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Abstract

The ability of some chemical compounds to cause oxidative stress offers a fast and convenient way to study the responses of plants to
reactive oxygen species (ROS). In order to unveil potential novel genetic players of the ROS-regulatory network, a population of ~2,000
randomly selected Arabidopsis thaliana T-DNA insertion mutants was screened for ROS sensitivity/resistance by growing seedlings on
agar medium supplemented with stress-inducing concentrations of the superoxide-eliciting herbicide methyl viologen or the catalase
inhibitor 3-amino-triazole. A semi-robotic setup was used to capture and analyze images of the chemically treated seedlings which helped
interpret the screening results by providing quantitative information on seedling area and healthy-to-chlorotic tissue ratios for data
verification. A ROS-related phenotype was confirmed in three of the initially selected 33 mutant candidates, which carry T-DNA
insertions in genes encoding a Ring/Ubox superfamily protein, ABI5 binding protein 1 (AFP1), previously reported to be involved in
ABA signaling, and a protein of unknown function, respectively. In addition, we identified six mutants, most of which have not been
described yet, that are related to growth or chloroplast development and show defects in a ROS-independent manner. Thus, semi-
automated image capturing and phenotyping applied on publically available T-DNA insertion collections adds a simple means for
discovering novel mutants in complex physiological processes and identifying the genes involved.
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Abbreviations: ABI5 — ABA insensitive 5; AFP1 — ABI5 binding protein 1; AT — aminotriazole; MS medium — Murashige and Skoog
medium; MV — methyl viologen; nptll — neomycin phosphotransferase 1I; PCD — programmed cell death; ROS — Reactive oxygen
species; YS1 — Yellow Seedlings 1.

Introduction

Reactive oxygen species (ROS) such as hydrogen peroxide Breusegem and Dat, 2006). Moreover, ROS accumulation
(H,0,), singlet oxygen (*O,) and superoxide radical (O,"), are causes significant damage to the cell due to the oxidation of
inevitable toxic byproducts of aerobic way of life (Gadjev et al., DNA, RNA and proteins (Beckman and Ames, 1998). The
2008). In plants, the effects of ROS depend on their chemical relation between stress, ROS and PCD is of fundamental and
identity, (sub-)cellular concentration, and duration of the practical importance, since many adverse environmental
concentration change (Gechev et al., 2002; Gechev et al., conditions, which cause major crop yield losses worldwide,
2004). In low amounts they control an array of processes, stimulate ROS production and by this provoke PCD (Gechev et
including growth and development (Gapper and Dolan, 2006), al., 2006). For example, during drought stress, which today is
immune reactions towards different plant pathogens (Apel and among the highest threats to crop production, intracellular ROS
Hirt, 2004), seed germination (Schopfer et al., 2001), adaptation levels increase in C3 plants, mainly due to an enhancement of
to a number of abiotic stress factors (Gill and Tuteja, 2010), etc. photorespiration, representing a major hazard for plant survival
In contrast, in high doses ROS induce a physiological state (Noctor et al., 2002). Despite the recent progress in our
denoted as oxidative stress, which is accompanied by a understanding of the molecular processes underlying ROS
considerable reprogramming of cellular functions and may lead physiology and signaling in plants, major cellular players still
to activation of programmed cell death (PCD) pathways (Van remain to be characterized. This involves functional analysis,
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for example of ROS-responsive transcriptional regulators
(Maruta et al., 2012; Wu et al., 2012), ROS scavenging factors
(Duan et al.,, 2012; Laporte et al.,, 2012), ROS sensors
(Davletova et al., 2005; Hardin et al., 2009), and genes of
currently unfamiliar molecular functions, but known to affect
ROS tolerance, as for example reported for the atr genes
(Gechev et al., 2008; Mehterov et al., 2012).

A convenient approach to study oxidative stress and/or PCD
pathways is by treating plants with chemical agents that lead to
ROS formation. Among the compounds having such features
are aminotriazole (AT) and methyl viologen (MV; also called
paraquat). AT is a potent inhibitor of catalase, an enzyme that
catalyzes the conversion of H,O, to water and oxygen
(Margoliash and Novogrodsky, 1958; Margoliash et al., 1960);
thus, plants treated with this toxin show severe PCD symptoms
due to the elevation of intracellular H,O, concentration. MV
causes an accumulation of superoxide anions in chloroplasts,
which arise when the partially reduced dipyridal cation is
reoxidized by molecular oxygen (Hassan and Fridovich, 1978).
Similarly to AT, MV also ultimately induces PCD. The
properties of these herbicides were employed here for
phenotype-based screening of Arabidopsis thaliana mutants by
growing seedlings in culture medium supplemented with either
AT or MV. This approach is technically simple and allows
achieving a steady boost of ROS levels in the treated plants
(Gechev et al., 2005), which provides a means for the
identification of potential new players in the ROS or PCD
signaling networks.

The phenotypic analysis of mutants still represents one of the
most effective ways to explore gene functions (Sozzani and
Benfey, 2011). Large collections of mutants are available for
Arabidopsis and nearly every gene has been tagged by a T-
DNA insertion. However, a complicated part during screening
of a mutant collection remains the processing of large data sets,
which is not only a time-consuming process, but may also be
biased by the experimenter. To overcome this limitation, high-
throughput phenotyping methods have recently been introduced
to help molecular biologists and breeders perform rapid,
reliable and non-destructive assessments of a variety of
morphological and physiological parameters of large plant
populations (Furbank and Tester, 2011). This is achieved
through automated imaging in specifically designed stations
that allow optimal light conditions and subsequent image
processing/analysis by mathematical algorithms. Therefore, to
increase the robustness of our approach, we used a previously
established LemnaTec Scanalyzer HTS screening platform
(Arvidsson et al.,, 2011) that automated the process of
phenotype detection, provided a means to validate the
phenotypes, increased the screening sensitivity and ultimately
aided in the interpretation of the results.

The screening protocol was applied to a batch of ~2,000
randomly selected Arabidopsis thaliana T-DNA insertion lines
from the SALK collection. Since in most cases these lines
contain an insertion in a single genomic locus and the location
of the T-DNA is preliminarily known (Alonso et al., 2003),
tracking the gene causing an observed phenotype is relatively
straightforward. A rescreen following the initial identification
of a number of putative ROS-related mutants confirmed the
phenotype of nine of them. Six mutants showed growth defects
in an MV-independent manner, while the other three had an
altered phenotype only on MV-containing medium, revealing
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previously uncharacterized elements of the ROS response
network.

Results
Screen setup

In order to identify ROS-related mutants among the large set of
lines, we first monitored the seedling area and the chlorotic
lesions which appear when seedlings are grown on oxidative
stress-inducing medium. In these conditions, ROS-sensitive
mutants would have a delayed growth phenotype, mostly in
combination with a reduced healthy/chlorotic tissue ratio when
compared to the Col-0 wild-type controls. In contrast, ROS-
tolerant mutants are expected to have a larger total area and less
chlorotic tissues than the controls (i.e., a higher
healthy/chlorotic tissue ratio). However, it is likely that the T-
DNA collection also contains mutants that affect these
parameters independently of oxidative stress. For example,
mutants in house-keeping genes would differ from the wild type
in total cotyledon/leaf area, while those impaired in chloroplast
development would show an increased percentage of yellow
tissues, similarly to the ROS-susceptible ones. Therefore, to
discriminate between ROS-related and ROS-independent
phenotypes the putative ROS mutants were rescreened both on
MV/AT-containing as well as on standard MS medium (which
does not induce stress). Although ROS-independent mutants
were not in the main focus of this work, they might represent
uncharacterized phenotypes of interest to the plant community
in general. Under our growth conditions, the seedling responses
to AT were much weaker (and often not discernable) than to
MV, even at a higher concentration of AT (11 uM; data not
shown). Therefore, we focused our further analysis on
identifying mutants obtained on MV-containing medium.

Results of the primary screen and description of ROS-
independent mutants

The initial screen of ~2,000 randomly chosen SALK lines led to
the selection of 33 candidates which showed larger or smaller
morphological differences in comparison to the wild-type Col-0
control. After rescreening in separate Petri dishes, the
phenotype on ROS-inducing medium was confirmed for nine of
the 33 SALK lines (Table 1). However, several of them also
differed from the wild type on standard MS medium (i.e., in the
absence of MV), indicating that the corresponding genes do not
specifically  participate in  ROS-/senescence-associated
processes. For example, the T-DNA insertion line
SALK 015201 is characterized by a long-hypocotyl phenotype,
which is independent of MV as the phenotype is also observed
when plants are grown on MS control medium (Supplementary
Fig. 1). Next to that, the last four mutants listed in Table 1
(SALK_002221; SALK_081796; SALK_118335; SALK_
031707) appeared to be very sensitive in the initial MV screen,
but had a very limited growth in optimal conditions as well.
The affected genes are therefore likely to have housekeeping
functions, leading to severe growth phenotypes when mutated.
Indeed, according to the TAIR database (www.arabidopsis.org)
three of them encode proteins localized in the chloroplast, of
which one is involved in tyrosine biosynthesis (AT1G15710,
impaired in SALK_081796) and another one is a plant-specific
member of the dynamin superfamily that is essential for the
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Table 1. Mutants isolated on MV-containing medium. The table includes information about the affected gene (according to TAIR10%), a
description of the phenotype and the function of the encoded protein.

SALK entry AGI code Phenotype Encoded protein®

SALK_015201 AT3G23900 long hypocotyl RNA recognition motif (RRM)-containing protein

SALK_020158 AT1G69260 smaller on both AT and MV ABI five binding protein 1 (AFP1); involved in:
abscisic acid mediated signaling

SALK 123515 AT3G22690 completely bleached on AT and MV pentatricopeptide repeat (PPR)-containing protein

SALK 099042 AT4G39140 severe damage on MV protein binding / zinc ion binding; involed in: N-
terminal protein myristoylation

SALK 113517 AT2G41830 severe damage on MV unknown protein

SALK_002221 AT5G22090 severe damage on MV protein of unknown function, located in chloroplast

SALK_081796 AT1G15710 severe damage on MV prephenate dehydrogenase family protein

SALK 118335 AT1G03160 severe damage on MV member of the dynamin superfamily of membrane
remodeling GTPases that regulates organization of
the thylakoid network

SALK_031707 AT3G49560 severe damage on MV mitochondrial inner membrane translocase subunit

Tim17/Tim22/Tim23 family protein

*TAIR database website: http://www.arabidopsis.org/index.jsp.

POther useful databases: http://ppdb.tc.cornell.edu and http:/bioinformatics.psb.ugent.be/plaza

normal structure and function of the thylakoid network
(AT1G03160, mutated in SALK_118335) (Gao et al., 2006).
The identification of the SALK_118335 line shows that the
screen for yellowing not only works for characterizing the
chlorotic effects caused by MV treatment but also allows the
finding of leaf greening mutants. The line SALK_ 002221
possesses a T-DNA insertion in the uncharacterized gene
AT5G22090, whose protein product is also targeted to the
chloroplast, but has an unknown function. The fourth mutant in
this group, SALK_031707, is defective in AT3G49560,
predicted to encode an import translocase Tim17/Tim22/Tim23
family member involved in protein transport through the inner
mitochondrial membrane.

Finally, the SALK_123515 mutant appeared completely
bleached in the initial screening on both AT and MV (Fig. 1,
Panel A). However, a following search in the literature revealed
that the mutant has already been characterized (Zhou et al.,
2009). The gene affected, Yellow Seedlings 1 (YS1), participates
in the control of leaf greening during early leaf development
where it is required for chloroplast formation. Although YS1
knockouts were slightly smaller when cultivated in the presence
of MV compared to control conditions, we did not consider this
phenotype caused by MV treatment alone.

Novel players in the Arabidopsis ROS-network - The lines
SALK_099042 and SALK_113517 showed the most drastic
phenotypes on MV-containing medium in the primary screen
(Fig. 1B, C). Quantitative analyses with the LemnaGrid
software confirmed that both of them were considerably smaller
than the wild-type controls (approximately 3.6 times for
SALK_099042 seedlings and 3.8 times for SALK_113517) and
seemed severely stressed on the 7" day after germination, as
revealed by the ratio of green/yellow tissues (Fig. 2). As it can
be seen from the figure, plants of the line SALK 099042 had
on average ~87% chlorotic tissues, whilst this was only ~41%
for the wild type. Initially, the mutants in well A3 of the same
plate also displayed a sensitive phenotype (Fig. 2), but this
could not be confirmed in a following experiment. Similarly to
SALK 099042, the percentage of chlorotic tissues in
SALK 113517 was 93%, which is an indicator of serious
damage at this concentration of MV. The same results were
obtained in the second round of screening for both
SALK 099042 and SALK_113517. Importantly, in the absence
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of MV the mutants had a phenotype comparable to that of the
wild-type plants. As these lines likely represent genuine ROS
mutants impaired in processes that maintain ROS homeostasis,
we selected them for further characterization. There is currently
no information on the putative function of the gene
AT2G41830, which is affected in SALK 113517. The line
SALK_099042 possesses a T-DNA insertion in the RING/U-
box superfamily member gene AT4G39140, which has multiple
splice variants, one of which is a possible target of N-terminal
myristoylation (Boisson et al., 2003). As the functions of both
genes are not yet well characterized, the cellular mechanisms
underlying ROS sensitivity in the mutants are currently
unknown.

Finally, the line SALK_020158 initially showed a lower seed
germination rate compared to the other mutants and therefore
could not be reliably assessed with the LemnaGrid software,
despite the fact that the plants were phenotypically similar to
SALK_099042 and SALK_113517. However, the subsequent
rescreen in individual dishes confirmed the susceptibility of
SALK_020158 seedlings to oxidative stress (Fig. 3). Unlike the
previous two candidates, this line carries an insertion in a gene
which is already well studied - ABI5 binding protein 1 (AFP1),
known to be a negative regulator of the ABA insensitive 5
(ABI5) transcription factor (Lopez-Molina et al., 2003).

Analysis of mutant zygosity

An important initial step in the analysis of a T-DNA insertion
mutant is the confirmation of its homozygosity (Ulker et al.,
2008). Even though the pROK2 vector, used for the creation of
the SALK mutant collection, contains the selectable marker
gene nptll (neomycin phosphotransferase 1), transgene
silencing sometimes obscures reliable selection of mutants on
kanamycin (Daxinger et al., 2008). Moreover, the nptll marker
and the insertion in the target gene are not necessarily
genetically linked (Ulker et al.,, 2008). To confirm
homozygosity of our seed stocks of SALK_099042,
SALK 113517 and SALK_020158 lines, we performed PCR-
based genotyping conducted with two different pairs of primers,
to allow easy identification of wild-type plants (used as positive
control), and homo- or heterozygous mutants. Initially, the lines
SALK 113517 and SALK_020158 were homozygous, while
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Fig 1. Mutant phenotypes. In panels A, B, and C, mutants with
phenotypes (red encircled) are presented together with other T-
DNA insertion lines that do not show a prominent phenotype
under the screening conditions on day 7 after germination.
Panel A: Yellow Seedlings 1 (YS1) mutant. Plants were grown
on either AT-containing medium (upper images) or MV-
containing medium (lower images). Panel B: Line
SALK_099042 grown on MV-containing medium. Panel C:
SALK_ 113517 grown on MV-containing medium. In A, B and
C, photographs on the left were made in normal light, while
photographs on the right show the discrimination of
healthy/chlorotic tissues, revealed by employing a user-made
image processing algorithm embedded in the LemnaGrid
environment; the tool assigns each pixel from the seedling area
to one of two possible categories — healthy tissue (green colour)
or chlorotic tissue (yellow colour). The chlorotic tissues on
these pictures are shown in blue as the background for a better
contrast.

both homo- and heterozygous mutants were found in the
SALK_099042 population used for screening (data not shown).
The fact that homo- and heterozygous individuals had the same
phenotype indicates a dominant nature of the SALK_ 099042
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mutation or that the observed phenotype is caused by a
mutation in another locus. Only plants homozygous for the T-
DNA insertion were used for seed harvesting and their progeny
was genotyped again to confirm that subsequent physiological
experiments will be carried out with homozygous offspring of
the three lines (Supplementary Fig. 2).

In summary, the screening of ~2,000 T-DNA insertion
mutants yielded three potential new players involved in ROS-
regulation: AFP1 (AT1G69260); the unknown protein encoded
by the AT2G41830 gene; and the Ring/U box superfamily
protein from the AT4G39140 locus. None of these genes has so
far been implicated in oxidative stress signaling. Their
phenotypes on MS medium supplemented with 0.5 pM MV are
presented in Figure 3. The structure, exon/intron composition
and location of the T-DNAs are shown in Figure 4. As it can be
seen, according to the TAIR database in all instances the T-
DNA insertion is actually positioned in introns; in the case of
AT4G39140, the intron is located within the 5° UTR. After
sequencing from the left border of the inserted T-DNA, this was
confirmed for AT1G69260 and AT4G39140. However, the
sequencing data demonstrated that in the line SALK_113517,
the T-DNA is integrated not in the AT2G41830 intron shown in
TAIR, but in the adjacent 3’ exon (Figure 4).

Discussion

The effects of oxidative stress on cellular metabolism and
physiology can be assessed by treating plants with ROS-
inducing chemical agents (Gechev et al., 2004; Mahalingam et
al., 2006) or by employing mutants with e.g. compromised
antioxidant systems (op den Camp et al., 2003; Rizhsky et al.,
2003; Vanderauwera et al., 2005). In our search for novel
players in the Arabidopsis ROS network we combined both
methods by growing randomly selected T-DNA insertion lines
on medium supplemented with MV or AT. In the past,
approaches that employed MV as a trigger for ROS production
were mainly used to look for ROS-tolerant mutants (Carroll et
al., 1988; Fujibe et al., 2004; Chen et al., 2009). Since our goal
included the identification of MV-sensitive mutants as well, we
applied a relatively low MV concentration (0.5 pM), which in
our culture conditions was high enough to cause detectable
damage to Arabidopsis seedlings, without killing them. In
contrast, although AT has been proposed as a convenient
pharmacological inhibitor for studying H,O,-induced processes
(Gechev et al.,, 2005), to our knowledge no large-scale
screening with AT for resistant or susceptible mutants has been
performed so far. However, most of the lines we screened
displayed a much weaker phenotype on AT (even at 11 uM)
than on MV, which was possibly due to the light source used in
our experiments.

Another novelty presented in this study was the utilization of
an automated image capturing system which by virtue of an
integrated image processing algorithm allows a rapid
quantification of cotyledon/leaf area and healthy-to-chlorotic
(green-to-yellow) ratios of seedlings grown in multiwell plates.
Manual phenotyping of large sets of plants is normally quite
laborious and requires an appreciable amount of time and
expertise. An automated screening platform may thus aid to
rapidly compare a larger number of genotypes and
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Fig 2. Quantification of the absolute area (in pixel?) and the healthy-to-chlorotic tissue ratio of mutant seedlings and wild-type controls
grown on MV-containing MS medium. Each chart contains 13 objects, of which “Ct” represents the Col-0 wild-type control, while the
other 12 represent different mutants grown in the wells of the tissue culture plate (Al - A4, B1 - B4, C1 - C4). In the absolute area charts
shown on the left, the average object areas per well from each of the duplicate plates (see Materials and methods) were plotted next to
each other for each of the mutants. For Col-0 wild-type seedlings means = SD were calculated from six different wells. In the charts on
the right, the average healthy-to-chlorotic tissue ratios determined for each well of the duplicate plates are shown on the same column (£

sD).

A) Quantitative results for SALK_099042 (well C1) and other T-DNA insertion lines.
B) Quantitative results for SALK_113517 (well C2) and other T-DNA insertion lines.

provide the possibility for a precise quantification and
evaluation of the analyzed traits. Moreover, it has the potential
of detecting weaker phenotypes which would be hardly
distinguishable by unassisted visual inspection. Previously, the
LemnaTec Scanalyzer HTS system was successfully applied for
integrated image processing of plants at the rosette leaf stage of
development; up to 7,000 individual plants could be screened
per day with a very low (< 2%) technical variance using the
setup reported (Arvidsson et al., 2011). Herein, our goal was to
extend this pipeline to screening of mutant seedlings. Indeed,
the automated imaging system allowed the processing of a few
dozens of multiwell plates per hour, which accelerated the
characterization of individual mutants. However, despite the
precision of the measurements performed with the LemnaTec
platform, the overall variance of the data was considerably
higher than for plants at the rosette stage (Arvidsson et al.,
2011). One of the main reasons was the high biological
variability of the measured parameters (the total area and the
ratio of healthy to chlorotic tissues) of the control seedlings
(Fig. 2). In addition, the relatively low number of seedlings
examined per T-DNA insertion line (up to eight in total, with
maximum four seedlings grown in individual wells) further
boosted the variance. Moreover, due to the transparency of the
MS agar medium used for seedling growth, the homogeneity of
the light field in the camera chamber had a major impact on the
calculation of healthy-to-chlorotic tissue ratios (see Materials
and methods). As a consequence, each irregularity in the light
field influenced the discrimination of the green and yellow
colour categories. Due to these limitations, the automated
LemnaTec system was not suitable to identify weaker mutants
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with the same high efficiency that we previously reported for
rosette-stage plants. However, the massive image data
accumulated with the LemnaTec setup were useful for the
unbiased verification of the phenotypes of the manually chosen
mutants.

The screening of ~2,000 SALK mutants ultimately resulted in
the identification of three candidates with ROS-related
phenotypes. Two of them (SALK_ 099042 and SALK_113517)
possess a T-DNA insertion in genes which have not been
characterized yet and are currently difficult to link to ROS
metabolism. However, the third mutant, SALK 020158, is
affected in the AFP1 gene, which functions in ABA signaling
(Lopez-Molina et al., 2003), but for which a role in ROS
signaling or tolerance has not been previously reported. At the
early post-germination stage young seedlings possess an
adaptive mechanism to sustain water deficit, which is
manifested as a reversible growth arrest induced by ABA or salt
stress and requires the action of the ABI5 transcription factor
(Lopez-Molina et al., 2001). The growth arrest efficiency is
dependent on the level of ABI5, which can be negatively
regulated by the AFP1 protein to attenuate the ABA signal
(Lopez-Molina et al., 2003). AFP1 executes this negative
control by targeting ABI5 for ubiquitin-mediated degradation.
Previously, afpl mutants were shown to be more sensitive to
ABA and salt stress than wild-type plants (Lopez-Molina et al.,
2003; Garcia et al., 2008). We speculate that ROS accumulation
triggers an ABI5-mediated growth arrest and that afpl
seedlings are unable to escape from it due to no or little AFP1
to block the signal. The further physiological characterization
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Fig 3. Seedling phenotypes on MS medium with or without
MV. Upper panel: MS medium. Central panel: MS medium
supplemented with 0.5 pM MV. Lower panel: Schematic
presentation of the growth sectors of the Col-0 wild type and
the three SALK mutants. Images were taken on day 4 after
germination. Note the higher sensitivity of the SALK mutants
to MV, compared to the wild-type control.

of the SALK_020158 mutant may lead to new insights into the
mode of action of AFP1 and provide a link between the ROS
and ABA pathways.

Taken together, we describe here a protocol for the systematic
screen of an Arabidopsis T-DNA collection using a semi-
automated setup. The main advantage of this approach is that
the experimenter directly receives a quantifiable phenotype,
which in most cases is caused by an easily traceable defective
locus. It resulted in the identification of three genes that
remained undiscovered in previous screens for ROS-related
phenotypes. In addition, we report six further mutants related
to growth and chloroplast development, most of which have not
been described yet. Thus, by extending the MV screening
approach reported here to the entire set of available T-DNA
insertion lines or even other types of mutants, many novel
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ROS-resistant or -sensitive mutants are likely to be discovered
in the near future.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. was used in all experiments.
Seeds of ~8,000 SALK lines were initially obtained from the
Nottingham Avrabidopsis Stock Centre (NASC;
http://arabidopsis.info) and propagated at the Max Planck
Institute of Molecular Plant Physiology (Potsdam-Golm,
Germany) for further analysis. The collection includes mutants
which in most cases have a single mapped T-DNA insertion
within a gene body or promoter, allowing rapid identification of
the genotype underlying a specific phenotype. For in vitro
cultivation, seeds were sown on standard Murashige and Skoog
(MS) agar-containing medium, supplemented or not with
methyl viologen or 3-amino-1,2,4-triazole (Sigma-Aldrich, St.
Louis, MO, USA). Seedlings of mutants and the Col-0 wild-
type control were grown in a Percival CU-36L5 growth
chamber ( Percival Scientific, lowa, USA) at 21°C, 150 pumol
m2s! light intensity, a 16 h light/8 h dark photoperiod, and
70% relative humidity.

Oxidative stress treatments

Approximately two thousand Arabidopsis T-DNA insertion
lines were randomly chosen from the entire set of lines and
screened for sensitivity or resistance on oxidative stress-
inducing MS medium. Seeds were surface-sterilized in 75%
ethanol for 5 min and then sown in Greiner Cellstar® 12-well
tissue culture plates (Greiner Bio-one GmbH, Frickenhausen,
Germany) with MS medium containing either 9 uM AT or 0.5
UM MV, with one line per well (4 seedlings per line in each
well). These toxin concentrations were chosen after a
preliminary experiment with a gradient of different levels of
both AT (5, 7, 9, and 11 puM) and MV (0.4, 0.5, 0.6, and 0.7
MM), whose purpose was to determine the conditions in which
Col-0 seedlings develop clear sub-lethal symptoms of stress and
PCD. Each line was tested in two duplicate plates for each of
the herbicides. Before transferring to optimal light and
temperature conditions, plates were incubated at 4°C for three
days to break any residual dormancy.

Phenotype evaluation

Phenotypes were scored seven days after germination both
visually and by analyzing the plates by the software provided
together with the image capturing instrument (LemnaGrid).
Images were taken using an automated system provided with a
top view camera manipulated by a robotic arm (Basler scout
scA1600-14gc, Basler ~AG,  Ahrensburg, Germany,
www.baslerweb.com) in a cabinet with optimal light control
(Scanalyzer HTS, LemnaTec, Wuerselen, Germany,
www.lemnatec.com) equipped with a barcode reader for the
identification of individual plates. Photographs were analyzed
on the basis of two variables — the total object area (in pixel?)
and the ratio of healthy (green)/chlorotic (yellow) tissues. The
reason for choosing the healthy/chlorotic tissue ratios as an
indicator of the level of ROS-related stress is the fact that ROS
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Fig 4. T-DNA insertion points in the three ROS-sensitive mutants identified (SALK_099042, SALK_113517, SALK_020158). The
schemes were taken from the PLAZA database (Proost et al., 2009; Van Bel et al., 2012) (http://bioinformatics.psb.ugent.be/plaza), and
were slightly modified. The triangles present the insertions as shown in the TAIR database. For the gene AT2G41830, the red arrow
demonstrates the actual place of insertion, which is in the adjacent 3” exon, as determined by sequencing from the left border of the T-

DNA.

accumulation is associated with the onset of PCD, which in turn
causes chlorosis that can be easily and reliably scored by the
available software. To obtain this parameter, images were
processed through a user-made algorithm in the LemnaGrid
environment, which assigns each pixel from the seedling area to
one of two possible categories — healthy tissue (green colour) or
chlorotic tissue (yellow colour). The discrimination between the
two colour categories is automatically carried out after RGB
channel weighting and comparison to a set of 15 nuances of
both green and yellow which was created in advance by
photographing 7-day-old seedlings on standard MS (without
MV; for green) or on MS + 0.7 uM MV (for yellow) medium.

PCR genotyping of mutants

All samples for DNA extraction were flash-frozen in liquid
nitrogen and subsequently ground to fine powder using a
Retsch CryoMill (www.retsch.com). DNA was isolated using a
modification of the original CTAB protocol (Murray and
Thompson, 1980). PCR reactions for genotyping mutants were
performed in 25 pl total volume using a recombinant Taq
polymerase (0.75 units per reaction; Life Technologies,
Carlsbad, CA, USA), 100 ng genomic DNA template, 1 x PCR
buffer supplied by the same company, 1.5 mM MgCl,, 0.2 mM
each of the four dNTPs, and 0.2 pM forward/reverse primers.
The applied PCR program included an initial incubation for 5
min at 94°C; then 30 cycles of: denaturation at 94°C for 30 s,
primer annealing at 60°C for 30 s and fragment elongation at
72°C for 45 s; and a final extension at 72°C for 5 min.

For each line, two reactions with two different primer
combinations were conducted. The first primer combination
(with primers annealing on both sides of the predicted T-DNA
insertion site) leads to a PCR product when a wild-type allele is
present. The second primer combination generates an amplicon
only when a T-DNA insertion is present in at least one allele of
the analyzed gene, since one of the primers targets a region near
the left border of the T-DNA while the other anneals to an
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adjacent genomic sequence. The list of primers used is given in
Supplementary Table 1.
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