
ORIGINAL RESEARCH PAPER

Maintenance of membrane integrity and increase of taxanes

production in hazel (Corylus avellana L.) cells induced

by low-intensity ultrasound

Masoumeh Safari • Faezeh Ghanati •

Abazar Hajnoruzi • Ayatollah Rezaei •

Parviz Abdolmaleki • Manigeh Mokhtari-Dizaji

Received: 29 October 2011 /Accepted: 26 January 2012

� Springer Science+Business Media B.V. 2012

Abstract Suspension-cultured hazel cells were ultr-

asonicated at power densities of 4 and 455 mW for

4–40 min. Both treatments stimulated the production of

major taxanes:Taxol, 10-deacetylbaccatin, andbaccatin

III. The highest amounts of these taxanes (0.46, 0.26,

and 0.07 mg/l, respectively) were obtained at 8 and

20 min of the treatment at 455 mW. Ultrasound had no

adverse effects on cell viability, growth, or membrane

integrity. Increased release of taxanes by ultrasound

resulted not from increased membrane permeability but

more likely from stimulation of taxanes biosynthesis.

Keywords Baccatin III � Corylus avellana �

10-Deacetylbaccatin � Membrane integrity �
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Introduction

Ultrasound is a physical tool for manipulation of plant

and animal cells and organs. Early studies about

ultrasoundweremostly focused on its hazardous effects

on living organisms. However, more recently, increas-

ing attention has been paid to the beneficial effects and

potential applications of ultrasound in plant biotech-

nology based on its intensity and exposure time as well

as on the physiological conditions of plant tissues (Lin

and Wu 2002; Pong et al. 2006). Low-intensity

ultrasound can produce a variety of effects on biological

materials, such as alteration of enzyme activity, cell

growth, cell membrane and organelle structure (Bochu

et al. 1998). Ultrasound has also been applied to
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improve the extraction of natural products such as for

Taxol from cultured cells (Wu and Ge 2004). However,

the mechanism(s) by which ultrasound exerts its effects

is a matter of debate. Taxol (paclitaxel) is a diterpenoid

alkaloid and is currently one of the best drugs for the

treatment of various cancers. Yew trees produce very

low yields of Taxol and grow very slowly. However,

hazel (Corylus avellana), an angiosperm that produces

Taxol and other taxanes (Otaggio et al. 2008; Rezaei

et al. 2011), is widely available and hazel cells grow

faster in vivo and are easier to cultivate in vitro than

yew, thus proving to be more beneficial than yew. The

aim of the present study was evaluation of ultrasound-

induced physiological responses and taxane production

in hazel cells. Possible effects of ultrasound exposure

on alteration of cell membrane integrity are also

discussed.

Materials and methods

Cell culture and ultrasound treatments

A rapidly growing cell line of hazel (Corylus avellana

L. cv. Gerd Eshkevar) was used, and the cells were

cultured in a modified MS medium without glycine

and supplemented with 3 mg NAA/l, 3 mg IAA/l, and

1 mg kinetin/l (Sahebjamei et al. 2007). Suspension

cultures were kept in dark at 25�C with shaking at

110 rpm and were subcultured every 7 days. The

growth curve of the cells was plotted, and the cells in

the mid-growth phase (days 6–11) were exposed to

ultrasound by a piezoelectric ultrasound device (Bar-

ber et al. 1997). Power was supplied to the sonicator

through a voltage stabilizer to offset any fluctuations

in the supply. The pressure amplitude of the sound

waves was measured using the hydrophone technique

as previously described (Rezaei et al. 2011). The

frequencies of this ultrasonic unit was 29 kHz and the

spatial peak intensities were 4 and 455 mW/cm2 for

fundamental frequency based on calibration certifica-

tion test results. After the treatment, the cells were

filtered and transferred into fresh media and kept for a

further 1 week until harvesting.

Biochemical analysis

The growth of hazel cells was monitored by their dry

wt Viability of the cells was assessed with Evans Blue

(aqueous, 0.05% w/v) as described by Smith et al.

(1984), and damage to membranes was evaluated by

measuring the lipid peroxidation rate (De Vos et al.

1991) and leakage of electrolytes from membranes

(Chen et al. 2008).

Intra- and extracellular taxanes were extracted with

methylene chloride/water (1:1 v/v) and were detected

by HPLC (Rezaei et al. 2011). Quantification of Taxol,

baccatin III, and 10-deacetylbaccatin was accom-

plished by comparing the retention time and peak area

with reference standards.

Free proline was extracted from frozen cells in 3%

(v/v) aqueous sulfosalicylic acid and estimated using

ninhydrin reagent (Vendruscolo et al. 2007). Fructan

content was measured using a modified anthrone

method with 0–30 lg inulin/ml standards (Jermyn

1956). The peroxidase activity was assessed using

guaiacol as an electron donor (Sahebjamei et al. 2007).

Statistical analysis

SPSS (version 16, Chicago, IL, USA) were used for

statistical analysis. An LSD test was calculated for

multiple means comparisons at a significance level of

p B 0.05.

Results

Cell growth and viability

Ultrasound exposure of low power (4 mW) for 8 and

20 min increased the biomass by 11 and 7%, respec-

tively. However, exposure for 40 min decreased the

dry mass by 5% of that of the control cells (Fig. 1).

Ultrasound exposure of higher power (455 mW) for

8 min significantly increased dry mass of the cells by

15%, but 20-min and 40-min exposure significantly

decreased dry mass by 9% of that of the control cells

(Fig. 1). Cell viability did not change with up to 8-min

ultrasound exposure, but decreased to 19% of that of

the control cells after exposure for 20–40 min (Fig. 1).

Membrane integrity

Ultrasound exposure of 4 mW for up to 20 min had no

significant effect on lipid peroxidation of membrane of

hazel cells, but 40-min exposure increased the lipid

peroxidation rate by 7% of that of the control cells
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(Fig. 2). However, ultrasound exposure of 455 mW

for 20–40 min increased the lipid peroxidation rate by

16–19% of that of the control cells (Fig. 2). Changes

in electrolyte leakage through hazel cell membranes

showed tendencies similar to those of lipid peroxida-

tion rate of membrane (Fig. 2).

Accumulation of proline and fructans

and peroxidase activity

Fructan content of ultrasound-treated cells was greater

(14–68%) than that of the control cells (Fig. 3a).

Proline content of all ultrasound-treated hazel cells

was significantly greater (9–30%) than that of the

control cells (Fig. 3b).

Ultrasound stimulated peroxidase activity by

51–228% of that of the control cells (Fig. 4). The

enzymeactivity increasedwith increasingexposure time

up to 20 min. An increase of exposure time to 40 min,

however, decreased the peroxidase activity, although it

was still greater than that of the control cells (Fig. 4).

Accumulation of taxanes

Major taxanes, i.e., Taxol, 10-deacetylbaccatin, and

baccatin III, were detected both inside the hazel cells

(intracellular) and in the media (extracellular). As

Table 1 shows, Taxol was the major taxane of hazel

cells. Taxol content of ultrasound-treated cells was

6-times greater than that of the control cells

(0.46 ± 0.01 vs. 0.08 ± 0.01 mg/l). Treatment of hazel

cells with ultrasound also increased the production of

10-deacetylbaccatin (maximum 0.26 ± 0.01 mg/l) and

baccatin III (maximum 0.07 mg/l), which were 5- and

7-times greater, respectively, than those in the control

cells (Table 1). Detailed changes in the percentage

release of all three detected taxanes are shown in

Table 1.

Discussion

Ultrasound increases the release of secondary metab-

olites of suspension-cultured plant cells into their

media (Liu et al. 2003; Wang et al. 1998). This was

attributed more to the increase of membrane perme-

ability rather than physiological response of the cells to

ultrasound. Several aspects of the effects of ultrasound

on the physiology of suspension-cultured hazel cells

have been considered in our study. Our study demon-

strated the stimulatory effects of ultrasound on the

growth of hazel cells in short exposure periods. Similar
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Fig. 1 Viability and growth of suspension-cultured hazel cells

treated with ultrasound. Six-day-old cells were exposed to

ultrasound at power densities of 4 and 455 mW for 4–40 min.

Cell dry weight (DW) and viability were measured after 7 days.

Data are presented as mean ± SD with n = 3. Bars with

different letters in each graph are significantly different at

p B 0.05 according to LSD test
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Fig. 2 Membrane integrity of hazel cells monitored by

measuring malondialdehyde (MDA) as the final product of

lipid peroxidation and by electrolyte leakage. Six day old cells

were exposed to ultrasound at power densities of 4 and 455 mW

for 4–40 min. Lipid peroxidation rate was measured after 7 days

and electrolyte leakage was measured immediately after the

treatments. Data are presented as mean ± SD with n = 3. Bars

with different letters in each graph are significantly different at

p B 0.05 according to LSD test
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stimulatory effects of ultrasound have been reported in

suspension-cultured cells of rice and carrot and solid

cultured callus of aloe (Liu et al. 2003; Wang et al.

1998). Acoustic cavitation and changes of membrane

fluidity have been suggested as the most possible

causes for the various physiological effects of ultra-

sound (Liu et al. 2003). Adverse effects of ultrasound

on plant cells have also been attributed to the changes

in structure and properties of membrane unsaturated

fatty acids, resulting in enhanced free-radical forma-

tion and increased membrane permeability (Chen et al.

2008). However, our results showed that the treatment

of hazel cells with an appropriate dosage of ultrasound

does not change the lipid peroxidation rate of mem-

brane or solute leakage of the cells but provides the

cells with increased proline and fructans contents.

Fructans stabilize membranes by direct hydrogen

bonding to the phosphate and choline groups of

membrane lipids (Garcia et al. 2011) and accumulation

of proline protects the plant cells against singlet

oxygen production during stress conditions, thus

maintaining membrane integrity (Hong et al. 2000;

Vendruscolo et al. 2007). Activation of peroxidase was

another noteworthy effect of ultrasound in hazel cells.

Considering that peroxidase is an antioxidant enzyme

acting specifically on peroxide, ultrasound exposure

again resulted in stabilization ofmembrane integrity by

increasing the peroxidase activity and limiting the

damage caused by peroxide radicals (Zhou et al. 2011).

Coincident with these results was low membrane

leakage of ultrasound-treated cells. However, the

mechanisms by which ultrasound triggers such

responses in cells remain to be clarified.

The taxane release ratio of cells exposed to ultra-

sound for short periods was very similar to that of the

control cells. However, the total amount of each taxane

markedly increased, implying again that ultrasound

stimulated the biosynthesis of taxanes and not increase

their release through the membrane.
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Fig. 4 Peroxidase activity in hazel cells 7 days after ultrasound

exposure at power densities of 4 and 455 mW for 4–40 min.

Data are presented as mean ± SD with n = 3. Bars with

different letters in each graph are significantly different at

p B 0.05 according to LSD test
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Fig. 3 Accumulation of fructan (a) and proline (b) in hazel

cells 7 days after ultrasound exposure at power densities of 4

and 455 mW for 4–40 min. Data are presented as mean ± SD

with n = 3. Bars with different letters in each graph are

significantly different at p B 0.05 according to LSD test
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Table 1 Taxane production by suspension-cultured hazel cells treated with ultrasound

Exposure

time (min)

Power

(mW)

Taxol (mg/l) 10-deacetylbaccatin (mg/l) Baccatin III (mg/l)

Total Release

ratio (%)a
Total Release

ratio (%)

Total Release

ratio (%)

0 0.08 ± 0.01f 28 0.05 ± 0.01f 54 0.01 ± 0g 3

4 4 0.17 ± 0.02e 28 0.11 ± 0.01e 54 0.02 ± 0f 7

8 0.27 ± 0.01d 26 0.13 ± 0.02e 52 0.02 ± 0f 3

20 0.39 ± 0.01c 25 0.2 ± 0.02c 52 0.05 ± 0c 3

40 0.32 ± 0.01c 34 0.2 ± 0.01c 69 0.04 ± 0d 7

4 455 0.19 ± 0.01d 28 0.13 ± 0.02e 55 0.02 ± 0e 2

8 0.46 ± 0.01b 27 0.16 ± 0.01d 57 0.05 ± 0c 3

20 0.42 ± 0.01b 43 0.26 ± 0.01b 61 0.07 ± 0b 3

40 0.24 ± 0.01d 53 0.26 ± 0.02b 75 0.04 ± 0d 4

Six-day-old cells were exposed to ultrasound at power densities of 4 and 455 mW for 4–40 min. After 7 days, taxanes were extracted

and analyzed by HPLC. Data are represented as mean ± SD with n = 3. In each column, mean values with different superscript

letters had significant difference at p B 0.05 according to LSD test
a Release ratio (w/w) = (extracellular taxane/total taxane) 9 100
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