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Abstract Reactive oxygen species (ROS) are critical for plant biological processes. As signaling molecules, ROS regulate
plant growth and development through cell expansion, elongation, and programmed cell death. Furthermore, ROS
production is induced by microbe-associated molecular patterns (MAMPs) treatment and biotic stresses, and contributes
to plant resistance to pathogens. Thus, MAMP-induced ROS production has been an indicator for plant early immune
responses or stress responses. One of widely used methods for the measurement is a luminol-based assay to measure
extracellular ROS production with a bacterial flagellin epitope (flg22) as a MAMP elicitor. Nicotiana benthamiana is
susceptible to a wide variety of plant pathogenic agents and therefore commonly used for ROS measurements. On the
other hand, Arabidopsis thaliana, many of genetical lines of which are available, is also conducted to ROS measurements.
Tests in an asterid N. benthamiana and a rosid A. thaliana can reveal conserved molecular mechanisms in ROS production.
However, the small size of A. thaliana leaves requires many seedlings for experiments. This study examined flg22-induced
ROS production in another member of the Brassicaceae family, Brassica rapa ssp. rapa (turnip), which has large and flat
leaves. Our experiments indicated that 10nM and 100 nM flg22 treatments induced high ROS levels in turnip. Turnip tended
to have a lower standard deviation in multiple concentrations of flg22 treatment. Therefore, these results suggested that

turnip can be a good material from the rosid clade for ROS measurement.
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Generation of reactive oxygen species (ROS) are
required for plant biological processes of development
and adaptation to stressful conditions (Huang et al.
2019; Sandalio and Romero-Puertas 2015). ROS,
including Singlet oxygen ('O,), superoxide anion
(O,7), hydrogen peroxide (H,0,), and hydroxyl radical
(OH"), are induced by aerobic metabolism and stressful
conditions. The recognition of microbe-associated
molecular patterns (MAMPs) induces immune responses
including ROS production (Couto and Zipfel 2016; Qi
et al. 2017). One of representative MAMP elicitors is an
epitope of bacterial flagellin, such as the 22-amino acid
peptide flg22. The recognition of flg22 by the receptor-
like kinase FLAGELLIN SENSING2 (FLS2) triggers ROS
production in apoplast by NADPH oxidase through the
signaling (Kadota et al. 2014). This signaling pathway is
conserved across divergent plant taxa (Takai et al. 2008).
Since ROS production contributes to the resistance
to bacterial and fungal pathogens (Kadota et al. 2014;
Yoshioka et al. 2003), monitoring ROS production

allows us to probe or tag plant systems involved in
early immune responses or stress situations. Hence,
measurement of ROS production is important to
understand the plant adaptation to stressful environment.
For this reason, many studies attempt to track the ROS
forms in vivo as well as in vitro. H,O, is more stable in
biological systems and has a longer half-life time than
its typical precursor O, (Smirnoff and Arnaud 2019;
Waszczak et al. 2018). The most basic and widely used
method for measurement of ROS production is luminol-
based chemiluminescence, in which H,O, reacts with
luminol in the presence of horseradish peroxidase, and
produces an unstable intermediate that emits a photon
of light (Smith and Heese 2014; Zhu et al. 2016). The
photon emission is then measured by using a microplate
reader. Most luminol-based assay studies are conducted
in leaf discs of Nicotiana benthamiana or Arabidopsis
thaliana (Arabidopsis). However, the experimental
varijability is a common problem that require increasing
the number of replications each sample, usually up

Abbreviations: flg22, flagellin epitope; MAMPs, microbe-associated molecular patterns; RLU, relative luminescence units; ROS, reactive oxygen species.
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1) Cut leaf discs (3 mm diameter) and
place them into wells containing water.
2) Incubate overnight at 22°C (20-24 h).
3) Replace water with assay solution
(100 uM luminol, 20 ug ml-' HRP
and 0.1% DMSO or 1 nM-10 puM f1g22).

4) Measure chemiluminescence.

The overview of this study. (A) Leaf images of N. benthamiana, Arabidopsis and turnip. A biopsy punch with a diameter of 3 mm was used

in this study. Bars, 1 cm. Morphological characteristics of each plant species are shown in bottom. (B) A procedure for measuring flg22-induced ROS

production with a luminol-based assay.

to 24 replicates per sample (Sang and Macho 2017)
or modifying the experimental method to reduce
variability while maintaining reliable results (Melcher
and Moerschbacher 2016). Although Arabidopsis
has been said to demonstrate less intra-experimental
variation than N. benthamiana (Sang and Macho 2017),
many seedlings are required for reliable measurements
because of the small leaf size. These considerations have
led to efforts to identify other plant species with large
leaf size and low variability as in Arabidopsis. Turnip
(Brassica rapa ssp. rapa) is one of the most commercially
important vegetables in Europe and Asia and belong to
the Brassicaceae family, which includes Arabidopsis.
Turnips have various cultivars through breeding, and the
history of breeding was inferred from molecular genetics
and ancient literature (Kawakatsu et al. 2021; Kubo et al.
2019). Many turnip cultivars have simple and flat leaves
without leafy head (Ren et al. 2018), and are larger than
Arabidopsis, allowing for the preparation of many leaf
discs from a single leaf (Figure 1A). Furthermore, there
is much available information about the genetic variation
and morphological characteristics of turnip today (Wang
etal. 2011; Zhang et al. 2014), which is helpful for further
in-depth research.

In this study, N. benthamiana (lab strain) and
Arabidopsis (Col-0) seeds were sterilized with 6%
sodium hypochlorite and 0.02% Triton X-100 for
3min. Then, seeds were rinsed 5 times with sterilized

Copyright © 2022 Japanese Society for Plant Biotechnology

distilled water. N. benthamiana seeds were sown in a
half strength Murashige and Skoog medium containing
3ugml™ thiamine hydrochloride, 5ugml™ nicotinic
acid, 0.5ugml™" pyridoxine hydrochloride, 0.5% sucrose
and 0.4% gellan gum. Arabidopsis seeds were replaced
from the water to 0.1% agar. After that, both seeds
were incubated for 3 days at 4°C under the dark. N.
benthamiana were grown at 27°C for 7 days on the plate
before the transplanting to pots (size: 7.5cmX7.5cm)
containing the soil mixture of Hana-chan Potting Soil
(Hanagokoro Co., Ltd., Aichi, Japan) and vermiculite
(Nittai Co., Ltd., Osaka, Japan) in 1:1 ratio, whereas
Arabidopsis seeds were sown directly in pots (size: 6cm
diameter) containing the soil mixture. Turnip seeds
(Murasakihime) was purchased from Nohara Seed Co.,
Ltd. (Saitama, Japan). These seeds were sown in pots
(size: 6 cm diameter) containing the soil mixture without
sterilization. All plant species were grown in a growth
chamber under continuous light conditions (around
60-70 umolm™2s7"): Arabidopsis and turnip were grown
at 22°C and 60% humidity, while N. benthamiana was
grown at 27°C and 60% humidity. Nutrient water, 1,000-
fold diluted solution of WSF Professional Hyponex
(HYPONeX JAPAN Co., Ltd., Osaka, Japan), was added
to the tray until the soil being wet thoroughly three times
a week until use. ROS production was measured with a
luminol-based assay, as previously described (Bach-Pages
and Preston 2018; Sang and Macho 2017; Smith and
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ROS production by dose-dependence treatment of flg22 in N. benthamiana, Arabidopsis, and turnip. Left panels show schematic RLU for

60min after mock or flg22 treatment. Right panels show total RLU for 60 min after mock or flg22 treatment. Concentrations of flg22 are indicated.
Data are presented as means*SD (n=8, biological replicates). Asterisks (Student’s ¢-test, * p<<0.01) indicate statistically significant differences to mock

treatment. NS, not significant.

Heese 2014), with a few modifications for our tests. Leaf
discs (3 mm diameter) were collected from 3rd-4th order
leaves from the top of 4-week-old N. benthamiana, 3rd-
5th order leaves from the top of 3-week-old Arabidopsis
and 2nd-3rd order from the top of 3-week-old turnip.
These leaves are flat and do not curl at the leaf margin.
These leaf discs were placed in a 96-well plate containing
150 pl of ultrapure water each well. The plate was covered
with a plastic lid to prevent water evaporation, and
incubated in 22°C overnight. The water was replaced
with fresh one after incubation (20-24h) to remove the
injury-indued secondary metabolites, and incubated
at room temperature for 1h. After that, the water was
replaced with 100l of assay solution (containing
100 M luminol, 20 ugml™" horseradish peroxidase, and
0.1% DMSO or flg22 concentration (0.1% DMSO final

concentration) ranging from 1nM to 10uM); Figure 1B
depicts a brief procedure. Luminescence was measured
using the VICTOR Nivo Multimode Plate Reader
(PerkinElmer, Inc.) for 60 min with a 1-s measurement
time and a 2-min interval time. Eight biological replicates
were measured for each treatment, and the experiments
were repeated more than three times independently. ROS
levels were represented as relative luminescence units
(RLU) each time point.

To determine the sensibility of N. benthamiana,
Arabidopsis and turnip to flg22, we examined dose-
dependent flg22-induced ROS production in these
species. The highest RLU and total RLU were detected
in 100nM flg22 treatment in N. benthamiana and
Arabidopsis (Figure 2). This result is consistent with
previous studies in N. benthamiana and Arabidopsis
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Normalized RLU after removal of background when 100 nM flg22 was treated to N. benthamiana, Arabidopsis, and turnip. (A-C)

Normalized RLU for 60 min after 100nM flg22 treatment in triplicate experiments of N. benthamiana (A), Arabidopsis (B), and turnip (C). For each
time point, normalized RLU value was obtained by subtraction of the background RLU value of mock treatment from the RLU value of 100nM
flg22 treatment. Each graph shows three individual tests. (D) Total normalized RLU of the three plant species. Each number under the horizontal
axis indicates the replicate number of (A-C). Data are presented as average*=SD (n=38, biological replicates). Significance was analyzed by one-way
ANOVA and Tukey HSD test. Different letters indicate significant differences (p<<0.05).

(Chung et al. 2014; Koller and Bent 2014; Roux et al.
2011; Segonzac et al. 2011; Yeh et al. 2016). In turnip, the
peak of RLU was slightly higher in 10nM than 100 nM
flg22 treatment and similar values of total RLU were
detected in 10nM and 100nM flg22 treatment (Figure
2). In 1nM lower concentration of flg22 treatment,
significant increase of total RLU was detected in
Arabidopsis and turnip, but not in N. benthamiana
(Figure 2, right). It is noted that the time to increase
the RLUs was faster in turnip as the flg22 concentration
increased (the time to reach the peak value of RLU after
flg22 treatment was earlier in the order of 10uM, 1uM,
100nM, 10nM, 1nM). These results suggest that turnip is
highly sensitive to flg22 peptide.

Mock treatment provided the background level of total
RLU in all tested species. The background RLU values
were varied in individual experiments (Supplementary
Figure S1). Therefore, the background RLU value was
subtracted from that of flg22 treatment in order to
compare the responsibility for the flg22 peptide among
species hereafter. Figure 3 shows results from three
biological replicates when 100nM flg22 was treated

Copyright © 2022 Japanese Society for Plant Biotechnology

to N. benthamiana, Arabidopsis and turnip. The data
are represented as a normalized RLU (=RLUgg,—
RLU, o) and a total normalized RLU. In considering
the measurement time for the maximum normalized
RLU (¢t max), it is interesting to note that the t max is
26-34min in N. benthamiana (Figure 3A), but 14-
22min in Arabidopsis and turnip (Figure 3B, C). This
may imply that in N. benthamiana needs more time
to induce maximized ROS levels than that in these
Brassicaceae species. Treatment of 100nM flg22 induced
high ROS levels in N. benthamiana and turnip, relative
to Arabidopsis in three individual tests (Figure 3D). In
addition, treatment of 1nM flg22 induced significantly
high ROS levels in turnip compared to N. benthamiana
and Arabidopsis (Supplementary Figure S2). This result
confirms the high sensibility to flg22 peptide in turnip.
Turnip has higher ROS levels and higher standard
deviations than Arabidopsis in the overall results (Figure
3D, Supplementary Figure S2). Important notion is that,
even with higher ROS levels than N. benthamiana in
10nM or 100nM, turnip appeared to have low standard
deviations (Figure 3D, Supplementary Figure S2). Hence,



turnip is a potential useful plant to measure flg22-
induced ROS production.

The luminol-based assay are severely affected
by environment factors related with plant growth
condition. Although previous studies suggested that
N. benthamiana is preferred to grow under long day
conditions and Arabidopsis is preferred to grow under
short-day conditions (Nie et al. 2021; Sang and Macho
2017; Segonzac et al. 2011), all three species were grown
under the same coninuous light conditions in this study
for comparison. But, in future studies, each plant can
be grown in preferable light conditions respectively.
Another caring point is that the instruments used to
measure chemiluminescence, the type of microplate
reader used by each researcher, impact the efficacy of
the results (Mott et al. 2018). In our experiments, some
significant level of RLU background was detected in no
flg22 (mock) treatment.

In our study, turnip showed more senstivity to flg22
and higher ROS elevation than Arabidopsis of the same
family (Figures 2, 3, Supplementary Figure S2). Testing
other Brassicaceae species may exhibit more different
sensitivity to flg22 and be useful as experimental
materials. The different sensibility to flg22 among
different species was previously reported in Leguminosae
family (Wei et al. 2020). In addition, although different
sensitivity was also found in tomato accessions, high
sensitibility to flg22 was not correlated with the
resistance to pathogens (Roberts et al. 2019). Since
ROS production is one output of flg22-induced defense
responses, the measurement of other defense responses
is needed to evaluate the effect of ROS production on
resistance to pathogen in turnip.

Furthermore, it also appeared that turnip tends to
have low data variances in ROS measurement despite
high ROS production in our experiments. This nature
is favorable when we investigate the effect of various
biomolecular substances or gene knockout of interest on
flg22-induced ROS accumulation. In conclusion, turnip
from Brassicaceae family can be used as a plant material
for measuring flg22-induced ROS production.
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