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Abstract

Background: A screening method for elicitor and priming agents does not only allow detecting new bioactive
substances, it can also be used to understand structure—function relationships of known agents by testing different
derivatives of them. This can not only provide new lead compounds for the development of novel, more environ-
ment-benign, bio-based agro-chemicals, it may eventually also lead to a better understanding of defense mecha-
nisms in plants. Reactive oxygen species (ROS) are sensitive indicators of these mechanisms but current assay formats
are not suitable for multiplex screening, in particularly not in the case of monocot systems.

Results: Here we describe continuous monitoring of ROS in 96-well microtiter plates using the chemiluminescent
probe L012, a luminol derivative producing chemiluminescence when oxidised by ROS like hydrogen peroxide, super-
oxide, or hydroxyl radical that can thus be used as an indicator for these ROS. We were able to measure ROS in both
monocot (Oryza sativa) and dicot (Medicago truncatula) cell suspension cultures and record dose dependencies for
the carbohydrate elicitors and priming agents ulvan and chitosan at low substrate concentrations (0.3-2.5 ug/ml). The
method was optimized in terms of cell density, LO12 concentration, and pre-incubation time. In contrast to the single
peak observed using a cuvette luminometer, the improved method revealed a double burst in both cell systems dur-
ing the 90-min measuring period, probably due to the detection of multiple ROS rather than only H,0.,.

Conclusion: We provide a medium throughput screening method for monocot and dicot suspension-cultured cells

that enables direct comparison of monocot and dicot plant systems regarding their reaction to different signaling

molecules.
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Background

The first line of defense in plants is the rapid and tran-
sient production of reactive oxygen species (ROS) such as
superoxide (O,”) and hydrogen peroxide (H,0,) during
the so-called oxidative burst. Triggered by elicitor recog-
nition through specialized plasma membrane receptors
[1], ROS cause oxidative damage to the proteins, nucleic
acids and lipids of invading pathogens [2]. They may also
help to trigger subsequent defense mechanisms including
the synthesis of antimicrobial phytoalexins and hydro-
lytic enzymes, the construction of defensive barriers such
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as the lignification of cell walls [3], and the hypersensitive
response (HR) [4]. Furthermore, ROS production spreads
systemically [5] and induces resistance [6, 7] and immu-
nity [8]. An aspect of induced resistance is the so called
priming effect, leading to a faster and stronger response
to new threads [9] by accumulation of dormant mitogen-
activated protein kinases (MAPKs) [10] and histone mod-
ification [11]. Natural compounds that have the ability to
induce priming in plants may be developed into novel
plant protection agents which strengthen the plants’ own
defense potential. Being bio-based, such “agro-biologics”
are potentially more environment-benign than current,
synthetic agro-chemicals. Elicitor and priming-active
biologics can be identified by monitoring ROS in plant
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tissues or cells treated with them. An interesting group
of such agents are carbohydrates which occur not only
as exogenous but also as endogenous elicitors. The latter
are often referred to as damage associated molecular pat-
terns (DAMPs), the former as pathogen/microbe-associ-
ated molecular patterns (PAMPs or MAMPs). Both are
often carbohydrates derived from fungal or plant cell
walls, such as chitin fragments [12, 13], oligomers and
polymers of chitosan [14], oligoglucans [15], or oligopec-
tates [16].

Another polysaccharide that has been shown to be an
activator of plant defense [17] and the induction of plant
resistance [18] is the sulfated heteropolysaccharide ulvan.
It is derived from green macro algae of the genus Ulva
[19, 20], a so far underexploited biomass with promising
properties. As ulvan is not a natural protagonist in plant
defense, in contrast to the other carbohydrates men-
tioned above, a promising approach for the development
of novel agro-biologics is to use it as a lead compound,
subtly altering its structure and screening for the impact
on its ability to induce plant defense mechanisms. As an
example, one optimization goal would be to decrease the
molecular weight of ulvan, and thus its viscosity, without
losing activity to improve the handling in agricultural
practice. To this end, a screening assay that is fast and has
a reasonable throughput is required.

H,0, production can be measured over time in plant
tissue extracts using the chemiluminescent reagent lumi-
nol combined with the catalyst potassium ferricyanide
[21]. A highly sensitive assay based on plant cell suspen-
sion cultures has been developed to identify elicitors or
priming agents, and to study their modes of action [22].
This assay was originally developed using dicot cells but
was later adapted for monocot cells which are much
more difficult to handle [23-25]. In each case, luminol
and potassium ferricyanide are added to aliquots of the
assay medium taken at different time points after elicita-
tion, and H,0, is quantified using a cuvette luminometer.
The assay typically reveals a characteristic peak of H,O,
production with an onset 5-10 min after elicitation,
reaching a maximum after 20-30 min and returning to
pre-stimulation levels within ~90 min.

Although the luminol method is reliable and sensi-
tive, the laborious assay procedure limits the number
of samples that can be processed simultaneously. This
is a major challenge if a range of different substances
need to be compared because they must be split
among several measurements. Cell suspension cul-
tures tend to be heterogeneous in terms of growth and
behavior, so variable amounts of H,O, are produced in
different experiments. The use of internal standards
can only partially alleviate this problem. We therefore
adapted the assay to a 96-well microtiter plate format
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in order to increase the number of samples that can be
processed in parallel allowing the generation of statis-
tically useful datasets.

The oxidative burst in mammalian cells has been meas-
ured in microtiter plate assays using luminol [26] and
dichlorofluorescein [27, 28]. The latter was also used to
develop a microtiter plate assay for tobacco cells showing
a gradual increase in fluorescence [29]. In our hands, this
assay had a low sensitivity and was unable to reveal dose
dependencies when tested against a range of cultured
plant cell lines.

The original luminol assay had been used success-
fully to quantify ROS in extracts of dicot plant tissues
[21], in the culture medium of dicot plant cells [22], or
in exudates of leaf discs [30]. In the latter case, 96-well
microtiter plate assays using luminol [31] or the luminol
derivative L012 (8-amino-5-chloro-7-phenylpyrido[3,4-
d]pyridazine-1,4(2H,3H)dione) have also been described
[32, 33]. However, we were unable to adapt these 96-well
microtiter plate assays for monocot leaf discs. The leaf
discs showed ROS production, but even the water-
treated negative control always reacted, and up to tenfold
increased ROS levels occurred randomly without correla-
tion to treatment.

To address this challenge, we modified the luminol-
based method described above for the quantification of
ROS in aliquots of cell culture suspensions, adapting it to
work with both monocot and dicot cells treated with an
elicitor of the oxidative burst [23]. Luminol was replaced
with the more sensitive L012 [34, 35], a luminol deriva-
tive producing chemiluminescence when oxidised by
ROS like hydrogen peroxide, superoxide, or hydroxyl
radical. It allows continuous monitoring of ROS, as previ-
ously shown for infiltrated tobacco leaves [36], Arabidop-
sis roots [37], and leaf discs from dicot species [32].

The assay we developed is suitable for the continuous
measurement of the oxidative burst in both monocot and
dicot cell suspension cultures, revealing the presence of a
‘double burst’ suggesting that ROS are being produced in
a biphasic manner in response to stress.

Results

The original cuvette luminometer method for the detec-
tion of ROS was sensitive but the laborious assay method
limited the number of samples that could be processed
simultaneously. We therefore adapted the method by
transferring it to a microtiter plate luminometer. By rep-
licating the luminol/potassium ferricyanide method used
with the cuvette luminometer, we were able to detect
a peak at 20 min after ROS initiation, but continuous
measurement was not possible because the potassium
ferricyanide used for the measurements is toxic, and each
sampling point therefore required an additional well.
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We changed the luminescent agent from luminol to
L012, which does not require potassium ferricyanide as
a catalyst and should therefore be more suitable for the
continuous measurement of individual wells. In an ini-
tial experiment, we were able to measure the oxidative
burst of Medicago truncatula cell suspension cultures
in 96 wells in parallel, and to record the dose depend-
ency of the elicitor ulvan (Additional file 1). The dose
dependency was notable in the slope immediately after
elicitation, indicating a clear relationship between the
concentration of elicitor and the generation of ROS, but
the amplitudes of different doses were neither well distin-
guishable, especially for high elicitor concentrations, nor
well reproducible. The most striking difference between
the new continuous method and the old aliquot-based
method was the distinct appearance of a double burst
with peaks at 10-20 and 50 min. We noted that the ROS
curve did not fully return to the baseline during the
measuring period of 90 min. Prolonged measurement
showed a third slow peak after several hours followed by
a return to the baseline. This slow, late, and transient pro-
duction of ROS was also observed in the untreated cells,
albeit at a lower level than in elicitor-treated cells (data
not shown).

Next, we optimized the LO12 concentration, where the
dose dependency curve showed sigmoidal behavior with
the strongest increase between 6 and 30 uM (Fig. 1a).
For further experiments, a L012 concentration of 30 uM
was chosen. Addition of L012 induced a small emis-
sion of light, possibly due to alkalization of the medium
caused by the buffer used to solubilize L012. Therefore,
we included the L012 in the assay medium during pre-
incubation to exclude interference of elicitor- and L012/
pH-induced ROS production. This did not influence the
sensitivity of the assay but generated a straight baseline
in the untreated negative control cells. We measured
independent cell lines pre-treated with L012 in six inde-
pendent experiments, and the early double peak after
elicitation with ulvan was observed in all cases (data not
shown). A maximum light output was achieved at a cell
density between 0.01 and 0.03 g/ml (Fig. 1b) and with a
pre-incubation period in assay medium of 4 h (Fig. 1c).
Interestingly, the pre-incubation time of 4 h not only led
to the strongest burst, but also to the lowest variability
among experiments. The optimal conditions for the assay
therefore consisted in 4 h pre-incubation with 9 mg/l
L012 and a cell density of 0.015 g/ml. The early double
burst was visible in all optimization experiments.

Using these optimal conditions, we recorded a dose
response curve with different concentrations of ulvan as
an elicitor in M. truncatula cells (Fig. 2a). On purpose,
we used ulvan as a weak elicitor, compared to natural
elicitors, in order to develop a test system that would
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Fig. 1 Condition optimization in microtiter plate for dicot suspen-
sion cultures of Medicago truncatula. Optimization of parameters for
the measurement of an oxidative burst in Medicago truncatula cell
suspension cultures elicited with 0.1 mg/ml ulvan, using a microtiter
plate assay format in triplicates: concentration of L012 (a), cell density
(b), and pre-incubation time (c). Values are expressed as a percentage
of the maximum relative light units (RLUs) measured over a 90-min
interval, and represent mean =+ SD of three independent experiments

allow the identification of candidate molecules that might
serve as lead structures for the development of novel elic-
itor-active substances.

Clear dose dependency was visible at all time points.
The first peak occurred between 0 and 30 min after elici-
tation, reaching a maximum at 10 min, and the second
peak followed with a maximum after 50 min. In com-
parison, the first peak had high amplitude and was of
short duration, whereas the second peak showed lower
amplitude but lasted twice as long. Over the concentra-
tion range measured, the amplitudes of the dose stead-
ily increase for the first peak but described a saturation
curve for the second peak, crossing the dose dependency
curve of the first peak at ~0.3 mg/ml of ulvan (Fig. 2b). To
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Fig. 2 Elicitor dose dependency in the dicot Medicago truncatula.
Dose dependency of the oxidative burst in Medicago truncatula cell
suspension cultures elicited with different concentrations of ulvan
(0.05-0.46 mg/ml) in triplicates. During the 90-min measuring period,
first a peak with high amplitude and short duration was observed
followed by a second peak with lower amplitude and longer duration
(@). Each peak maximum was used to plot dose-dependency curves,
in which peak 1 is defined as 0-20 min and peak 2 as 25-60 min

(b). The data shown in a are taken from one experiment which is
representative of six independent experiments. The data shown in b
are mean values + SD of these six experiments with the maximum
relative light units (RLUs) reached in each experiment set to 100 %.

P values resulting from a Whitman-rank test were combined and
showed that the two curves were significantly different

test for significant difference between the dose response
curves of the first and second amplitude, a Mann—Whit-
ney rank test was performed for each pair of data points.
Raw data from five experiments performed in triplicates
were taken and the combined p value was calculated
(0.000036).

The double burst became more obvious as the elicitor
concentration increased. The measurement was carried
out 20 times in four replicate M. truncatula cell lines and
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the double burst was detected 18 times (90 %) regard-
less of which cell line was used. The addition of cata-
lase (175 U/ml) reduced the amplitudes of both peaks
strongly (Additional file 2) and verified the bursts being
ROS dependent.

The optimized method allowed us to also set up a
priming assay for M. truncatula cells, as priming agents
are promising lead compounds for plant protection. So
far, only few priming agents for M.truncatula have been
described and we therefore pre-treated with different
concentrations of the common priming agent salicylic
acid [38] 2 h before elicitation with ulvan (Fig. 3a). A low
ulvan concentration (0.1 mg/ml) was used for elicitation,
producing no first peak and only a small second peak in
the absence of the priming agent, for optimal conditions
to identify the priming effect. As the concentration of
salicylic acid increased, the double burst started to show.
Priming was evident for both peaks and pronounced
dose dependency was observed starting at a salicylic
acid concentration of ~0.7 pM and reaching saturation at
~5.5 uM (Fig. 3b).

Having optimized the method for dicot cells, we then
transferred the same principles to a monocot system,
i.e., rice (Oryza sativa) cell suspension cultures. These
cells produce a less intense oxidative burst signal so the
addition of 8 U/ml horseradish peroxidase as a catalyst
was necessary. (In the case of M. truncatula, addition of
peroxidase was not required but also did not disturb the
assay; it amplified the first peak tenfold but not the sec-
ond peak). Rice cells were pre-incubated in assay medium
for 4 h before simultaneously adding L012, peroxidase,
and the elicitor which in this case was chitosan as ulvan
does not show elicitor activity in monocot plants. The
addition of L012 itself did not elicit light emission in this
system but the measurement became less reproducible
when L012 was added to the medium during pre-incu-
bation. Therefore, O. sativa cells were not pre-incubated
with LO12 in contrast to M. truncatula cells. As seen in
the dicot system, the burst in rice cells showed two peaks
within the 90-min measurement period. Again, the first
peak had a high amplitude but was of short duration, and
it was observed only at high concentrations of chitosan
(0.2-0.3 mg/ml), reaching a maximum after 5-7 min
before returning to the baseline after 20 min. The second
peak reached a maximum at 60—-80 min (Fig. 4a). Here,
the maximal amplitude was not as high as for the first
peak, but duration was more than four times increased.
The dose dependency of the second peak (Fig. 4b) dif-
fered from that of the first peak, rapidly reaching an
optimum concentration at ~0.05 mg/ml, then declining
to zero activity at ~0.3 mg/ml. In contrast, the first peak
increased steadily from a concentration of 0.05 mg/ml
upwards.
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Fig. 3 Priming dose dependency in the dicot Medicago truncatula.
Dose dependency of the oxidative burst in Medicago truncatula

cell suspension cultures pre-treated with different concentrations

of salicylic acid (0.8-9.6 uM) in triplicates, then elicited with ulvan
(0.08 mg/ml). During the 90-min measurement period, two peaks
can be observed (a). The first peak maximum (0-25 min) was used to
plot a dose dependency curve (b). The curve for the second peak was
similar (not shown). The data shown in a are taken from one experi-
ment which is representative of three independent experiments. The
data shown in b are mean values & SD of these three experiments
with the maximum relative light units (RLUs) reached in each experi-

ment set to 100 %

Ulvan acts as an elicitor in dicot cells but shows prim-
ing activity in monocot cells [17]. When pre-treated with
different concentrations of ulvan 2 h before measure-
ment, this priming effect influenced the appearance of
the first peak more than that of the second peak (Fig. 5a).
The ulvan dose dependency of the first peak reached sat-
uration at ~0.2 mg/ml (Fig. 5b).

To allow a direct comparison between the former
and the improved method, the monitoring of ROS was
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Fig. 4 Elicitor dose dependency in the monocot Oryza sativa.
Oxidative burst of Oryza sativa cell suspension cultures elicited with
different concentrations of chitosan (0.01-0.33 mg/ml) in tripli-
cates. During the 120-min measuring period, a first peak with high
amplitude and short duration was observed followed by a second
peak with longer duration (a). Each peak maximum was used to plot
dose-dependency curves, in which peak 1 is defined as 0-20 min and
peak 2 as 25-100 min (b). The data shown in a are taken from one
experiment which is representative of ten independent experiments.
The data shown in b are mean values & SD of these ten experiments
with the maximum relative light units (RLUs) reached in each experi-
ment set to 100 %

performed in parallel in both systems with O. sativa cells
(Fig. 6). In the microtiter plate reader, two peaks were
again noticed as described before (Fig. 6a), and the dose
response curves for the two peaks again differed. Here,
peak 1 reached saturation at 0.11 mg/ml. Peak 2 showed
a steep increase, reaching output maximum already with
the lowest dose tested (0.01 mg/ml) and decreasing with
higher concentrations (Fig. 6b). In the cuvette-luminom-
eter, the ROS peak was reached at around 90 min for the
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Fig.5 Priming dose dependency in the monocot Oryza sativa.
Oxidative burst of Oryza sativa cell suspension cultures pre-treated
with different concentrations of ulvan (0.012-0.2 mg/ml) in triplicates,
then elicited with 0.08 mg/ml chitosan. During the 120-min measur-
ing period, a first peak with high amplitude was observed sometimes
followed by a second peak (a). The first peak maximum (0-30 min)
was used to plot a dose-dependency curve (b). The data shown in a
are taken from one experiment which is representative of ten inde-
pendent experiments. The data shown in b are mean values + SD of
these ten experiments with the maximum relative light units (RLUs)
reached in each experiment set to 100 %

high concentrations tested, showing a shoulder within the
first 30 min (Fig. 6¢). Interpretation of this shoulder as a
first peak led to two dose response curves (Fig. 6d), both
reaching a maximum at 0.05 mg/ml. A H,O, calibration
curve was recorded for both systems (Additional file 3).

Discussion

We developed a microtiter plate screening assay using the
chemiluminescent probe L012 for the continuous meas-
urement of the oxidative burst in plant cell suspension
cultures, allowing us to determine the dose dependencies
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of substances with even low elicitor and/or priming
activities. A direct comparison between the microtiter
plate versus the cuvette luminometer assay showed that
both gave similar results, but the new method has higher
time resolution and allows medium throughput measure-
ments. Whereas established methods based on leaf discs
have been impossible to adapt for monocot systems, we
found that the cell-based assay worked with both dicot
and monocot cells. The new method therefore allows the
direct comparison of oxidative burst reactions induced
by elicitors in monocot and dicot plants.

The ability to compare dicot and monocot systems
directly is highly relevant given recent reports describ-
ing fundamental differences in the signaling molecules
underlying immune surveillance. For example, oligoga-
lacturonides act as endogenous elicitors or DAMPs in
dicots [39] but not in monocots [40]. Furthermore, dicots
and monocots appear to recognize different oligoglucans
derived from fungal cell walls as PAMPs [41] and there
are distinct pathways for the perception of chitin [42].
Bacterial exopolysaccharides [24] and the green algal
polysaccharide ulvan act as elicitors in dicots [43] but as
priming agents in monocots [17]. A more detailed under-
standing of innate immunity in monocot crops would
be valuable given the dependence of much of the global
human population on cereal crops.

Several parameters were carefully optimized to estab-
lish a reliable protocol for the sensitive and quantitative
detection of ROS. We anticipated a linear increase in
the generation of ROS with increasing cell density, but
the oxidative burst appeared to be largely independent
of the cell density over the range 0.01-0.03 g/ml, with a
substantial decline in the response both above and below
this range. This optimum cell density is four times lower
than that in the original method [17] showing that the
new system is highly sensitive to overcrowding, possibly
due to the smaller volume and even smaller surface area
available for ventilation.

Our experiments revealed an early double burst that
was observed in both the dicot and the monocot cell
suspension cultures. A biphasic oxidative burst with an
initial non-specific peak within 2 h followed by a second
burst with a maximum after 4—6 h has been observed
in several plant species following bacterial inocula-
tion leading to cell death, and was shown to depend on
a hypersensitive response and pathogenicity gene clus-
ter [3, 44, 45]. A similar biphasic burst with a first peak
after ~30 min followed by a second peak after 3—5 h was
reported for the crude cell wall elicitors of Phytophthora
sojae in parsley cell suspension cultures [46]. However to
our knowledge, a biphasic burst within the first 2 h after
elicitation has not been described before. It is possible
that continuous exposure to L012 or pH change in the
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Fig. 6 Direct comparison of cuvette-luminometer and micro titre plate luminometer based methods. a, b Oxidative burst in Oryza sativa suspen-
sion cultured cells using LO12 as a chemiluminescent reagent in a 96 well plate elicited with different concentrations of chitosan (0.01-0.33 mg/
ml) (data shown are means of triplicates). During the 120-min measuring period, a first peak with high amplitude and short duration was observed
followed by a second peak with longer duration (a). Each peak maximum was used to plot dose-response curves, in which peak 1 is defined as
0-20 min and peak 2 as 25-100 min (b). ¢, d Oxidative burst in O. sativa suspension cultured cells using luminol as a chemiluminescent reagent in
a cuvette, with different concentrations of chitosan as an elicitor (0.01-0.35 mg/ml). During the 120-min measuring period, a peak reached around
90 min was preceded by a shoulder which was defined as “peak 1”(c). Dose-response curves were plotted, in which peak 1 is defined as 0-20 min
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medium during the measurement period simply causes
the second burst to occur sooner, thus reducing the delay
between the two bursts.

But perhaps more likely, the appearance of the dou-
ble peak in all experiments could also reflect the differ-
ent properties of luminol and L012. Low concentrations
of luminol combined with potassium ferricyanide detect
H,O, [21] whereas only high concentrations of the rea-
gent also allow to detect superoxide [47]. The original
assay system used low concentrations of luminol and is
therefore likely to detect H,O, only. In contrast, L012
was originally reported to detect superoxide [48] and
was later shown to also detect OH" [49] and H,0, [34].
The biphasic burst observed in our experiments may

therefore reflect the detection of multiple ROS, e.g., first
superoxide, followed by hydrogen peroxide produced
from the superoxide by the action of plant superoxide
dismutases. Verification of this hypothesis would require
the individual identification of the different ROS, but was
not the subject of this method development. The ability
to detect multiple ROS combined with the higher resolu-
tion (more data points per time) which reveals the dis-
tinct double burst shows the new method to be more
sensitive to screen for an oxidative burst compared to
current methods. The direct comparison between the
two methods revealed that the single peak observed in
the cuvette assay corresponds to the second peak of the
biphasic curve observed in the microtiter assay.
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The behavior of the dicot and monocot systems inves-
tigated was similar but not identical. The differences may
be species-dependent, in which case a broader panel of
cell lines should be tested, or they may reflect the use of
different elicitors in each system. Chitosan appears to
be less active (or even toxic) at higher concentrations,
whereas ulvan appears to show concentration-dependent
elicitor activity at least over the concentration range we
tested. Additionally, chitosan and ulvan are both high-
molecular-weight polysaccharides and are probably
cleaved and processed by enzymes secreted by the plant
cells before or during the oxidative burst. Rice cells e.g.,
show secretion of chitinases [50], which may cleave chi-
tosan as well. The delayed appearance of the processed
molecules may trigger the second burst, whereas the
unprocessed molecules may be responsible for the first.
Additionally, it cannot be fully excluded that one of the
peaks may be due to a second contaminating compound
as even purified and well characterised biopolymers like
the ulvan and chitosan fractions used here could carry
small amounts of contaminations.

Conclusion

We have developed a method for the reliable measure-
ment of the oxidative burst in plant suspension cultured
cells using a miniaturized format that allows medium-
throughput screening for potential elicitors or priming
agents. The method is sensitive enough to detect even
weak elicitors, potentially allowing to screen for lead
compounds that can then be developed into new bio-
logics for agricultural plant protection, again using our
assay to monitor the optimization process. We found
that the method requires only minor adjustments when
transferred to different cell systems and can therefore be
applied in a broad variety of experimental settings. The
simultaneous monitoring of ROS and Ca*" signaling
could be achieved using cell cultures expressing aequorin
[51] in medium supplemented with LO12 or coelentera-
zine in parallel wells within a single microtiter plate, thus
providing an interesting combination of read-outs that
may help to dissect the nature of the double burst. The
microtiter format generally facilitates the addition of fur-
ther assay readouts, e.g., colorimetric detection of residual
elicitor, staining for cell viability, or enzyme-linked immu-
nosorbent assays using specific antibodies. Such experi-
ments carried out in parallel on the same batch of cells
would provide further insight into the signaling pathways
that are activated during plant defense responses.

Methods

Cultivation of cells

Four replicate lines of suspension cultured M. trunca-
tula cells (initial line kindly provided by Prof. Karsten
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Niehaus, University of Bielefeld) were cultivated in the
dark at 26 °C in 15 ml MS medium [52] supplemented
with 45 uM 2,4—dichlorophenoxyacetic acid (2,4-D),
4.6 uM kinetin and 87.64 mM sucrose (pH 5.7), shaking
at 120 rpm. Cells were transferred to fresh medium every
7 days.

Oryza sativa cells were cultivated in three replicate
lines as previously described [13] on a rotary shaker
(120 rpm) in the dark at 26 °C in 50 ml culture medium.
The culture medium contained the following compo-
nents (mM): KNO,; (27.99); NH,H,PO, (3.5); CaCl,
(1.49); MgSO, (0.86); FeSO, (0.1); ethylenediamine-
N,N,N’,N’-tetraacetic acid, disodium salt (0.1); MnSO,
(0.015); ZnSO, (0.005); KI (0.005); H;BO4 (0.026); CuSO,
(0.0001); Na,MoO, (0.001); CoCl, (0.0001); nicotinic acid
(0.004); thiamine-HCI (0.003); pyridoxine—HCI (0.002);
myo-inositol (0.56); glycine (0.03); 2,4-dichlorophe-
noxyacetic acid (0.005); sucrose (87.67), and the pH was
adjusted to 5.8 with KOH. Cells were transferred to fresh
medium every 7 days and sieved through a mesh to make
fine aggregates every 2 weeks.

The assay medium for M. truncatula cells comprised
4 % cultivation medium supplemented with 87.67 mM
sucrose. The O. sativa assay medium was prepared simi-
larly comprising 5 % cultivation medium and 87.67 mM
sucrose. It was complemented with 10 mM MES and the
pH was adjusted to 5.8.

Elicitors and priming agents
Ulvan was extracted from Ulva fasciata as previously
described [17] and its molecular weight of ~600,000 g/
mol was confirmed by high-performance size exclusion
chromatography (Agilent Technologies, Santa Clara,
USA) on three PSS® Suprema columns (one 100 A
guard column and two 3000 A columns with an internal
diameter of 8 mm) coupled to a refractive index detec-
tor (Agilent series 1200 RID). The molecular weight was
determined by calibration using a series of pullulans
(PSS, Mainz, Germany). The validity of calibration for
negatively-charged polysaccharides was confirmed using
dextran sulfates (Sigma—Aldrich, Taufkirchen, Germany).

The chitosan used in our experiments was produced
from commercial chitosan (Sigma—Aldrich) as previously
described [53]. The average degree of polymerization
was 400 (determined by high-performance size exclu-
sion chromatography with refractive index detection
and multi-angle laser light scattering as well as online
viscosimetry) and the average degree of acetylation was
14 % (determined by proton nuclear magnetic resonance
spectroscopy).

Salicylic acid and horseradish peroxidase (Typ II) were
purchased from Sigma—Aldrich, and L012 was obtained
from Wako Chemicals (Neuss, Germany).
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Measuring the oxidative burst

In a microtiter plate reader

Cells were used to monitor the oxidative burst 3—4 days
after transfer to new medium. After removing the culture
medium, M. truncatula and O. sativa cells were weighed
and diluted in the assay medium at different cell densi-
ties. The cell suspension cultures were then transferred
to a white 96 U-Nunc plate (Thermo Fisher Scientific,
Waltham, MA) using a multichannel pipette and wide-
bore tips (200 pl per well). We added fresh L012 solution
(0.3 mM dissolved completely in 50 mM potassium phos-
phate buffer, pH 7.9) to the M. truncatula cultures. The
plates were incubated as described above for 4 h (unless
stated otherwise) in a cell culture chamber or in the lumi-
nometer (see below), with similar results. For priming
experiments, the priming agent was added 2 h before
elicitation.

After incubation, the oxidative burst was measured
using a luminometer (Luminoskan Ascent, Thermo
Fisher Scientific) which added reagents automatically.
The O. sativa cell cultures were supplemented with L012
(0.03 mM) and horseradish peroxidase (8 U/ml) directly
before measurement, if not stated otherwise. For both
cell lines, different concentrations of elicitor were added
by automatically applying different volumes of elici-
tor stock solution (1 mg/ml). Measurements were taken
for 1 s per well every 5 min for M. truncatula and every
2 min for O. sativa (but only every second data point was
plotted) over a measuring period of 90 min unless other-
wise stated. At least triplicates were taken for each sam-
ple per experiment.

In a cuvette [uminometer

Three to four day old cells were diluted in assay medium
at a concentration of 60 mg/ml and incubated in 6-well
plates (5 ml/well) for 5 h shaking at 120 rpm in the dark
at 26 °C. At different time points after elicitation, ali-
quots of 200 pl were added to 700 ul of 50 mM potas-
sium phosphate buffer, pH 7.9, and light detection was
performed in a cuvette luminometer (Lumat LB 9501,
Berthold, Bad Wildbach, Germany) after automatic
addition of 100 ul luminol (Sigma; 1.21 mM in phos-
phate buffer) and 100 pl 14 mM potassium hexacy-
anoferrate (Fluka), using an integration time of 10 s, at
430 nm.

Statistical analysis

To test the curve progression of concentration depend-
ency of the two peaks for significance, a Mann—Whitney
rank sum test was implemented in Sigma plot 12 for all
data points. To deduce from the data points to the curve,
the combined p value was determined using x> and a
degree of freedom (df) twice the number of p values with
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Excel 7 and the function chidist (x?, df). p values smaller
than 0.05 were interpreted as significantly different.

==23" In()

Additional files

Additional file 1. Initial measurement of elicitor dose dependency in

the dicot Medicago truncatula. Dose dependency of the oxidative burst

in Medicago truncatula cell suspension cultures elicited with different
concentrations of ulvan (0.02-0.2 mg/ml) (n = 12). During the 70-min
measuring period, first a peak with high amplitude and short duration was
observed followed by a second peak with lower amplitude and longer
duration (A). The data shown in (B) show the slope between first two
measurement points. Slope was determined for all 12 repetitions. Here
mean and standard deviation are plotted against ulvan concentration.

Additional file 2. Catalase. Oxidative burst in Medicago truncatula
suspension cultured cells elicited with different doses of ulvan (0.1 mg/
ml; 0.05 mg/ml) (data shown are means of duplicates with (black symbols)
and without (white symbols) addition of 175 U/ml catalase (from bovine
liver; Sigma-Aldrich, Taufkirchen, Germany). The plots represent one out of
three independent experiments which gave similar results.

Additional file 3. Calibration curve. Calibration of RLU readings using
H,0, in 96 well plate reader with LO12, peroxidase and heat-inactivated
rice cells in rice cell assay medium (n = 7) (A). Linear regression gave a
R-square value of 0.99 (Excel). H,0, calibration curve in cuvette luminom-
eter with luminol and KHCF in rice cell assay medium (n = 6) (B). Linear
regression gave a R-square value of 0.95 (Excel).

Authors’ contributions

RM preformed the experiments. RM and BM jointly conceptualized the study,
analyzed the data, and wrote the manuscript. Both the authors read and
approved the final manuscript.

Acknowledgements

This work was supported financially by the German Research Council DFG
through the Indo-German International Research Training Group on Molecular
and Cellular Glyco-Sciences—MCGS (GRK 1549). We thank Dr. Richard M.
Twyman for critically reading and editing the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 10 July 2015 Accepted: 14 January 2016
Published online: 26 January 2016

References

1. BollerT, Felix G. A renaissance of elicitors: perception of microbe-asso-
ciated molecular patterns and danger signals by pattern-recognition
receptors. Annu Rev Plant Biol. 2009;60:379-406.

2. Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and

signal transduction. Annu Rev Plant Biol. 2004;55:373-99.

Torres MA. ROS in biotic interactions. Physiol Plant. 2010;138(4):414-29.

4. Low P, Merida J. The oxidative burst in plant defense: function and signal
transduction. Physiol Plant. 1996;96(3):533-42.

5. Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, et al. The plant
NADPH oxidase RBOHD mediates rapid systemic signaling in response to
diverse stimuli. Sci Signal. 2009;2(84):ra45.

6. Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JD, Felix G, et al. Bacte-
rial disease resistance in Arabidopsis through flagellin perception. Nature.
2004,428(6984):764-7.

w


http://dx.doi.org/10.1186/s13007-016-0110-1
http://dx.doi.org/10.1186/s13007-016-0110-1
http://dx.doi.org/10.1186/s13007-016-0110-1

Melcher and Moerschbacher Plant Methods (2016) 12:5

20.

21

22.

23.

24,

25.

26.

27.

28.

Yamaguchi Y, Huffaker A, Bryan AC, Tax FE, Ryan CA. PEPR2 is a second
receptor for the Pep1 and Pep2 peptides and contributes to defense
responses in Arabidopsis. Plant Cell. 2010;22(2):508-22.

Flury P, Klauser D, Schulze B, Boller T, Bartels S. The anticipation of danger:
microbe-associated molecular pattern perception enhances at Pep-
triggered oxidative burst. Plant Physiol. 2013;161(4):2023-35.

Conrath U, Beckers GJ, Flors V, Garcia-Agustin P, Jakab G, Mauch F,

et al. Priming: getting ready for battle. Mol Plant Microbe Interact.
2006;19(10):1062-71.

Beckers GJ, Jaskiewicz M, Liu Y, Underwood WR, He SY, Zhang S, et al.
Mitogen-activated protein kinases 3 and 6 are required for full priming of
stress responses in Arabidopsis thaliana. Plant Cell. 2009;21(3):944-53.
Jaskiewicz M, Conrath U, Peterhdnsel C. Chromatin modification acts as

a memory for systemic acquired resistance in the plant stress response.
EMBO Rep. 2011;12(1):50-5.

Baier R, Schiene K, Kohring B, Flaschel E, Niehaus K. Alfalfa and tobacco
cells react differently to chitin oligosaccharides and Sinorhizobium meliloti
nodulation factors. Planta. 1999;210(1):157-64.

Ortmann |, Moerschbacher BM. Spent growth medium of Pantoea agglo-
merans primes wheat suspension cells for augmented accumulation of
hydrogen peroxide and enhanced peroxidase activity upon elicitation.
Planta. 2006;224(4):963-70.

Vander P, Varum KM, Domard A, El Gueddari NE, Moerschbacher BM.
Comparison of the ability of partially N-acetylated chitosans and chitooli-
gosaccharides to elicit resistance reactions in wheat leaves. Plant Physiol.
1998;118(4):1353-9.

Shinya T, Ménard R, Kozone |, Matsuoka H, Shibuya N, Kauffmann S, et al.
Novel B-1, 3-, 1, 6-oligoglucan elicitor from Alternaria alternata 102 for
defense responses in tobacco. FEBS J. 2006;273(11):2421-31.

Ridley BL, O'Neill MA, Mohnen D. Pectins: structure, biosynthesis, and
oligogalacturonide-related signaling. Phytochemistry. 2001,57(6):929-67.
Paulert R, Ebbinghaus D, Urlass C, Moerschbacher B. Priming of the oxida-
tive burst in rice and wheat cell cultures by ulvan, a polysaccharide from
green macroalgae, and enhanced resistance against powdery mildew in
wheat and barley plants. Plant Pathol. 2010;59(4):634-42.

Araujo L, Stadnik MJ. Cultivar-specific and ulvan-induced resistance of
apple plants to Glomerella leaf spot are associated with enhanced activ-
ity of peroxidases. Acta Scientiarum Agronomy. 2013;35(3):287-93.
Lahaye M, Robic A. Structure and functional properties of ulvan, a poly-
saccharide from green seaweeds. Biomacromolecules. 2007;8(6):1765-74.
Alves A, Sousa RA, Reis RL. A practical perspective on ulvan extracted
from green algae. J Appl Phycol. 2013;25(2):407-24.

Warm E, Laties GG. Quantification of hydrogen peroxide in plant extracts
by the chemiluminescence reaction with luminol. Phytochemistry.
1982;21(4):827-31.

Keppler LD, Baker CJ, Atkinson MM. Active oxygen production during a
bacteria-induced hypersensitive reaction in tobacco suspension cells.
Phytopathology. 1989;79(9):974-8.

Ortmann |, Sumowski G, Bauknecht H, Moerschbacher BM. Establish-
ment of a reliable protocol for the quantification of an oxidative burst

in suspension-cultured wheat cells upon elicitation. Physiol Mol Plant
Pathol. 2004,64(5):227-32.

Ortmann |, Conrath U, Moerschbacher BM. Exopolysaccharides of Pantoea
agglomerans have different priming and eliciting activities in suspension-
cultured cells of monocots and dicots. FEBS Lett. 2006;580(18):4491-4.
Dos Santos ALW, El Gueddari NE, Trombotto S, Moerschbacher BM. Par-
tially acetylated chitosan oligo- and polymers induce an oxidative burst
in suspension cultured cells of the gymnosperm Araucaria angustifolia.
Biomacromolecules. 2008;9(12):3411-5.

Hasegawa H, Suzuki K, Nakaji S, Sugawara K. Analysis and assessment

of the capacity of neutrophils to produce reactive oxygen species in

a 96-well microplate format using lucigenin-and luminol-dependent
chemiluminescence. J Immunol Methods. 1997;210(1):1-10.

Rosenkranz AR, Schmaldienst S, Stuhlmeier KM, Chen W, Knapp

W, Zlabinger GJ. A microplate assay for the detection of oxidative
products using 2’,7’-dichlorofluorescin-diacetate. J Immunol Methods.
1992;156(1):39-45.

Wang H, Joseph JA. Quantifying cellular oxidative stress by dichloro-
fluorescein assay using microplate reader. Free Radic Biol Med.
1999,27(5):612-6.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10 of 11

Gerber IB, Dubery IA. Fluorescence microplate assay for the detection of
oxidative burst products in tobacco cell suspensions using 2’,7’-dichloro-
fluorescein. Methods Cell Sci. 2004;25(3-4):115-22.

Felix G, Duran JD, Volko S, Boller T. Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. Plant J.
1999;18(3):265-76.

Albert M, Jehle AK, Mueller K, Eisele C, Lipschis M, Felix G. Arabidopsis
thaliana pattern recognition receptors for bacterial elongation factor Tu
and flagellin can be combined to form functional chimeric receptors. J
Biol Chem. 2010;285(25):19035-42.

Halter T, Imkampe J, Mazzotta S, Wierzba M, Postel S, Bucherl C, et al. The
leucine-rich repeat receptor kinase BIR2 is a negative regulator of BAK1 in
plant immunity. Curr Biol. 2014;24(2):134-43.

Smith JM, Heese A. Rapid bioassay to measure early reactive oxygen
species production in Arabidopsis leave tissue in response to living Pseu-
domonas syringae. Plant Methods. 2014;10(1):6.

Daiber A, Oelze M, August M, Wendt M, Sydow K, Wieboldt H, et al. Detec-
tion of superoxide and peroxynitrite in model systems and mitochondria
by the luminol analogue (-012. Free Radical Res. 2004;38(3):259-69.
Klauser D, Flury P, Boller T, Bartels S. Several MAMPs, including chitin
fragments, enhance at Pep-triggered oxidative burst independently of
wounding. Plant Signal behav. 2013;8(9):e25346.

Kobayashi M, Ohura |, Kawakita K, Yokota N, Fujiwara M, Shimamoto K,

et al. Calcium-dependent protein kinases regulate the production of
reactive oxygen species by potato NADPH oxidase. Plant Cell Online.
2007;19(3):1065-80.

Denness L, McKenna JF, Segonzac C, Wormit A, Madhou P, Bennett M,

et al. Cell wall damage-induced lignin biosynthesis is regulated by a reac-
tive oxygen species-and jasmonic acid-dependent process in Arabidopsis.
Plant Physiol. 2011;156(3):1364-74.

Conrath U, Pieterse CM, Mauch-Mani B. Priming in plant-pathogen inter-
actions. Trends Plant Sci. 2002;7(5):210-6.

Reymond P, Griinberger S, Paul K, Miller M, Farmer EE. Oligogalacturo-
nide defense signals in plants: large fragments interact with the plasma
membrane in vitro. Proc Natl Acad Sci. 1995;92(10):4145-9.
Moerschbacher BM, Mierau M, Grae3ner B, Noll U, Mort AJ. Small oligom-
ers of galacturonic acid are endogenous suppressors of disease resist-
ance reactions in wheat leaves. J Exp Bot. 1999,50(334):605-12.
YamaguchiT, Yamada A, Hong N, Ogawa T, Ishii T, Shibuya N. Differences
in the recognition of glucan elicitor signals between rice and soybean:
B-glucan fragments from the rice blast disease fungus Pyricularia oryzae
that elicit phytoalexin biosynthesis in suspension-cultured rice cells. Plant
Cell Online. 2000;12(5):817-26.

Shinya T, Motoyama N, lkeda A, Wada M, Kamiya K, Hayafune M, et al.
Functional characterization of CEBiP and CERKT homologs in Arabidopsis
and rice reveals the presence of different chitin receptor systems in
plants. Plant Cell Physiol. 2012;53(10):1696-706.

Jaulneau V, Lafitte C, Jacquet C, Fournier S, Salamagne S, Briand X, et al.
Ulvan, a sulfated polysaccharide from green algae, activates plant immu-
nity through the jasmonic acid signaling pathway. BioMed Res Int. 2010.
doi:10.1155/2010/525291.

Lamb C, Dixon RA. The oxidative burst in plant disease resistance. Annu
Rev Plant Biol. 1997;48(1):251-75.

Baker CJ, Orlandi EW. Active oxygen in plant pathogenesis. Annu Rev
Phytopathol. 1995;33(1):299-321.

Jabs T, Tschépe M, Colling C, Hahlbrock K, Scheel D. Elicitor-stimulated
ion fluxes and O~ from the oxidative burst are essential components in
triggering defense gene activation and phytoalexin synthesis in parsley.
Proc Natl Acad Sci. 1997,94(9):4800-5.

Vilim V, Wilhelm J. What do we measure by a luminol-dependent chemi-
luminescence of phagocytes? Free Radic Biol Med. 1989,6(6):623-9.
Nishinaka Y, Aramaki Y, Yoshida H, Masuya H, Sugawara T, Ichimori Y.

A new sensitive chemiluminescence probe, L-012, for measuring the
production of superoxide anion by cells. Biochem Biophys Res Commun.
1993;193(2):554-9.

Yamazaki K, Fukuda K, Matsukawa M, Hara F, Yoshida K, Akagi M, et al.
Reactive oxygen species depolymerize hyaluronan: involvement of the
hydroxyl radical. Pathophysiology. 2003;9(4):215-20.

Zhu Q, Lamb CJ. Isolation and characterization of a rice gene encoding a
basic chitinase. Mol Gen Genet. 1991;226(1-2):289-96.


http://dx.doi.org/10.1155/2010/525291

Melcher and Moerschbacher Plant Methods (2016) 12:5

51

52.

Mrozek K, Niehaus K, Lutter P. Experimental measurements and math-
ematical modeling of cytosolic Ca?* Signatures upon elicitation by
penta-n-acetylchitopentaose oligosaccharides in Nicotiana tabacum cell
cultures. Plants. 2013;2(4):750-68.

Murashige T, Skoog F. A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Physiol Plant. 1962;15(3):473-97.

Page 11 of 11

53. Vander P. Solvolysen in wasserfreiem Fluorwasserstoff als Methode zur
Fraktionierung pilzlicher Zellwdnde und Untersuchung zur biologischen
Aktivitat von Chitin und Chitosanen in Weizen. Aachen: Rheinisch-Wast-
falische Technische Hochschule Aachen; 1995.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

¢ We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolVied Central




	An improved microtiter plate assay to monitor the oxidative burst in monocot and dicot plant cell suspension cultures
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Discussion
	Conclusion
	Methods
	Cultivation of cells
	Elicitors and priming agents
	Measuring the oxidative burst
	In a microtiter plate reader
	In a cuvette luminometer

	Statistical analysis

	Authors’ contributions
	References




