2,4-D treatment significantly
decreased the length of pollen grains in comparison
with ‘Hyola 420°.The differences between pollen
length of the DH plants obtained from heat shock and
2,4-D treatment were not significant. However,
Jacobsen and Martens (44) reported that the diameter
of pollen grains in Trifolium repens L. was influenced
by developmental temperatures. In their report, the
pollen grains developed at 10°C were 2.3 pm smaller
in diameter on average in compared to those formed at
18°C. High temperature affects the growth and devel-
opment of pollen grains, which in turn impinge on
seed formation and development (45). Within a flower,
anthers and pollen grains are more sensitive to heat
shock than ovules, and floret sterility at temperatures
>30°C has been correlated with diminished anther
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dehiscence (46), production of fewer pollen grains,
pollen sterility (47) and reduced in vivo pollen germi-
nation (48).

Length and width of the stomata were also affected
by applied stressors and longer and wider stomata
were observed in the DH plants treated by 2,4-D.
Working on woody species e.g. Chromolaena adorata,
Griffonia simplicifolia and Morinda lucida, Mensah
(49) reported that the stomatal dimensions (width and
length) of those species had adaptation mechanisms to
the stress environment in which high temperatures
(mainly in the afternoon) significantly decreased the
length and width of the stomata. Stomatal behavior
could be an innate ability to adapt to the environmen-
tal stresses i.e. drought and high temperatures (49).

6. Conclusions

Stress is needed to deviate the developmental fate
of cultured isolated microspores from gametophytic
towards embryogenesis. Plants respond to such stress-
es via morphological and physiological adjustments.
Two inductive stresses (2,4-D and heat shock) were
studied and morphological and physiological charac-
teristics of treated microspores and derived DH plants
were analyzed. Total protein contents of treated
microspores drastically decreased but total protein
content of derived DH plants significantly increased
following stress application. Both Chla and b were
increased after heat shock treatment. 2,4-D treatment
resulted in wider and longer stomata in the derived DH
plants when compared with the donor plants and the
DH plants following treatment by heat.
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