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Abstract

Changes in phenolic metabolism after elicitation with Colletotrichum gloeosporioides (CG) has been studied in Hypericum perforatum
L. (HP) cell suspension cultures. Soluble phenolics were analysed by HPLC-DAD and HPLC-DAD-MS/MS. HP cultures elicited with
the CG elicitor showed a significant increase in xanthone accumulation. Xanthone accumulation increased twelve fold when the cells
were primed with methyl-jasmonate (Mel) or salicylic acid (SA), before elicitation. HP cultures exposed only to MeJ produced a set
of flavonoids, the flavones which represent a substantial part (approx. 40%) of the total flavonoids accumulated in these cells. The pos-
sible importance of xanthones as a component of defence mechanism of HP against biotic stress is discussed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hypericum perforatum L. (St. John’s wort) is a medicinal
plant used all over the world. Extract of HP is widely used
to treat mild to moderate depression. The efficacy of the
extract has been supported by some pharmacological and
clinical studies (Erdelmeyer et al., 2000; Izzo and Ernst,
2003; Butterweck, 2003), attracting the interest of pharma-
ceutical industries. Presently, HP is one of the leading
medicinal herbs sold both in EU and in USA (Erdelmeyer
et al., 2000).

The growing demand for HP-derived products and their
phytochemical consistency lead the producers to utilize the
biomass of cultivated plants instead of wild collection.
Nowadays, HP cultivation covers several hundred hectares
in Europe (Gaudin et al., 2003). Most of these plants are
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grown organically, so they are highly exposed to patho-
gens. One of the main problems concerning the long-term
cultivation of HP is the fungal disease anthracnose caused
by Colletotrichum gloeosporioides (Gaudin et al., 2003).
This pathogen is responsible for heavy losses in HP planta-
tions by lowering yield and modifying the chemical compo-
sition of the plant extracts. Several efforts have been taken
to obtain HP plants resistant to anthracnose. Nevertheless,
little is known about the defence responses of this plant
against pathogen attack. Differential accumulation of
hyperforin and hypericin after elicitation of H. perforatum
plantlets with C. gloeosporioides was reported (Gibson and
Sirvent, 2002).

Plant cell cultures of several species have been utilized,
successfully as models to study the biochemical changes
related to plant defence responses against pathogens
(Hagemeier et al., 1999; Conrath et al., 2002; Hahlbrock
et al., 2003). This system is relatively easy to manipulate
and provide a better control of external factors that can
interfere with the metabolic activities and thus advanta-
geous over in vivo plant-pathogen interaction.
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Here, we report the utilization of HP cell suspension cul-
tures as a tool to study the defence responses related to
phenolic metabolism against C. gloeosporioides attack

2. Results

2.1. Phenolic profiles of non-elicited and elicited
H. perforatum cultures

Fig. 1(a) shows a typical HPLC profile of the phenolics
produced by HP cell cultures (control). A major group of
compounds were putatively identified as xanthone deriva-
tives with 1,3,6,7 oxygenation pattern based on their char-
acteristic UV spectra previously (Dias et al., 2000, 2001). A
major xanthone (compound X1) was putatively identified
as mangiferin. HPLC-MS/MS analysis of this compound
gave a molecular ion m/z [M — H]™ of 421.5 and major —
MS? fragments at m/z 331.0 [M — H — 90]" and 301.2
[M — H — 12077, losses characteristics of C-hexosyl com-
pounds (Cuyckens et al., 2001). HPLC-DAD-MS/MS
comparison analysis with a commercial standard of mang-
iferin (Extrasynthese, Genay, France) confirmed this iden-
tification. Xanthones X7 and X10 were identified as 1,3,
7-trihydroxy-6-methoxy-8-prenylxanthone (molecular ion
m/z [M — H]™ of 341.5) and y-mangostin (molecular ion
m/z [M — H]™ of 395.5), respectively, by HPLC-DAD
and HPLC-MS-MS comparisons with pure compounds
previously isolated from Hypericum androsaemum cell cul-
tures (Dias et al., 2000). Several other minor compounds
were categorized as 1,3,6,7-xanthone derivatives by
HPLC-DAD-MS/MS analysis, but not fully identified.

A second set of phenolics (F2-F4) produced by HP cell
cultures were identified as flavonols based on their charac-
teristic UV spectra. An intense deprotonated ion of the
aglycone (m/z 300.2) was observed for these compounds
indicating that they are quercetin derivatives. Compounds
F2 and F3 contained similar deprotonated molecular ion
m/z at 463.6 and a major —~MS? fragment at m/z 301.0, cor-
responding to the loss of a hexoside residue from quercetin
aglycone. Commercial standards (Extrasynthese, Genay,
France) were used to confirm the compound F2 as hypero-
sid and F3 as isoquercetrin. Compound F4 shared similar-
ity with F2 and F3 in UV-spectra indicating its quercetin
3-derivative nature. It has a deprotonated molecular ion
at m/z 505.2 and -MS? fragments at m/z of 462.7
[M — H — 42] (quercetin 3-hexoside), that resulted from
the loss of an acetyl group, and m/z of 301.0 (quercetin
aglycone). According to its UV and mass spectra, this com-
pound could be an acetyl derivative of hyperoside or iso-
quercetrin, a compound recently identified in HP plants
(Silva et al., 2005).

HP cells primed with MeJ produced several compounds
that were not detected in the control cells (Fig. 1(b), com-
pounds F1, F5-F10). Compound F1 has shown a similar
UV and MS-MS spectra (m/z of 463.8 and 301.0) to those
of compounds F2 and F3 indicating that it is a quercetin-3-

hexose derivative. Compounds F5-F10 were identified as
flavone derivatives. Compounds F5 and F6 have a deproto-
nated molecular ion at m/z 447.9, -MS? fragment at m/z of
285.7 (aglycone) and a similar UV spectra (267, 339). They
were characterized tentatively as 6- and/or 8-OH-apigenin-
7-hexosides based on their UV and MS-MS spectra.
Compound F9 was identified as luteolin-C-prenyl by
HPLC-DAD-MS/MS after comparison with pure com-
pound previously isolated from H. androsaemum cell cul-
tures (Dias et al., 1998). Compounds F7, F8 and F10
were also assigned as luteolin derivatives due to their UV
spectra (255, 277, 346) and the presence of an intense —
MS? fragment at m/z of 285.9. Cells primed only with SA
did not produce any new compounds.

Several compounds were produced de novo in HP cul-
tures when elicited with CG (Fig. 1(c)) mainly in those cells
previously primed with MeJ (Fig. 1(d)). On perusal of the
profile of UV spectra, the compounds were identified as
1,3,6,7 xanthone derivatives. Similar HPLC profiles were
obtained when the cultures were first primed with SA and
then elicited with CG extract (results not shown). Com-
pound X2 was identified as 1,3,6,7-tetrahydroxyxanthone
aglicone (single intense molecular ion m/z [M — H]™ of
259.9). Compound X3 was putatively identified as mangif-
erin-C-prenyl. HPLC-MS/MS analysis of this compound
gave a molecular ion m/z [M — H]™ of 489.6 and major —
MS? fragments at m/z 399.1 [M —H —90]" and 369.2
[M — H — 120] ", losses characteristics of C-hexosyl com-
pounds (Cuyckens et al., 2001). Compound X4 gave a
molecular ion m/z [M — H]™ of 517.7, major -MS? frag-
ments at m/z of 365.0 and an intense fragment at m/z of
257.1 characterized it as a dimer of 1,3,6,7-tetrahydroxyx-
anthone. Compounds X5 and X6 had an UV spectra char-
acteristic of 1,3,6,7-oxygenated xanthones and molecular
ionm/z[M — H]™ of 326.9. So, these compounds were iden-
tified as 1,3,6,7-tetrahydroxyxanthone-C-prenyl isomers.
Compounds X8, X9 and X11 were putatively identified as
isomers of y-mangostin (1,3,6,7-tetrahydroxyxanthone-
C-bis-prenyl), since they have a similar molecular ion m/z
[M — H]™ of 395.4 but different UV spectra and retention
times. Several minor compounds were also identified as
1,3,6,7-tetrahydroxyxanthone derivatives but their identifi-
cation was not fully accomplished.

2.2. Differential accumulation of phenolics due to MeJ and
SA priming and CG elicitation

Fig. 2 shows the accumulation of major phenolic groups
after 24 h of CG elicitation in seven days old HP suspen-
sion cultures.

HP suspension cultures elicited with the fungal elicitor
showed a significant increase (seven fold) in xanthone accu-
mulation. This burst was due to an increased production of
usual xanthones (like X7 and X10) as well as the synthesis
of new ones (Fig. 1(c)). This effect was particularly notice-
able when the cells were primed with Mel prior to elicita-
tion with CG (Fig. 1(d)). In this condition, total
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Fig. 1. HPLC-DAD chromatograms of methanolic extracts from H. perforatum cells, at the 7th day of growth: (a) control samples; (b) MeJ-treated
cultures; (c) cultures elicited with C. gloeosporioides elicitor; (d) cultures primed with Mel, prior to C. gloeosporioides elicitation. Compounds: X1 —
mangiferin; X2 — 1,3,6,7-tetrahydroxyxanthone; X3 — mangiferin-C-prenyl; X4 — 1,3,6,7-tetrahydroxyxanthone dimer; X5, X6 — 1,3,6,7-tetrahydroxy-
xanthone-C-prenyl isomers; X7 — 1,3,7-trihydroxy-6-methoxy-8-prenylxanthone; X8, X9, X11 — isomers of y-mangostin; X10 — y-mangostin (1,3,6,
7-tetrahydroxyxanthone-bis-prenyl). F1 — quercetin-3-hexose derivative; F2 — hyperosid; F3 — isoquercetrin; F4 — acetyl quercetin-3-hexoside; F5 and F6 —
glycoside apigenin derivatives; F7, F8 and F10 — luteolin derivatives; F9 — luteolin-C-prenyl.
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Fig. 2. Total phenols produced by cell cultures of H. perforatum at the 7th
day of growth, 24 h after fungal elicitor addition. Cultures were treated
with MeJ (100 pM), SA (25 uM), or C. gloeosporioides elicitor (F). The
bars indicated as MeJ + F and SA + F correspond to cells primed with
MeJ (100 uM) or SA (25 uM), respectively, before the addition of the
fungal elicitor. Results are means (£SD) of six independent replicates
from two independent experiences. All the values are statistically different
(P <0.05) except those signalised with the same letter.

xanthone content increased approximately twelve times
when compared to the control (Fig. 2). Addition of SA
alone to HP cultures also increased xanthone accumulation
significantly (P < 0.05).

Flavonoids accumulation in HP suspension cultures was
also changed considerably after priming and elicitation pro-
cedures (Fig. 2). Flavonoids were not detected in cells
exposed only to the fungal elicitor. Accumulation of these
compounds decreased in the cells primed with MeJ or SA fol-
lowed by CG celicitation (P < 0.05). HP suspension cultures
exposed only to MelJ produced a new class of flavonoids,
the flavones (Fig. 2). Flavones represent a significant pro-
portion (approx. 40%) of the total flavonoids accumulated
in those cells. Interestingly, in this condition, the total accu-
mulation of flavonoids (flavonols plus flavones) did not
change significantly from the control (P > 0.05).

In spite of the significant changes in the accumulation of
different phenolic classes, the total amount of phenolics
produced by MelJ and SA-elicited cells was not statistically
different to that of the control. However, cells elicited with
CG elicitor produced a higher amount of phenols, mainly
due to the increase in xanthone accumulation (Fig. 2).

2.3. Time course changes of phenolic accumulation in cells
due to MeJ and SA priming and CG elicitation

The elicitation process also induced significant changes
in the phenols accumulated by the cells throughout the cul-
ture period (Fig. 3). HPLC analysis of the cell culture med-
ium did not show any traces of phenolics at any stage of the
culture. Moreover, cell viability remained high (around
90%) in all the tested conditions. Apparently, the phenolics
produced were either accumulated or metabolized intra-
cellularly. Similar results have been described for the accu-
mulation of xanthones in Centaurium species (Beerhues
and Berger, 1995).

In the cell suspensions elicited only with MelJ, xanthone
accumulation remained constant throughout the culture

Xanthones (mg/g dry wt)

—s— control

0.10]

0.054

Flavonols (mg/g dry wt)

0.00 4 ¥ T ¥ 1

0.104

-

0.08-

0.06-

0.04-1

0.02

Flavones (mg/g dry wt)

0.00 T Y T ¥ 1
5 7 9 " 13

days

Fig. 3. Accumulation of phenolic compounds by cell suspension cultures
of H. perforatum, throughout growth period, treated with MeJ (100 uM),
SA (25 uM), or C. gloeosporioides elicitor (F). The samples indicated, as
MeJ +F and SA+F were cells primed with MeJ (100 pM) or SA
(25 uM), respectively, before the addition of the fungal elicitor. Results are
means (£SD) of six independent replicates from two independent
experiences. The straight arrow indicates the addition of SA or Mel,
and the dotted arrow indicates addition of fungal elicitor.

period (Fig. 3). However, cells elicited with SA only
showed a significant increase in xanthone production with
culture period (P < 0.05).

Xanthone level of HP cells primed with MeJ reached the
maximum in 24 h after the addition of CG elicitor (Fig. 3).
Cell suspensions treated with fungal elicitor with or with-
out SA priming attained the highest xanthone accumula-
tion only after 72 h of elicitor addition. After day 9, the
amount of xanthones started decreasing gradually. By the
day 12, control and cells elicited with CG elicitor produced
the same amount of xanthones. However, cells primed with
MelJ and SA prior to fungal elicitor addition have retained
the higher xanthone level even after 12 days (Fig. 3).

MeJ and SA addition to the suspension significantly
decreased the accumulation of flavonols in HP cells at
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the end of the culture period (Fig. 3). Flavonols accumula-
tion in HP suspension cultures were negatively affected by
the addition of CG elicitor, resulting in their rapid disap-
pearance throughout the culture time. It is interesting to
mention that this disappearance coincided with the onset
of xanthone production (Fig. 3).

Addition of MeJ to HP cells induced the synthesis of a
new group of phenolic compounds, the flavones, which
accumulated during the first 48 h after Mel addition and
subsequently declined (Fig. 3). Addition of the fungal elic-
itor to those cells resulted in a fall of flavone levels until
they could no longer be detected after 72 h.

3. Discussion

In the presence of a pathogen, plants develop a vast
array of metabolic defence responses sequentially activated
in a complex multicomponent network that may be local
and/or systemic (Hahlbrock et al.,, 2003). Defence
responses to pathogen infection include the production of
several secondary metabolites such as phenolics (Dixon
and Paiva, 1995; Dixon, 2001; Tan et al., 2004).

In the present study, HP cell suspension cultures devel-
oped a differential phenolic response upon CG elicitation
which includes an increase in xanthone accumulation and
the production of new constituents (Fig. 1(c)). Beerhues
and Berger (1995) already observed an increase in the accu-
mulation of new xanthones in the cultures of Centaurium
sp., upon elicitation with yeast but not with the cell wall
preparations of various pathogenic fungi. Xanthones are
known for their pharmacological activities (Hostettmann
and Hostettmann, 1989) such as antibacterial and anti-fun-
gal (Beerhues et al., 2000; Braz-Filho, 1999). In addition,
xanthones produced by H. androsaemum cell cultures have
shown to inhibit the growth of Candida utillis and Saccha-
romyces cerevisae (Dias, 2003). In the present study, HP
cell cultures elicited with fungal elicitor accumulated a sig-
nificant amount of mangostin, a xanthone known to dis-
play anti-fungal activity (Hostettmann and Hostettmann,
1989). Moreover, a major part of the xanthones accumu-
lated after elicitation have an non-polar nature which ren-
ders higher antimicrobial activity to the compounds.
Therefore, the increase in xanthone accumulation observed
in HP cells can be described as a defence response triggered
by some of the components present in the fungal elicitor. It
is known that several fungal products such as proteins, gly-
coproteins or oligosaccharides can trigger the defence
mechanisms in plants (Dmitriev, 2003).

The increase of xanthone accumulation observed in HP
cultures after the treatment with fungal elicitor could be the
reason why flavonols became undetectable after elicitation
(Fig. 1(c) and (d)). It is known that xanthones and flavo-
noids are biosynthetically related compounds, sharing a
pool of precursors (Schroder, 1997; Dias, 2003; Liu et al.,
2003). Those precursors could have been shifted for the
xanthones biosynthesis in detriment to the flavonoid path-

way resulting in a too low flavonol production to detect by
HPLC.

Plant defence can be triggered by local recognition of
pathogens but, more effective responses include systemic
signalling pathways (Conrath et al., 2002). Two of the most
important compounds having this ability are salicylic acid
(SA) and jasmonic acid (JA). Systemic responses include
those dependent on SA signalling and are named Systemic
Acquired Resistance (Dempsey et al., 1999). The Induced
Systemic Resistance is known to be dependent on JA (Feys
and Parker, 2000). SA, JA and its derivatives like MeJ have
been used as inducers in plants and were found to stimulate
their secondary metabolism (Hahlbrock et al., 2003;
Thomma et al., 2000). For this reason we evaluated the pos-
sible effects of those molecules on the phenolic composition
of HP cell suspensions. The overall increase in xanthone
production and the quick response of HP cells to the CG
elicitor (Figs. 2 and 3) after the pre-treatment with MeJ or
SA suggests that these molecules primed the HP cells
defences. This faculty is known for a long time but progress
in understanding is still scarce (Conrath et al., 2002). The
ability of jasmonate to boost plant defences against fungal
pathogens has already been reported (Thomma et al.,
2000). The mechanism of action of SA and MeJ (or more
general, jasmonates) is still a mater of debate (Felton and
Korth, 2000). These two compounds seem to act indepen-
dently via antagonistic pathways giving rise to different
plant responses. Nevertheless, a clear dichotomy does not
always exist. In our case, both SA and MelJ were able to
induce the priming of the xanthone accumulation in HP
cells, as a response to the fungal elicitation, at different lev-
els. However, significant differences were observed (Figs. 2
and 3). SA was able to increment the production of xant-
hones by itself, whereas MeJ alone did not interfere signif-
icantly in xanthone biosynthesis but resulted in a selective
accumulation of flavones. The physiological significance
of this pattern is not clear but might indicate that SA and
Mel stimulate different pathways in HP cells, independently
of the result being the same: priming of the xanthone bio-
synthesis due to fungal elicitation.

The use of JA and SA in HP cell suspension was already
reported (Vivanco et al., 2002). The authors have observed
that the utilization of JA originated an increase in hyperi-
cin production of HP cultures. On the contrary, this
response was not observed when SA or a pathogen extract
was used. The elicitation of HP plantlets with SA, MelJ and
C. gloeosporioides resulted in a differential accumulation of
hyperforin and hypericin depending on the treatments
(Gibson and Sirvent, 2002). Moreover, hypericin proved
to inhibit the growth of C. gloeosporioides. Thus hyperforin
and hypericin could be considered as presumptive phytoan-
tecipins of HP. In our case, we did not observe the accumu-
lation of either hypericin or hyperforin in HP cultures after
elicitation with CG, in agreement with previous studies
(Dias, 2003). This could be due to the fact that compounds
like hypericins are accumulated in specialized tissues
(glands) and not in cells of an undifferentiated state.
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In conclusion, the accumulation of xanthones in HP cul-
tures was strongly induced by CG elicitation especially
when primed with SA and, namely MeJ. The results indi-
cate that these compounds could act as defence compounds
in HP cells, and eventually in in vivo plants. HP plants do
not accumulate xanthones in significant amounts at the
aerial parts, with the exception of mangiferin (Kitanov
and Nedialkov, 1998). Nevertheless, we detected other
xanthones in the biomass of HP plants occasionally
(unpublished results). Taking in account the results pre-
sented here, this could be due to a biotic stress suffered
by the plants in field conditions. Further studies are needed
to validate this thesis. Additionally, isolation of the major
xanthones produced by HP cells due to the elicitation pro-
cess are ongoing, to test their potential activity against
C. gloeosporioides.

4. Experimental
4.1. Materials

All solvents (HPLC grade) were purchased from Merck
(Darmstadt, Germany). Milli-Q water was generated by
deionization (Millipore, MA, USA). Chemicals (analytical
grade) utilized in the study were obtained from Sigma (Bar-
celona, Spain) except that of mangiferin and flavonoid
standards which were supplied by Extrasynthese (Genay,
France).

4.2. Media and growth conditions

Cell suspension cultures of HP were obtained and main-
tained as described elsewhere (Dias et al., 2001). The cul-
tures were incubated in 16-h light photoperiod,
illuminated by fluorescent light bulbs (Osram-Fluora) pro-
viding a photon flux of 30 umol s~' m~2. Each Erlenmeyer
flask containing 70 ml MS liquid medium was inoculated
with 10 ml of suspension at the late exponential phase
and kept on a rotary shaker at 100 rpm, at 25 °C. Cells
were sub-cultured regularly to fresh medium once in every
14 days.

4.3. Fungal elicitor preparation

Cultures of C. gloeosporioides were maintained in potato
dextrose agar (PDA) plates incubated in dark, at room
temperature. Flasks containing modified liquid Mathur’s
medium (Freeman et al., 2000) were inoculated with 4-5
PDA agar plugs containing young C. gloeosporioides myce-
lium and kept in the dark at 25°C in a rotary shaker at
250 rpm. Fully-grown liquid cultures were obtained 14
days after inoculation. Biomass of C. gloeosporioides was
harvested by filtration, lyophilized for 48 h and crushed
in a mortar. The crushed fungal biomass was put in water
(20 mg dry wt/ml) and autoclaved at 120 °C for 15 min.
The resulting suspension was utilized as the fungal elicitor.

4.4. Culture elicitation

HP suspension cultures at the exponential phase were
divided in groups. One group of flasks was kept as control.
Two sets were treated on the 5th day of HP suspension cul-
ture with a final concentration of 100 and 25 uM of MelJ
and SA, respectively. The remaining groups were elicited
on the 6th day with the fungal elicitor. Two of those sets
were primed with MeJ (100 uM) or SA (25uM), 24 h
before fungal elicitor addition. The final concentration of
the fungal biomass in the HP suspension cultures was
0.25g dry wt /1. The priming and elicitation procedures
were done in cells in the exponential phase, the growth per-
iod at which they were more responsive to treatments. Cells
suspension culture samples were harvested by filtration on
the 5th, 6th, 7th, 9th and 12th day of growth. The collected
samples were lyophilized for 48 h and the biomass was
stored in closed containers at —20 °C for further analyses.
Each treatment contained three independent replicates and
the experiments were repeated twice.

4.5. Cell viability analysis

Cell cultures were checked for their viability through out
the experiment using the tripan blue (Sigma, Barcelona).
Briefly, 0.1 ml cells suspension samples were mixed with
0.1 ml of 0.4% tripan blue (prepared in MS medium) and
incubated for 10 min. A part of the mixture after incuba-
tion was transferred onto a glass slide and covered with a
cover slip. Cell viability was checked at light microscope.
The percentage of cell viability for each sample was calcu-
lated by counting the number of non-stained cells in rela-
tion to the total cells at four different locations of the
glass slide, in at least three independent replicates.

4.6. HPLC samples preparation and analysis

Dried HP biomass was extracted with an aqueous meth-
anolic solution (90%) (at approximately 50 mg dry wt/ml),
with sonication for 20 min, in the dark, at ambient temper-
ature. An aqueous methanolic solution (90%) was used to
extract the dried HP biomass (at approximately 50 mg dry
wt /ml) with sonication for 20 min in the dark at ambient
temperature. The liquid phase was filtered and submitted
to HPLC-DAD analysis as described before (Dias et al.,
1999). Quantification of the phenolic compounds was per-
formed by the external standard method. Xanthones were
quantified as mangiferin equivalents at 260 nm. Flavonols
and flavones were quantified at 350 nm as quercetin and
luteolin-7-glucoside equivalents, respectively. Phenols anal-
ysis was also performed by HPLC-DAD-MS/MS as
described elsewhere (Silva et al., 2005).

4.7. Statistical analysis

All the data were analysed by two-way analysis of
variance test (ANOVA) with Bonferroni’s post-hoc test.
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Statistical analysis and graphical representations were per-
formed using Prism 4.0 software (GraphPad®, San Diego,
USA).
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