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Abstract
Garlic, grown in a controlled environment, was exposed to either herbivory, copper excess or
both stresses. Chlorophyll content in the leaves was measured using a photospectrometry
method, FRAP assay (Ferric reducing antioxidant power) was carried out and allicin content
was determined using HPLC. Cayman glutathione assay kit was also used to determine
glutathione content in the leaves, but molecules from our matrix inhibited the kit from working
properly. The experiment should verify that the plant's allicin metabolic pathway is affected by
different biotic and abiotic stresses, and that these stresses also affect chlorophyll synthesis
which was verified by trend. Fungi infestation and other physical illnesses indicated that the
plant was affected by the simulated stresses. Whereas allicin content in the leaves remained
unaffected by copper. One could estimate, that the plant used an alternative pathway to
synthesise the essential defense molecule.

A. I-TRODUCTIOFor visual explanation see figure 1 in the annex.

In nature, plants have to deal with biotic
stressors and whether they can defend
themselves or not, became a crucially
important and selective element [1].
Additionally there are also abiotic stressors
that can harm plants and one of the major
challenges for plants growing on places with
former industry is dealing with pollution of the
soil, such as heavy metals. To know how they
defend themselves is of importance when

considering e.g. recultivation aspects and a
detailed understanding of how plants manage
to grow on such heavily contaminated grounds,
is paramount. These heavy metals, especially
iron and copper, have been frequently shown
to be major soil contaminants in industrialized
areas [2]. These pollutants force plants to adapt
their metabolism in order to survive. One of
these adaptions concerns the sulfur metabolism
which is known to play a major role in plant
defense [3]. In addition, we know that this
sulfur metabolism is severely affected by
copper excess, as thiolate groups of the
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molecules, resulting from the sulfur
metabolism such as glutathione (GSH) or
cysteine (Cys), often tend to chelate copper in
order to prevent heavy metal damage.
Furthermore, many phytochelatins are
synthesised from cysteine and glutathione. The
role of these phytochelatins is to bind copper
and evacuate it to the vacuole [4, 5].
Altogether, heavy metals and especially copper
are known to decrease sulfur metabolism [6].
On the other hand it is known that biotic
stresses, such as herbivory, that is, the attack of
an animal or pathogen, may cause the plant to
increase the amount of its secondary
metabolites, such as allicin, this is the case for
garlic. It was proved in previous investigations
[7] that both, simulated herbivory and copper
excess, compromise the growth of garlic plants
and resulted in strongly decreased growth of
the garlic leaves for copper excess, whereas
herbivory, increased growth of the plant.
Allicin produces the characteristic, deterrent
smell of garlic, and it is originally meant to act
as a bactericide and fungicide with the function
of chasing away potential herbivores [8]. Its
flavour precursor alliin is synthesized from
glutathione and Serine which will bind
together with one molecule of cysteine. In fact,
Allicin is produced upon rupture of the plant
tissue, when alliin, stored in vesicles in the
vacuole, enters in contact with the enzyme
alliinase, stored in the cytoplasm [9, 10]. All
facts considered, herbivory, contrary to heavy
metal pollution, is meant to increase the
activity of sulfur metabolism. Thus, it would
be interesting to observe the plants’ reaction if
both stresses were combined because
herbivory increases the activity of sulfur
metabolism, whereas heavy metals tend to
decrease its productivity.
Based on our previous work [7], we believe
that copper excess will induce oxidative stress
by denaturation of several important enzyme
systems in the plant, including those required
for the production and stability of chlorophyll,
resulting in the formation of copper
chlorophyllin. This will be measured by a

decrease in chlorophyll content in the leaves.
The derivation of chlorophyll supposedly
results in the production of active oxygen
species [11], which have to be removed by the
plants’ antioxidant defense system. Among this
antioxidant defence system, glutathione is of
great importance due to its high concentration
in the cytosol. Thus, active oxygen species
such as singlet oxygen are scavenged by two
molecules of glutathione (GSH) to its oxidized
form (GSSG); an increased presence of
glutathione can thus be measured by an
increased reducing capacity of the extract.
Furthermore a first line defense system
consists of chelating copper with thiolate
groups and by this way, it can evacuate the
copper in excess to the vacuoles. Also, two
single molecules of GSH can form a complex
with copper to avoid further interferences.
Subsequently, GSH and cysteine combine to
form phytochelatins which bind copper to
finally dispose of the heavy metal and cope
with them properly. This is the reason, why the
plant will invest more glutathione to its abiotic
defense responses, than to the production of
allicin, which would be measured by a
decrease in the amount of allicin per gram of
dry weight. So this results in a decreased
defense against the biotic stressors, such as
herbivores and fungus.
The usual manner for garlic plants to defend
themselves against herbivores, bacteria and
fungi, is to increase the production of alliin. To
achieve higher alliin concentrations, the plant
has to produce more cysteine and GSH which
will result in an increase of the general sulfur
metabolism. Supplementary, cysteine will also
be invested into more growth to compensate
the loss from the herbivory.
When both stressors are combined, the plant
should basically show the same symptoms as
the plants treated with only copper, but being
exposed also to herbivory, the additional
stimulation may help the plant to protect itself
better from copper, as the increased
productivity, due to herbivory will be
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compensated by the slowdown of sulfur
metabolism due to copper excess.
The objective of this project is to analyse the
activity of the sulfur metabolism in plants that
are exposed to these two different stressors.
Garlic was used because of its high dry weight
sulfur content, reaching up to 1 % [12]. As it is
also well known that copper heavily affects the
sulfur metabolism [6]; we added a
supplementary of 10 mM of copper sulfate
(CuSO4) as heavy metal stress [13]. Even
though copper is an essential trace element, in
excess it induces the formation of active
oxygen species, just as other heavy metals do.
For this purpose, garlic plants were cultivated
in a hydroponic system in order to be able to
have full control of nutriment and heavy metal
supply. As the concentration of allicin could
also be affected by temperature and light
conditions, [14] plants were placed in light and
temperature controlled incubators. For our
analysis we attempted to measure total
chlorophyll, allicin and glutathione content as
primary
endpoints.
For
chlorophyll
quantification, the absorbance of an extract
was measured. Allicin content was determined
by a HPLC (High Pressure Liquid
Chromatography) analysis and for glutathione
quantification we used an assay kit employing
DTNB (5,5’-dithio-bis(2-nitrobenzoic acid),
Elman’s Reagent) for quantification. However,
substances from our matrix interfered with the
DTNB and enzymes involved in the assay kit,
which inhibited colour development and so
quantification by this way became impossible.
We switched methods and used the FRAP
Assay (Ferric reducing antioxidant power
assay) to be able to determine the plant’s
general antioxidant defense system, in order to
obtain an indication for the amount of oxidized
glutathione and another phenolic compounds
present in the sample.

B. MATERIAL A-D METHODS
1. Chemicals and reagents
Unless otherwise mentioned, all chemicals
were purchased from Sigma (St. Louis, MS,
USA), and 18 MΩ water was used for all
experiments.
2. Plant Culture
Garlic tubers, bought at a local store were
placed in a box filled with about 1cm of tap
water in a place illuminated by natural light.
After 2 weeks of germination and growth,
seedlings were placed in previously prepared
boxes. Four boxes were prepared in the
following manner: 15 holes were cut into the
cover plate in order to fix isolating tubes with a
diameter of 5cm. Plants were kept in place
with cling film and elastic bands on the bottom
of the isolating tubes. To each of the four
boxes, 15L of Hoagland solution [15] were
added. (Figure 2)
The nutrient solution was permanently
supplied with ambient air by aquarium air
pumps (Wave, Mouse, 2,5 L/min). In order to
concentrate pressure onto the tip, we mounted
the plastic ends of Eppendorf pipettes
(Eppendorf Research T.I.P.S. 1mL) onto the
tip of each tube [7]. Plants were placed in
incubators (Forma Scientific Diurnal Growth
Chamber), with a day temperature of 20°C and
16°C at night with a day/night cycle of 12
hours.
The experiments were carried out with plants
under 4 different treatments: a control group
with no added stressors, a herbivory group,
where 5 cm of the tallest leaf were cut, a
copper group, where we added 10 mM CuSO4
and a combination of copper sulfate and
herbivory. With each box containing 15 plants
and 6 plants for the first day, which were the
same for each treatment, 65 plants were used.
Samples were taken at day 0, 2, 7 and 12 of the
experiment. At each measurement day, 5
replica of each condition were withdrawn. On
day 0, only 5 plants were withdrawn as it was
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supposed that all plants were at the same
development stage.
=

3. Sample Preparation
Plant leaves were cut into big pieces (ca. 10 cm
long) and bulbs and leaves of each plant were
put into separate 50 mL Falcon tubes (Figure
2). Immediately, samples were shock frozen
with liquid nitrogen and transferred into a
lyophilisator (Christ Alpha 2-4 LSC). Plant
material remained there for about 2 days to
ensure absolute dryness of the samples.
Afterwards, the dry plant leaves were crushed
with a mortar and a pestle in to a homogeneous
powder that was mixed and stored at -80°C
until analyses.
4. Chlorophyll
A modified extraction method developed by
Wellburn in 1994 [16] was adapted. To ensure
stability, samples were stored at a cold, dry and
dark place.
About 50 mg of the powder was transferred to
a 15 mL Falcon-tube. 10 mL of a cold aqueous
80% acetone solution was added and the
mixture was vortexed and sonicated afterwards
for about 5 min. The samples were centrifuged
then for 15 min at 5.000 g and 4 °C and the so
obtained supernatant was transferred to a 1 mL
spectrometry cuvette. After a complete
absorbance scan for the visible light spectrum
which
confirms
specific
absorbance
wavelengths, absorbance was measured for
chlorophyll [a] at 663 nm and for chlorophyll
[b] at 646 nm. Photospectrometer Spectro DU
800 Transport was used for analysis. The
concentrations were calculated as follows, with
80% acetone solution used as a blank control.
•

[Chlorophyll a] (mg/g)


=

൫ଵଶ,ଶଵ ୶ ଷ – ଶ,଼ଵ ୶ ସ ൯ ಽ ∗,ଵ
௨௦ௗ ௗ௬ ௪௧  ௧ ௧  

•

[Chlorophyll b] (mg/g)


=

•

൫ଶ,ଵଷ ୶ ସ – ହ,ଷ ୶ ଷ ൯ ಽ ∗,ଵ
௨௦ௗ ௗ௬ ௪௧  ௧ ௧  

[Total Chlorophyll](mg/g)

ሺ,ଵ଼ ୶ ଷ ା ଵ,ଷଶ ୶ ସ ሻ


∗,ଵ
ಽ

௨௦ௗ ௗ௬ ௪௧  ௧ ௧  

A = Absorbance with the specific wavelength

5. Glutathione analysis
We used the Cayman glutathione assay kit
(Item No. 703002) [17] and the extraction
method for homogenated organ tissue,
described in the accompanying manual.
To ensure that total glutathione was liberated
from the vegetal cells, samples were
ultrasonicated for 10 min and in order to avoid
any proteins to interfere within the assay kit,
samples were deproteinated according to the
given protocol. For sample analysis, kinetic
method was used.
6. Allicin analysis
a) Allicin extraction
A modified extraction and quantification
method was adapted according to the
Pharmacopeia Europea 2008 [18], but we used
ethanol instead of methanol, because best
stability and solubility was earlier observed in
this solvent [19]. Blania and Spangenberg et al.
verified this extraction method and also
observed best HPTLC (High performance thin
layer chromatography) results with this method
[20].
About 0.08 g of the freeze dried plant sample
was transferred into a 15 mL Falcon tube with
2 mL milli-Q water at room temperature and
remained there for 15 min. The samples were
sonicated in ice water for 20min and
centrifuged then at 5.000g for 15 min at 4°C. 1
mL of supernatant was removed and mixed
with 1.5 ml of a solution composed to 60% of
ethanol and 40% of a 1% formic acid aqueous
solution. Once more, samples were centrifuged
at 5.000g for 5 min and 4°C and 1 mL of
supernatant was removed and kept for HPLC
analysis at -80°C.
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b) HPLC Parameters
We used a Dionex UV 254 nm HPLC. The
column (Column Grace Smart RP 18, 250 x
4.6 mm, 3 µm) was kept at 30°C. This elevated
fluidity of the solvent to a flow rate of 0.7 ml/
min. For the solvent, we used a gradient,
meaning that proportions of polar (water) and
non-polar solvent (methanol) were changed
during analysis in order to enhance peak
separation. The broken line on the
chromatogram shows variation in proportion of
methanol and water over time (Figure 3). As
allicin is relatively unstable and only available
in small quantities, we additionally used an
internal standard for quantification with a
known response factor to allicin. Knowing the
proportions (areas) in which they eluted, and
having both detected at the same absorption
wavelength (254 nm), we could calculate he
exact amount of allicin in each sample.
7. FRAP-Test
a) Extraction
The extraction was carried out according to
Bouayed et al. (2011) [21]
50 mg of crushed and dried material was
mixed with 2.5 mL of 80 % aqueous methanol
in a 15 mL falcon tube. The solution was then
vortexed and sonicated for 20 min. Thereafter
it was put in a centrifuge at 4000 g for 5 min.
1.5 mL of supernatant was transferred into a
new 15 mL falcon tube. Then, 3 mL of 100 %
methanol were added to the original falcon
tube, vortexed and also sonicated for 20 min,
as well as centrifuged at 4000 g for 5 min. Of
the so obtained supernatant, 3 mL were
transferred to the new falcon tube. In order to
fully extract the antioxidant compounds, one
can repeat the extraction with 100 % methanol
several times, in our case the centrifuged
samples showed a colourless resident, so we
felt comfortable that all compounds were fully
extracted. Thus, we did not re-extract with 100
% methanol.

A speed vac (Centrivap Lavonco) was used to
evaporate under vacuum the methanol out of
the samples. Then water was refilled up to 2
mL and 2 mL methanol were added.
For storage, the tubes were layern with argon
and sealed with parafilm. Samples were kept at
-80°C until analysis.
b) FRAP Assay
Frap Assay was carried out according to
Benzie and Strain (1996) [22].
FRAP reagent was freshly prepared on a daily
basis mixing in proportions of 10:1:1
respectively the three constituents acetate
buffer (pH 3.6), 10 mM TPTZ (2,4,6-Tris(2pyridyl)-s-triazine) in 10 mM HCl and 20 mM
FeCl3. The FRAP reagent was then heated to
37°C prior to use. Standard curve was obtained
using 100-2000 µM FeSO4 (n=7). As a blank,
FRAP reagent was mixed with 50 µL of a 50%
aqueous
methanol
solution.
In
a
photospectrometry cuvette, 100 µL of the
sample extract were mixed with 1.5 mL FRAP
reagent. Left shaking for 4 min, the absorbance
of the mixture was measured at 593 nm against
the blank solution. Photospectrometer Spectro
DU 800 Transport was used for analysis.
8. Statistical Section and Data Interpretation
Statistical evaluation was carried out with
SPSS version 19.0 (IBM, Chicago, IL). All
values are expressed as mean plus/minus
standard deviation, unless otherwise stated.
Normality of data was verified with normality
plots, equality of variance by boxplots.
Following these assumption testings, several
linear mixed models were developed, each
with the two fixed factors "day of analysis (0,
2, 7, and 12)" and “treatment (control, copper,
herbivory, copper + herbivory)”, and with the
dependent (observed) variables allicin, FRAP
values, chlorophyll, and ratio of leaf over
tuber, respectively. Following significant
Fisher F-tests, post-hoc tests (Bonferroni) were
performed. Given that a significant interaction
of "day" and "treatment" were found, the
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models were run again, keeping "day"
constant, in order to study the effect of the
treatment at each day of analysis. P-values
below 0.05 (2-sided) were considered as
statistically significant.

C. RESULTS A-D DISCUSSIO1. Chlorophyll
The following results were obtained for total
chlorophyll content:

μg Chlorophyll a and b / g dw

Control
Herbivory
Copper sulfate
Herbivory + Coppersulfate

7
6.5
6
5.5
5
4.5
4
3.5
3
2.5
0

2

4

6

8

Time (day)

10 12

Figure 5: Total chlorophyll content in the leaves in
function of the experiment duration. Error bars represent
standard deviation (n= 0.5)

Chlorophyll content of the control plants,
expressed per gram dry weight, remained fairly
constant over the 12 days. The content of the
herbivory treated plants goes slightly up
compared to the other conditions, albeit this
did not reach statistical significant difference.
Plants treated with copper sulfate had the
lowest value of all conditions and a clear
decreasing tendency was observable. Plants
treated with both stressors showed a fast
increase in chlorophyll content until day 7
where it started to decrease and reached a level
similar to the control plants at day 12.

These results confirm our hypothesis, meaning
that due to herbivory exposure the activity of
the general metabolism of the plant increases
and by elevating the amount of chlorophyll in
its leaves the plant can take up more energy
from the sunlight, thus counterbalancing
negative effects of herbivory. Because of
copper excess, chlorophyll is derived to
chlorophyllin. In fact, copper ion may replace
magnesium ion in the centre of normal
chlorophyll and, due to saponification,
chlorophyll loses the methyl and cyclophytol
moieties of the ester. In addition acid functions
are neutralised to form chlorophyllin [23].
Furthermore, we could hypothesize that
copper, as a two plus charged ion, could
undergo dipolar interactions with proteins in
the cell. This also affects enzymes involved in
chlorophyll synthesis which would also
explain the decrease, meaning a certain amount
of chlorophyll is naturally destroyed by
sunlight and enzymes reproducing chlorophyll
cannot compensate the loss anymore because
they are harmed by copper.
When both stressors are combined, the
beneficial effects of herbivory on chlorophyll
content are dominating. To deal with both
stressors, the plant elevates its amount of
chlorophyll in the leaves so that there is more
energy available to synthesise essential
defence molecules and compensate negative
effects from herbivory. Even though copper
stress affects chlorophyll content the plant is
able to compensate the loss and increase the
amount of chlorophyll in its leaves.
The absolute chlorophyll content we could find
was consistent with the values found by
Bideshki et al. [14]. Values reported were at
4.7 mg chlorophyll per gram dry weight, which
is perfectly coincident with our results. Only
total chlorophyll content is being discussed,
because diagrams for Chlorophyll a and b
complement one another.
2. Glutathione
For the Glutathion assay, there was normal
colour development for the standard curve and
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a good calibration curve, which clearly
indicated that the assay was working properly.
But there was no colour development for any
of the samples. This is probably due to other
substances from our matrix interfering with the
assay kit. Other papers also gave clear
evidence that phenols priorily react with
DTNB (5,5'-Dithio-bis(2-nitrobenzoic acid) or
Ellman's Reagent) [24]. Hence, there was no
more DTNB for thiol identification.
Furthermore, it is known that phenols inhibit
the enzyme glutathione reductase [25]
involved in the assay, catalysing the reaction
with TNB (1,3,5-trinitrobenzene).
3. FRAP Assay

135000
120000
105000
90000
75000
60000
45000
30000
15000
0
0

5

10

15

Time (Day)

Figure 6: Ferric reducing antioxidant power of the
tissue samples. Error bars representing SD of a mean of 5
replicas.

The reducing capacity of the control plants,
plants treated with herbivory and plants treated
with herbivory and copper remained relatively
constant over the whole experiment. Only
plants treated with copper sulphate had a
tendency for a change (not significant),
showing an increase over the days of
experiment.
In fact these results are difficult to interpret,
even though they show some tendencies. The
FRAP test gives us the reducing capacity
(Fe3+/ Fe2+) of the sample, but as we

We could find no other sources confirming our
results for reducing capacity except Benkeblia
et al. [26] measuring antioxidant capacity of
garlic bulbs, which again is not comparable to
our results.
4. Allicin

Allicin content µg/ g dryweight

Reduced µmol Fe2+/ g dryweight

Control
Herbivory
Copper sulfate
Herbivory + Coppersulfate

extracted many different antioxidants from our
matrix, we can barely draw a conclusion on the
amount of oxidized GSH in the sample, albeit
GSH may be one of the major compounds
implicated in the plants antioxidant defense
system [5]. In addition, we cannot give any
information about the redox potential of the
molecules we are analysing. So we also cannot
say which of the molecules reduced iron and
which didn’t. Overall, the FRAP assay kit only
gives us an idea about the total free radicals
scavenged by these molecules, meaning that
we can only observe a slight increasing trend
here for copper stress being linked with the
loss of chlorophyll over the days in the sense
that due to chlorophyll derivation, reactive
oxygen species are formed and these induce
oxidative stress. Copper, similar as to iron,
could result in increased formation of free
radicals, via the Haber-Weiss reaction, and this
deploys an increase of free radicals in the
garlic plants. At the same time, many of the
free radical scavenging molecules are reduced
over time by enzymatic reactions, which then
again makes interpretation all but impossible.

Control
Herbivory
Copper sulfate
Herbivory + Coppersulfate
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Figure 7: Allicin Content in the Plant leaves.
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The response factor, calculated for Allicin, was
0.0525, 0.0521 and 0.0494 for concentrations
of 50, 100 and 150 µg/ml respectively which
confirms the representativeness of our standard
curve and that the HPLC method works as
expected. However, the results show a high
standard deviation and do not fulfil a bellshaped distribution curve, for reasons
remaining speculative, such as a remaining
activity of the enzyme alliinase and/or
instability of allicin. Even if samples were
treated with greatest care, exactly the same
working conditions for allinase in each of the
samples cannot be guaranteed.
Our results for the allicin test show little to no
difference in the final concentrations between
the 4 treatments and neither herbivory, nor
copper sulfate affected significantly the final
allicin content in the leaves.
The reasons for these observations remain
unclear. It is possible that the stressors were
not strong enough to induce clear changes of
the Sulfur metabolism. Another explanation for
these results could be that in various stress
situations, the plant can compensate the copper
based stress by changing its metabolic pathway
or activity for the same final chemical product
(allicin), thus, even if some pre-metabolic
substances are affected, the plant has other
means of maintaining allicin concentrations,
which appear to be important enough to be
maintained at a constant level.
In fact, there are two different pathways to
produce alliin, the precursor to Allicin. One
uses the antioxidant glutathione (GSH) and an
alyll group from an unknown source in the
plant [9], the other also needs this alyll group,
but instead of GSH it uses the amino acid
serine.

of each plant in our case. The fact, that heavy
metal stress affects GSH level in the plant and
that GSH is used to synthesize phytochelatins
in response to heavy metal stress, is also
verified by Zhang et al. [30] and Knecht et al.
[31]. These factors show that Glutathion is
here rather used for detoxification, than for the
production of allicin. That is why the only
possible way for the plant to synthetize enough
allicin under heavy metal stress and guarantee
best defence properties, has to be the serine
metabolic pathway. Future studies in this
domain are necessary in order to clearly reveal
the pathways involved in allicin formation as it
is yet unknown in which situations the plant
tends to use the second instead of the first
pathway. Whereas it is yet known that standard
pathway is up from GSH and allyl group.
These results are of great importance
considering the determination in which
situation, which pathway is used.
The results we found out for allicin content in
garlic were also found by Bideshki et al. [25]
in the sense that they found similar absolute
allicin concentrations as we did for our control
plants.
Effect of drought stress, also known to be at
the source of ROS, on allicin content in garlic
bulbs was also analysed by Bideshki et al.
Values of 2685 µg per gram dry weight in the
bulb where reported at field crop. But these
results are not comparable to ours as content in
bulb and leaves vary. Whereas it was also
reported in the same paper, that stresses did not
affect allicin content.

As it is a well-known fact that glutathione
content is affected by copper excess, due to its
antioxidant [27, 28] and detoxicative [29]
properties, we can assume that glutathione is
used to protect the plant and so is no longer
available for allicin production, even though
we were not able to measure the GSH content
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5. General Condition of the plants
a) Percentage of plants infested by fungi on the
last day

Percentage of fungi infestation
0 10 20 30 40 50 60 70 80 90 100
Control

bulb. Meaning that alliin production was
disarranged from the bulb to the leaves.
Alternatively, the fact that despite the merely
slight differences of allicin following
herbivory and copper exposure suggest that
other plant compounds were also important in
the defence against fungi.
b) Fraction of the bulb on the total mass

Herbivorie
Control
Herbivory
Copper sulfate
Herbivory + Coppersulfate

Copper
Herbivorie +
Copper sulfate

As all plants had the same growing conditions,
one can assume, that they were also exposed to
the same grade of fungus infestation. Plants
treated with copper, had a higher proportion of
infested specimens compared to the ones
treated only with herbivory and control
showing none. Plants treated with herbivory
and copper stress seem to have kept better
defence abilities than the ones treated only
with copper (Figure 4).
Fungi affection and final allicin content in the
bulb are clearly linked because allicin acts as a
bactericide and microbial for the plant. And as
the allicin content decreases, the ability to
defend
itself
against
fungus
would
simultaneously decrease. But again, herbivory
seemed to have a beneficial effect on the
plant´s Sulphur metabolism linked defence
abilities contrary to copper.
Very interesting is that we found out that
allicin content in the leaves remained relatively
constant, independent on the stressor
speculatively due to changes in the metabolic
pathway. We can only assume that perhaps
repartition of allicin in the whole plant
changed, as we measured only allicin content
in the leaves and fungus was exclusively
observed at the neat between the roots and the

m(bulb)/ m(total) * 100

Figure 8: Percentage of Fungi infestation on the plants
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Figure 9: Ratio of tuber weight over total
weight of the plants.
The values all decrease in function of time. We
could notice that the copper treated plants had
a stronger decreasing trend and had a lower
fraction of the bulb on the total mass in
comparison to the other treatments.
It is a normal growing process that the plant
transfers matter from the storage organ, bulb,
to the leaves in order to grow. However, the
copper treated plants may had to consume their
reserves to be able to defend themselves
against heavy metal exposure and had to
mobilize more rapidly these reserves compared
to other plants.
At the same time, we could speculate that
amongst others, alliin and its flavour
precursors are dislocated from the bulb to the
leaves which results in a reduced defense
capacity of the bulb against fungus which we
could observe on the last day.
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Whatever is the case, further analysis
concerning the measurement of allicin in the
bulb is paramount.

D. CO-CLUSIO- A-D OUTLOOK
The work consisted of measuring chlorophyll
content, allicin content and the ferric reducing
antioxidant capacity of garlic leaves, with
plants submitted to four different treatments:
control, herbivory (cut 5cm of the tallest leaf),
copper (10 µM) and herbivory with additional
copper stress. Tuber ratios of the individual
plants and abnormalities, such as fungi
infestation were observed and statistically
documented.
Chlorophyll content in the leaves was
measured, because our hypothesis was that
copper converts chlorophyll to chlorophyllin.
This was verified by trend as the total amount
of chlorophyll shows a decreasing tendency
over the days of the experiment. For the FRAP
assay, one cannot draw a lucid conclusion on
the amount of reduced or oxidized glutathione,
as the FRAP Assay is determining total
antioxidant reducing capacity of the tissue
samples. For the allicin test, no treatment
affected significantly allicin production. This is
hypothetically due to the possibility of the
plant to use alternative metabolic pathways to
synthetize allicin, as it is an essential
biochemical defense molecule. Due to this
change in pathway, more glutathione can be
used for detoxification and scavenging of free
radicals. However, we still confirm that the
plant was affected and damaged by our
treatments, as the plants treated with copper
and a combination of copper and herbivory,
clearly showed higher fungi infestation to none
for control plants and the ones treated with
herbivory. This might be due to a dislocation
of allicin and its flavour precursors from the
bulb to the leaves. The shift aims to have more
allicin in the leaves of the plant, to chase away
potential herbivores and guarantee defence
against these even if the plant is harmed e.g. by
copper excess.

In conclusion, one can say that beneficial
effects of herbivory compensate the stress
induced by copper excess, being the case for
chlorophyll and fungi infestation. But at the
same time, one can see that plants have a
complex defense system against the different
stressors. Even though a combination of the
two stressors resulted in theory in a lack of
glutathione in the plant, which would cause
great harm to the whole plant, it is not the case.
The plant can flexibly react on the combination
of the stresses by changing pathway or
disarrange allicin repartition, so that essential
defence mechanisms are still guaranteed
(Figure 11). It is really astonishing how plants
developed such a complex and self-regulating
defense system against the different biotic and
abiotic stressors. These results show that plants
are much more complex and well advanced
creatures as one might think. Over time, only
these plants that could deal with a variety of
different stressors could survive and by the
molecular changes in metabolism and pathway
plants managed to do this feat.
In future studies, adaptation of experiment
parameters and further tests have become
paramount and in order to minimize the
standard deviation and to get clear statistically
valuable results, one may increase the
experiment’s duration and/ or the inflicted
stress, or would have to switch to a much
higher number of plants in order to decrease
standard deviation.
RNA analysis could give us final certitude
about the used pathway for alliin production as
well as other metabolic adaptations. In
addition, comparison of the pathway for allicin
in the leaves and in the bulb as well as absolute
allicin concentration in both tissues would
offer us valuable clues to allicin production at
this development stage.
Overall, one could observe effects that suggest
a beneficial effect of herbivory treatment on
the plant´s sulfur metabolism, whereas copper
treatment appeared to inhibit its activity.
Unfortunately results only showed tendencies
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(as defined for p-values between 0.05 and 0.1).
This is likely due to the plant having
alternative ways synthesizing the products
needed and/or because the stress was not
intense enough and the days of experiment too
short, and/or the number of plants too low.
These preliminary results obtained in this
investigation suggest that future studies in this
research domain are warranted.
E. ACK-OWLEGEME-TS
Special thanks go to our tutors, Torsten Bohn,
Boris Untereiner and Hanna Deußer, for their
expert help and patience. Furthermore we’d
like to thank Anouk Kaulmann for helping us
with the FRAP Assay and handing us a
detailed method on FRAP extraction and assay
protocol. We also thank Marc Behr for
explaining us the chlorophyll measurement.
Thanks go to Montano Garces Mauricio for
helping us to analyse the results from the
Glutathione Assay. Then we would like to
thank Fred Fack and Monica Dieterle from
“Centre de Recherche Publique de la Santé Luxembourg” for their background knowledge
and motivation. We also want to thank Marc
Charpentier for his reviewing and last but not
least, very special thanks go to Paul Kieffer
because he marked the origin of our garlic
experiences and made the pathway for this
paper.
Thank you, without all of you this would not
have become possible for us.

11

F. REFERE-CES
[1]

Saúl
Fraire-Velázquez,
Raúl
Rodríguez-Guerra and Lenin SánchezCalderón (2011) Abiotic and Biotic
Stress Response Crosstalk in Plants

[2]

Muwanga, A. and Barifaijo, E.(2006)
Impact of industrial activities on heavy
metal loading and their physicochemical effects on wetlands of lake
victoria basin (Uganda) Science and
Engineering Series Vol. 7, No. 1, pp.
51 – 63

[3]

Meike Burow and Ute Wittstock
(2008) Sulfur-Containing Secondary
Metabolites and Their Role in Plant
Defense. Sulfur Metabolism in
Phototrophic Plants, Chapter 11, Pages
201-222

[4]

N.A. Anjum, S. Umar, S. Singh, R.
Nazar and N.A. Kahn (2008) Sulfur
Assimilation and
Cadmium
Tolerance
in
Plants.
Sulfur
Assimilation and Abiotic Stress in
Plants, Chapter 13 Pages 271-302

[5]

[6]

[7]

Thomas Rausch und Andreas
(2005) Sulfur Metabolism: a
platform for launching
operations. Trends in Plant
Vol.10 No. 10

Wachter
versatile
defence
Science,

Wilfried H. O. Ernest, Gerd-Joachim
Krauss, Jos A. C. Verkleij & Dirk
Wesenberg (2008) Interaction of heavy
metals with the sulphur metabolism in
angiosperms from an ecological point
of view. Plant, Cell and Environment
2008
Amel Muharemovic, Charel Wohl,
Cyril Wegner (2011) Defense of Garlic
(Allium
Sativum
L.)
against
Herbivorie and Heavy Metals EJYSE
2012 accepted for publication

[8]

Antoine Blanchard and Flora Limache
(2005) Les stimulateurs des defenses
naturelles des plantes (SDN) Rapport
Bibliographique

[9]

M.G. Jones, H.A. Collin, A. Tregova,
L. Trueman, L.Brown, R. Cosstick, J.
Hughes, J. Milne, M.C. Wilkinson
A.B. Tomsett, B.Thomas (2007) The
Biochemical
and
Physiological
Genesis of Alliin in Garlic. Medicinal
and Aromatic Plant Science and
Biotechnology

[10]

Meriel G. Jones, Jill Hughes, Angela
Tregova, Jonothan Milne, A. Brian
Tomsett and Hamish A. Collin (2004).
Biosynthesis of the flavour precursors
of onion and garlic. Journal of
Experimental Botany, Vol. 55, No. 404

[11]

University Classes:
http://www.uni-konstanz.de/FuF/Bio/
kuepper/Homepage/SchwermetalleSch
adstoffe_KK2005.pdf

[12]

General, Organic, and Biological
Chemistryvon H. Stephen Stoker, page
458

[13]

Qingming Meng, Jing Zou, Jinhua
Zou, Wusheng Jiang and Donghua Liu
(2007) Effect of Cu2+ Concentration
on Growth, Antioxidant Enzyme .
Content in Garlic (Allium Sativum L.).
Acta Biologica Cracovienisa Series
Botanica 49/1 : 95-101

[14]

A. Bideshki, M.J. Arvin (2010) Effect
of salicyclic acid (SA) and drought
stress on growth, bulb yield and allicin
content of garlic (Allium sativum) in
field. Plant Ecophysiology 2 (2010)
73-79

[15]

F.Fodor, L. Gàspàr, F. Morales, Y.
Gogorenca, J.J. Lucena, E. Cseh, K.
Kröpfl, J. Abadia and É. Sàrvàri (2005)
Effects of two iron sources on iron and
cadmium allocation in poplarpages,

12

journal (Populus alba) plants exposed
to cadmium. Tree Physiology 25,
1173–1180

[20]

Gabriele
Blamia
und
Bernd
Spangenberg
(1991)
AllicinFreisetzung
aus
getrocknetem
Knoblauch (Allium sativum): Eine
einfach durchzuführende HPTLCSimultanbestimmung von Allicin und
Ajoen in Knoblauchpulver und daraus
hergestelltem
Fertigarzneimitteln.
Planta Med. 57 (1991)

[21]

Jaouad Bouayed, Lucien Hoffmann,
Torsten Bohn Total Phenolics,
flavonoids,
anthocyanins
and
antioxidant
activity
following
simulated gastro-intestal digestion and
dialysis
of
apple
varieties:
Bioaccessibility and potential uptake.
Food Chemistry (2011)

[22]

Iris F.F. Benzie and J.J. Strain. The
Ferric Reducing Ability of Plasma
(FRAP) as a Measure of “Antioxidant
Power”: The FRAP Assay. Analytical
Biochemistry 239, 70-71 (1996)

[23]

Unknown
author.
Chlorophyllin,
copper complexes sodium and
potassium salts. FNP 1992

[24]

Franziska Weber and Werner Grosch
(1978) Bestimmung von reduziertem
und
oxydiertem
Glutathion
in
Weizenmehlen und –teigen. Zeitschrift
für Lebensmitteluntersuchung und Forschung A Volume 167, Number 2,
87-92

[25]

Kai Zhang, Er-Bin Yang, Wen-Ying
Tang, Kim Ping Wong, Peter Mack
(1997) Inhibition of glutathione
reductase by plant polyphenols.
Biochem Pharmacol. 1997

[26]

Noureddine Benkeblia (2005) FreeRadical Scavenging Capacity and
Antioxidant Properties of Some
Selected Onions (Allium cepa L.) and
Garlic (Allium sativum L.) Extracts.
Brazilian Archives of Biology and

Hoagland solution consisted of
(quotation from the original document
[8]):
“Micropropagated plants at the same
developmental stage […] were
transferred to modified Hoagland
solution containing:
1.25 mM KNO3,
1.25 mM Ca(NO3)2•4H2O,
0.5 mM MgSO4•7H2O,
0.25 mM KH2(PO4),
11.6 µM H3BO3,
4.6 µM MnCl2•4H2O,
0.19 µM ZnSO4•7H2O,
0.12 µM Na2MoO4•2H2O,
0.08 µM CuSO4•5H2O and 10 µM Fe
supplied as Fe(III)-EDTA or Fe(III)citrate”
We used Fe(III)-citrate as iron source
[16]

[17]

Wellburn AR (1994) The spectral
determination of chlorophylls a and b,
as well as total carotenoids, using
various
solvents
with
spectrophotometers
of
different
resolution. J Plant Physiol 144: 307–
313
Cayman Glutathione Assay Kit:
http://www.caymanchem.com/app/tem
plate/Produ ct.vm/catalog/703002

[18]

[19]

Knoblauchpulver, Allii sativi bulbi
pulvis. Pharmacopeia Europea 6.
Ausgabe, Grundwerke 2008 pages
2991-2992
Hiroyuki Fujisawa, Kaoru Suma, Kana
Origuchi, Hitomi Kumagai, Taiichiro
Seki and Toyohiko Ariga (2008)
Biological and Chemical Stability of
Garlic-Derived Allicin. Journal of
Agricultural and Food Chemistry

13

Technology, Vol. 48, No. 5, pp. 753759
[27]

[28]

[29]

Mullineaux, P.M. and Rausch, T.
Glutathione, photosynthesis and the
redox regulation of stress-responsive
gene expression. Photosynthesis. Res.
(in press)
Ruiz, J.M. and Blumwald, E. (2002)
Salinity-induced glutathione synthesis
in Brassica napus. Planta 214, 965–969
Cobbett, C. and Goldsbrough, P.
(2002)
Phytochelatins
and
metallothioneins: roles in heavy metal
detoxification and homeostasis. Annu.
Rev. Plant Biol. 53, 159–182

[30]

Haiyan Zhang, Wenzhong Xu, Jiangbo
Guo, Zhenyan He, Mi Ma (2005)
Coordinated
responses
of
phytochelatins and metallothioneins to
heavy metals in garlic seedlings. Plant
Science 169 (2005) 1059-1065

[31]

Joop A. Knecht, Marjolein van Dillen,
Paul L.M. Koevoets, Henk Schat, Jos
A.C. Verkleij, and Wilfried H.O. Ernst
(1994) Phytochelatins in CadmiumSensitive
and
Cadmium-Tolerant
Silene vulgaris

Programs used :
- for molecule drawing:

MarvinView 5.9.3 (20.04.2012) Sun
Microsystems Inc. Java 1.6.0_29 [x86
Windows Vista 6.0 ] Copyright © 19982012 ChemAxon Ltd.
- for diagram:
Adobe Photoshop CS5 extended ver.
12.1x64 [Windows 7 64bit home premium
] Copyright © 1990-2011 Adobe Systems
incorporated. all rights reserved
- for statistical analysis:
SPSS version 19.0x96 (20.08.2011) [x86
Windows Vista 6.0] Copyright © 1990-2011
IBM Cooperation, Chicago, Illinois

14

F. A--EXIS

Figure 1: This is a schematic representation of the hydroponic system used
for the experiment. It consists of a blue cover plate and a black painted box,
both inhibiting photosynthesis and formation of chlorophyll in the leaves.
Each plant is hold in 5cm of an isolating tube fixed with cling film and an
elastic band, so that the plant is fixed and the roots are in the nutriment
solution. The solution is aired in permanence to avoid any reactions varying
concentration in the solution.

Figure 2: If necessary,
leaves and bulbs, were cut
in as big pieces as
possible and immediately
frozen. After that samples
were freeze dried and
stored at -80°C before
analysis.
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2
1

Figure 3: This is a typical HPLC diagram obtained from samples. The dotted line on
the diagram shows concentration of water and methanol. Gradient starts with 30%
methanol, for 2 minutes. Then, there is a linear increase of the concentration to 65% at
15min. At this time lap allicin peak (1) can be observed and the internal standard (2)
also migrates. Thereafter, concentration goes up to 100% at 17.5min where it remains
for exactly 5 minutes to decrease to 30% methanol at minute 23 of analysis.

Figure 4: On the last
day, fungus infestation
could be observed at
the bulbs of 80% of
copper contaminated
plants.
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The following results were obtained for total chlorophyll content:

Total Chlorophyll Content

7

Control

μg Chlorophyll a and b / g dw

6.5
6
5.5

Herbivory

5
4.5
Copper sulfate

4
3.5
Herbivory +
Coppersulfate

3
2.5
0

5

Time (day)

10

Figure 5: Total chlorophyll content in the leaves in function of the experiment duration. Error bars
represent standard deviation (n= 0.5)
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The following results were obtained for “Ferric Reducing Antioxidant Power” of the samples:

Ferric Reducing Antioxidant Power

150000
135000

Control

120000

Reducing capacity

105000
Herbivory

90000
75000
60000

Copper sulfate

45000
30000
Herbivory +
Coppersulfate

15000
0
0

2

4

6

8

10

12

Time (day)
Figure 6: Ferric reducing antioxidant power of the tissue samples. Error bars representing SD of a
mean of 5 replica.

18

The following results were obtained for allicin content in the leaves over the days of experiment :

Allicin Content

18000

Control

16000

14000

µg Allicin/g dw

12000

Herbivory

10000

8000
Copper sulfate

6000

4000
Herbivory +
Coppersulfate

2000

0
0

2

4

6

8

10

12

Time (day)
Figure 7: Allicin content in the garlic leaves in µg Allicin per gram dry weight
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The following proportions of plants were infested by fungus the last day (12) :

Percentage of fungi infestation
0

10

20

30

40

50

60

70

80

90 100

Control

Herbivorie
Percentage
Copper sulfate

Herbivorie + Copper sulfate

Table 8: Percentage of Fungi infestation on the plants
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These results were obtained for the proportion of the bulb on total dry weight:

Proportion of the bulb on total dry weight
75
Control

70

Proportion (%)

65
Herbivory

60

55
Copper sulfate

50

45
Herbivory +
Coppersulfate

40

35
0

2

4

6

8

10

12

Time
Table 9: Diagram showing the proportion of tuber weight over total weight of the plants over time.

21

Figure 10 : Scheme showing a brief out cut of the normal pathway leading to the production of
allicin in the plant. Glutathione and an allyl group (black box) from an unknown source bind
together with cysteine to form alliin. When alliin, stored in vesicles in the cytosol, comes
together with Alliinase, from the vacuole, allicin is produced. Allicin acts as a fungicide and
bactericide and its deterrent smell chases away herbivores.

Figure 11: The following diagram shows the adaptions of the Sulfur
metabolism on copper excess and the consequences. The diagram is
easy to read, when first looking at the black arrows, then at the red
arrows and the green, and again look at it more globally.
22

23

