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Highlights

Light modulates the HR of tobacco plants to Pto DC3000 infection

Red light delays the HR of tobacco plants to Pto DC3000 infection
Alterations at the cellular level include: loss of membrane integrity and nuclei
Alterations also include DNA degradation and changes in nuclease profiles

Abstract



Light modulates almost every aspect of plant physiology, including plant-pathogen
interactions. Among these, the hypersensitive response (HR) of plants to pathogens is
characterized by a rapid and localized programmed cell death (PCD), which is critical to
restrict the spread of pathogens from the infection site. The aim of this work was to study the
role of light in the interaction between Pseudomonas syringae pv. tomato DC3000 (Pto
DC3000) and non-host tobacco plants. To this end, we examined the HR under different light
treatments (white and red light) by using a range of well-established markers of PCD. The
alterations found at the cellular level included: i) loss of membrane integrity and nuclei, ii)
RuBisCo and DNA degradation, and iii) changes in nuclease profiles and accumulation of
cysteine proteinases. Our results suggest that red light plays a role during the HR of tobacco

plants to Pto DC3000 infection, delaying the PCD process.

Keywords: HR, light, Pseudomonas syringae pv. tomato, tobacco, PCD, nucleases.

1. Introduction

Light is essential for plant metabolism, modulating almost every aspect of plant physiology
[1] and playing an important role in plant-pathogen interactions [2-6]. It is well-known, for
example, that tomato plants exposed to red light have increased defense capability against
the plant pathogen Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) [2]. Also,
tomato plants inoculated with Pseudomonas cichorii JBC1 and exposed to red and green light
show enhanced resistance and up-regulated defense-related gene expression [3]. On the other
hand, recent studies revealed that light is also implicated in the regulation of bacterial

physiology and in the virulence process in many important plant pathogens [7-10].



Plant-pathogen interactions may be either compatible, when a pathogen causes disease in a
susceptible plant, or incompatible (or non-host), when the pathogen colonizes a resistant or
non-host plant [11-13]. The latter sometimes result in a hypersensitive response (HR), a
programmed cell death in plants [12,13]. The bacterial plant pathogen Pto DC3000 requires
inject effectors into the plant cells through type I11 protein secretion system to be pathogenic.
These effectors into host cells contribute to disease development in susceptible plants by
suppression of plant innate immunity. However, in resistant plants type Il effectors can be
recognized by plant resistance (R) proteins inducing effector-triggered immunity (ETI),
which includes the elicitation of the HR [14]. Tobacco plants inoculated with the
phytopathogen Pto DC3000 elicit a HR [15,16].

HR may also be regulated by light. In Arabidopsis thaliana, for example, light regulates the
development of a HR through photoreceptor proteins during an incompatible interaction
[5,17,18].

The HR is characterized by reactive oxygen species (ROS) production and localized
programmed cell death (PCD), the latter of which is critical to restrict the spread of pathogens
from the infection site [19,20]. PCD involves several biochemical and intracellular structural
changes such as the formation of apoptotic bodies, cytoplasm shrinkage, nuclear
condensation and membrane blebbing [21], as well as progressive loss of RuBisCo stability
[22]. Another characteristic described in PCD is specific genomic DNA cleavage, which
results in a DNA ladder as a consequence of an internucleosomal DNA fragmentation into
the multiples of 180 bp [21,23]. DNA ladders during cell death have also been reported in
plants exposed to a pathogen toxin [21].

In PCD, DNA hydrolysis is catalyzed by nucleases (deoxyribonucleases and ribonucleases)

[24], which are classified as endonucleases or exonucleases according to their enzymatic
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properties [24,25]. Endonucleases, whose optimal activity depends on the pH [25], are
capable of digesting double-stranded DNA (dsDNA) and are classified as Zn?*-dependent or
Ca2*-dependent, according to their catalytic cations [24]. Several researchers have described
nuclease activity in plant cells undergoing PCD [24,26—-28]. Mittler and Lam (1997) [26], for
example, reported that the HR:PCD response in tobacco plants is accompanied by the
induction of at least four different nucleases.

Cysteine proteinases (Cys-EPs), enzymes involved in a variety of proteolytic functions in
higher plants, also seem to play a role in HR:PCD [29-32]. Del Pozo and Lam (1998) [29],
for example, reported Cys-EP activity during the onset of HR in the interaction between
tobacco plants and tobacco mosaic virus (TMV). Some Cys-EPs present a specific KDEL
motif in the C-terminal position, which is a signal for protein retention in the endoplasmic
reticulum that allows the storage of Cys-EP propeptides either in small vesicles called
ricinosomes [33] or in KDEL vesicles. These propeptides are then transported to vacuoles
through a route which does not involve the Golgi complex [34]. Beyene et al. (2016) [31]
reported the sequence of papain-like Cys-EPs in tomato leaves and suggested that this
sequence is KDEL-tailed and could be involved in PCD.

The aim of the present study was to evaluate the effects of white and red light on the non-
host interaction between Pto DC3000 and tobacco plants. For that purpose, we analyzed the
development of symptoms caused by the bacterium and key characteristics of the PCD
process, including tissue integrity, changes in cell ultrastructure, nuclear fragmentation,
nuclease activity and Cys-EP accumulation. Likewise, we describe for the first time the
morphological changes that occur in the nuclei, and the nuclei disassembly, both facts
associated with the increase in Ca?*-dependent nuclease activities in tobacco plants infiltrated

with Pto DC3000 following exposure to different light conditions.



2. Material and methods

2.1. Plant material and plant inoculations

Tobacco plants (Nicotiana tabacum cv. Petit Havana) were used as non-host plants for Pto
DC3000 [35]. The Pto DC3000 strain was grown aerobically at 28 °C with shaking at 200
rpm in King’s B medium (KB) [36] containing rifampicin (Rif) 50 pg/mL. Plants were placed
in a growth chamber under incandescent light at 25 °C with a photoperiod of 16-8 h
light/dark. For the assays, 4-week-old tobacco plants were inoculated with a bacterial
suspension containing 108 colony forming units (CFU)/mL. Bacterial suspensions were
infiltrated into the intercellular spaces of fully expanded leaves by using needleless syringes.
Tobacco leaves were mock infiltrated with distilled water as controls.

To test different light conditions, infiltrated plants were incubated under: i) white light with
light intensity of 20 uE/m?s* provided by a fluorescent lamp (cool daylight), ii) red light with
light intensity of 40 uE/m?s® provided by LEDs (630 nm) or iii) normal photoperiod (NP)
(plants were grown in a greenhouse with a photoperiod of 16 h light = 150 pE/m?st, and 8 h
dark) and the symptoms caused by the bacterium were recorded up to 96 hours post-
infiltration (hpi). Incubation in the dark condition was performed by covering the leaves with
a black envelop. In adult plants, the growth assays were performed by grinding 0.8-cm-
diameter leaf discs from Pto DC3000-infiltrated leaves at 0, 6, 16, 24, 48, 72 and 96 hpi. The
discs were ground in 100 pL of 10 mM MgCI; and bacterial counts were determined by
plating serial dilutions onto KB-agar plates supplemented with Rif. Colonies were counted

after 48 h incubation at 28 °C. Plant bioassays were conducted three times [37].



2.2. Conductivity tests

To determine electrolyte leakage, tobacco leaves were infiltrated with Pto DC3000 and
exposed to white light, red light and normal photoperiod. At 6, 16, 24, 48 and 72 hpi, 0.8-
cm-diameter leave discs were collected from the inoculated areas and washed with distilled
water for 30 min. Discs were then placed in microtubes with 1 mL of distilled water; next,
conductivity was measured after 30 min of soaking, by using a Compact conductivity meter
B-771 (LAQUAtwin). Finally, samples were destroyed by autoclaving and the conductance
of boiled leaf discs was taken as 100 % ion content according to Daurelio et al. (2009) [37].

The assay was conducted three times.

2.3. DNA isolation and analysis

For DNA isolation and analysis, genomic DNA was isolated from 100 mg fresh leaves
infiltrated with Pto DC3000 and exposed to different light conditions for 48 h using the
DNeasy plant mini kit (Qiagen, Germany). The yield and quality of the DNA obtained were
assessed in a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, USA). For
DNA fragmentation analysis, 2.5 nug of each sample was separated on a 0.8 % (w/v) agarose
gel and stained with ethidium bromide (final concentration: 0.5 ug/mL) [27]. A GeneRuler™
50-bp Ladder (Fermentas, MA, USA) was used as a reference. The experiment was repeated

three times, with similar results in all cases.

2.4. Sample preparation for histological analysis



For immunohistological and TUNEL analysis, samples of tomato plants infiltrated with Pto
DC3000 and exposed to white and red light for 6 h were collected and fixed in 4 % (v/v)
paraformaldehyde prepared in 0.1 M phosphate buffered saline (PBS) pH 7.2 for 24 h at 4
°C. After rinsing, samples were dehydrated in an ethanol series, and then embedded in LRW
resin (Polyscience Inc., Warrington, PA, USA). Semi-thin sections were obtained with a
microtome and mounted on glass slides. The sections were either stained with 0.5 % (w/v)
toluidine blue O (Sigma—Aldrich, St. Louis, MO, USA) in aqueous solution or used without

staining.

2.5. Sample preparation for subcellular analysis by transmission electron

microscope (TEM)

For subcellular analysis by TEM, samples of tomato plants infiltrated with Pto DC3000 and
exposed to white and red light for 16 h were collected, fixed overnight at 4 °C in 2.5 % (v/v)
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, and post-fixed in 0.5 % (w/v) OSO4 for 1
h. Then, the samples were dehydrated in an ethanol series and embedded in Spurr’s resin
(Sigma-Aldrich, St. Louis, MO, USA) according to Harris et al. (1995). Ultra-thin sections
were mounted on grids coated with Formvar (Polyscience, Warrington, PA, USA), and
stained in uranyl acetate followed by lead citrate from EMS (Hatfield, PA, USA). The
sections were examined in a Zeiss M109 turbo (Zeiss, Wiesbaden, Germany) TEM operating

at an accelerating voltage of 90 kV.

2.6. Protein extraction and quantification



Total protein extracts were prepared by grinding Pto DC3000-infiltrated tobacco leaves
exposed to different light treatments for 16 and 48 h in liquid nitrogen. The resulting powder
was suspended in 50 mM Tris-HCI, pH 7.5, 5 mM MgClz;, 1 mM EDTA, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). For in-gel nuclease activity assays, proteins were
extracted using an extraction buffer containing: 50 mM Tris-HCI, pH 7.5, 2 mM 1,4-
dithiothreitol, and 0.5 mM PMSF.

Protein concentrations were determined as described by Bradford (1976) [38], using a Quick
Start Bradford Protein Assay Kit 1 (Bio-Rad Laboratories, Hercules, CA, USA) and bovine
serum albumin (BSA) as a standard (Bio-Rad Laboratories, Hercules, CA, USA). The assay

was conducted at least three times.

2.7. Western Blot analysis of RuBisCo and Cys-EPs

RuBisCo levels were determined by Western Blot analysis using polyclonal anti-RuBisCo
rabbit antibody (1:4000) (kindly provided by J. J. Guiamet, Universidad Nacional de La
Plata, Argentina) as described in Lopéz-Fernandez et al. (2015) [27]. An aliquot of 10 pL of
protein extracts were loaded onto a polyacrylamide gel to perform a Western Blot analysis.
Likewise, the Cys-EP levels were determinate using primary antibody raised against purified
35 kDa Cys-EP, anti-RcCys-EP, [33] and performed as described by Lopéz-Fernandez et al.
2013 [39]. Briefly, 14 ug of protein extracts were loaded onto polyacrylamide gel and
transferred to nitrocellulose membrane (GE Healthcare, Life Science). Primary antibodies
were diluted 1:3000 in 1 % (w/v) BSA in TTBS for 2 h at room temperature.

Finally, the membranes were incubated with a secondary alkaline phosphatase-conjugated

goat anti-rabbit antibody (Sigma A3587, Merck KGaA, Darmstadt, Germany) diluted 1:5000



in TTBS for 1:30 h at room temperature. Signal was detected with NBT/BCIP solution
(Promega, Madison, WI, USA). Western Blot analyses were repeated at least three times on

independent biological samples, and representative results are shown.

2.8. In situ immunolocalization of RuBisCo

RuBisCo was in situ immunolocalized as described in Lopez-Fernandez et al. (2015) [27].
Sections were incubated overnight with rabbit anti-RuBisCo diluted 1:200. As controls,
sections were treated as above but excluding anti-RuBisCo antiserum. Sections were then
incubated with 5 nm diameter colloidal gold-conjugated goat antiserum raised to rabbit
immunoglobulins (Merck KGaA, Darmstadt, Germany) diluted 1:200 in PBST plus 0.1 %
BSA. After 10 min fixation with 2.5 % glutaraldehyde in 0.1M PBS, pH 7.2, sections were
thoroughly washed with Milli-Q-grade water. Finally, the sections were treated with silver
enhancer, and contrasted in 0.1 % toluidine blue O (Sigma—Aldrich) in aqueous solution.
Each image is a representative result of observation of at least five semi-thin sections of

tobacco leaves exposed to the different light treatments.

2.9. TUNEL assay

In situ DNA fragmentation was detected by the terminal deoxyribonucleotidyl transferase
(TdT)-mediated biotin-dUTP nick-end labeling (TUNEL) assay (In situ cell detection kit
TMR red; Merck KGaA, Darmstadt, Germany), performed according to the protocol
provided by the manufacturer. Negative controls were included by omitting the TdT enzyme
from the reaction mixture. To obtain positive controls, sections were incubated with DNase

I (image not shown) prior to the TUNEL reaction. Images were obtained by Axioskop 2



microscope (Carl Zeiss, Jena, Germany), captured with an EOS 1000D camera (Carl Zeiss,
Jena, Germany), and compiled with Photoshop version CS6 (Adobe systems). DAPI filters
(excitation 340-390 nm, emission 420-470 nm) and rhodamine filters (excitation 540-552
nm, emission 575-640 nm) were used to examine samples by the TUNEL assay. At least five

semi-thin sections of each treatment were observed.

2.10. In-gel nuclease activity assay

DNase and RNase activity assays were performed according to Lépez-Fernandez et al. (2018)
[40]. Protein extracts (20 pg) from tobacco leaves exposed to white and red light for 16 and
48 h were loaded on 12 % SDS-PAGE containing herring sperm DNA (Biodynamics,
Argentina) or torula yeast RNA (Merck KGaA, Darmstadt, Germany). For single-stranded
DNase activity assays, DNA was boiled for 5 min prior to pouring in the resolving gels. The
gels were washed in a buffer containing 25 % 2- propanol and 1 mM EDTA. Subsequently,
the gels containing DNA or RNA were incubated either overnight (DNA) at 37 °C or for 2 h
(RNA) al 50 °C, in 10 mM Tris—HCI neutral buffer (pH 8.0, containing 10 mM CaCly, 0.2
mM DTT and 1 % [v/v] Triton X-100). After incubations, the gels were washed three times
for 5 min in buffer (10 mM Tris—HCI pH 8.0, 1 mM EDTA). The gels were stained with 0.01
mg/mL ethidium bromide and photographed. All SDS-PAGE results were replicated at least

three times and similar results were obtained.

2.11. Statistical analysis

Descriptive statistics were analyzed by one-way ANOVA and differences between

treatments were determined following Tukey’s HSD post-hoc test, at p< 0.05. The plotted
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data correspond to the average of these independent determinations, with the corresponding

standard error indicated by the error bars.

3. Results

3.1. Light affected HR response in tobacco leaves infiltrated with Pto DC3000

As mentioned above, to evaluate the effect of light on the non-host response, tobacco plants
were infiltrated with Pto DC3000 (108 CFU/mL) and exposed to white, red light and normal
photoperiod (NP). The plant symptoms were analyzed up to 96 hpi. Tobacco leaves exposed
to white light presented typical HR lesions, which became evident at 16 hpi, whereas those
exposed to red light presented no symptoms until 48 hpi. Although plants exposed to NP and
to white light showed similar development of HR lesions at 16 hpi, the severity of the necrosis
in leaves exposed to white light was higher after 48 hpi compared to NP treatment (Fig. 1A).
Bacterial growth was also analyzed by monitoring the number of bacterial cells. As shown
in Fig. 1B, the number of bacterial cells recovered from leaves exposed to white light and
normal photoperiod began to decrease after 24 hpi, and the number of recovered bacteria at
72 and 96 hpi was significantly lower than that recovered from leaves exposed to red light at
the same times. The number of bacterial cells recovered between 24 and 72 hpi from leaves

exposed to red light remained almost constant and then started to decrease.

3.2.  Electrolyte leakage was lower in leaves exposed to red light than in those exposed
to white light
Electrolyte leakage was measured to estimate the degree of cell membrane injury produced

by Pto DC3000. At all times evaluated (6, 16, 24, 48 and 72 hpi), membrane permeability
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showed an increase in leaves exposed to white light and normal photoperiod. Membrane
permeability also showed an increase in leaves exposed to red light respect to controls in all
times. The ion leakage values remained constant after 24 hpi in leaves exposed to all light
treatments (Fig. 1C). These results suggest a greater effect of white light and NP treatments

respect to red light treatment.

3.3.  Leavesexposed to red light showed less RuBisCo loss than those exposed to white
light

RuBisCo accumulation in Pto DC3000-infiltrated tobacco leaves exposed to white light, red
light and dark conditions for 6 h was studied using a rabbit polyclonal anti-RuBisCo
antiserum by in situ immunolocalizations. A markedly decrease in RuBisCo content was
observed in dark condition (Fig. 2A)

The Western Blot allowed detecting the large subunit of RuBisCo by showing bands at
molecular mass of approximately 53 kDa. Leaves exposed to white and dark treatments
presented reduction in RuBisCo accumulation (Fig. 2B).

A Coomassie-stained gel was simultaneously performed (Fig. 2B), and, as expected, the
RuBisCo quantity observed was consistent with that detected by the Western Blot analysis.
Plants kept in the dark showed a marked decrease in the RuBisCo content.

To analyze PCD, genomic DNA was isolated from leaves exposed to the different light
conditions and separated by agarose gel electrophoresis (Fig. 3A). When exposed to white
light, extensive internucleosomal DNA fragments of multiples of approximately 200 bp were
detected, indicating degradation of DNA. In contrast, lower amounts were observed when
exposed to red light. Some degree of DNA degradation was observed in plants placed in the

dark.
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To evaluate in situ detection of DNA damage, a TUNEL assay was performed. Fig. 3C shows
representative TUNEL assay images from tobacco leaf sections infiltrated with Pto DC3000
and exposed to white and red light. TUNEL-positive signals were detected in both light
treatments, whereas in control leaves the nuclei were TUNEL-negative. Leaves exposed to
white light presented a greater number of affected nuclei than those treated with red light
(Fig. 3C). The percentage of labeled nuclei in leaves exposed to white light was 57 %,
whereas that in those exposed to red light was 30 %. Positive control treatments were
conducted for each set of slides (data not shown).

Initially, nuclei were round with a clear nuclear envelope (Fig. 3B(a) and 4A), whereas as
the nuclear disassembly started, chromatin condensation into discrete patches distributed
throughout the nucleus as well as nuclear shrinkage were observed (Fig. 3B(c-d), 4B). In this
state, the nucleus i) was discharged and enclosed in the central vacuole as a whole organelle
by autophagy following an incomplete PCD (Fig. 4C) or ii) completed the PCD program

without going through autophagy (Fig. 3B(d)).

3.4. Light induced the activity of different nucleases during the PCD process caused

by HR in tobacco leaves

To examine the effect of Pto DC3000 infection and different light exposure treatments on the
activity of nucleases and ribonucleases in leaves, an in-gel nuclease activity assay was
performed. Figure 5 shows the DNA-RNA SDS-PAGEs used to identify the activities of the
DNases and RNases (Fig. 5A) and total protein content (Fig. 5B) in the different light
treatments. When dsDNA was used as substrate, the assay revealed the presence of five Ca?*-

dependent nucleases at 16 hpi: n15, n24, n75, n56 and n43. n15 was active only in leaves
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exposed to red light, whereas n75 and n24 were active only in leaves exposed to white light
and red light. n56 and n43 showed no differences in their activity between the treatments and
control. At 48 hpi the assay revealed the presence of six Ca2*-dependent nucleases n31, n20,
n75, n34, n56 and n43. n31 and n20 showed higher nuclease activity in leaves exposed to
white light, whereas n75 were active only in leaves exposed to white light and red light, when
internucleosomal DNA fragmentation became evident. Likewise, n56, n43 and 34 showed
no differences in their activity between the treatments and control. We also examined the
metal ion specificity for the nuclease activity and found that all the nucleases were activated
in the presence of the Ca?* ion (Fig. 5A).

When RNA was used as substrate, at 48 hpi two bands of molecular masses of 10 and <10
kDa were revealed. In leaves exposed to white light, the nuclease of molecular mass 10 kDa
increased its activity, whereas that of molecular mass <10 kDa had the lowest activity (Fig.
5A). No activity was detected at 16 hpi (Supp Fig.1). Determination of nuclease activity in
tobacco leaves infiltrated with Pto DC3000 and exposed to normal photoperiod showed the
same nuclease activation pattern of plants exposed to white light (Supp Fig.1). At 48 hpi the

protein content was different between light treatments and control (Fig. 5B).

3.5.  Light affected Cys-EP accumulation in Pto DC3000-infiltrated tobacco leaves

To characterize the accumulation of Cys-EPs during HR in tobacco leaves exposed to white
and red light, a Western Blot using an anti-RcCys-EP antibody was performed. The Western
Blot analysis showed the presence of the Cys-EP mature form (35-kDa band), which reached
its highest levels in leaves exposed to white light. The accumulation of Cys-EPs in leaves

exposed to red light was lower than that in those exposed to white light (Fig. 6A). A
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Coomassie stained SDS-PAGE was performed separately to ensure equal protein loading

(Fig. 6B).

4. Discussion

Plants have evolved defense mechanisms against pathogens like bacteria, viruses and fungi.
Following pathogen attack, in an avirulent plant-pathogen interaction, plants can detect the
pathogen and trigger a HR [41,42], which is a localized plant-defense mechanism that
triggers PCD to restrict the spread of pathogens from the infection site [43,44].

Some authors have reported that plant responses to pathogen invasion are markedly different
depending on the light treatment applied [5,17,18], and it is well-known that the HR in plants
is affected by light [5,17,18,45]. Also, previous studies have indicated that phytopathogen
bacteria are able to sense light and regulate some physiological processes such as, motility,
attachment and virulence in response to light [7-10]. Bacteria perceive light through
photosensory proteins, detecting different wavelengths. In Pseudomonas syringae pv. tomato
DC 3000 genome three photoreceptors have been identified: two red light
(bacteriophytochromes) and one blue light (LOV type protein) [7,9]. However, the
mechanisms of how pathogens exploit light signals to promote virulence and plant infection
are not fully understood yet.

The role of light in the plant-pathogen interaction has been focused mainly on compatible
interaction [7-9]. In this work, we demonstrated that red light delayed the appearance of HR-
induced symptoms in the incompatible interaction between Pto DC3000 and tobacco plants.
Cell death associated with the HR in plants generates cellular collapse and local lesions

[44,46]. In this study, we demonstrated that the characteristic symptoms induced by the HR,
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I.e. a brown and dried necrotic area in the infection site, in Pto DC3000-infiltrated tobacco
leaves exposed to red light appeared delayed (Fig. 1A). Also, the number of bacteria
recovered from leaves exposed to red light remained practically constant (approximately 10’
CFU/cm?) (Fig. 1B).

Our results showed a light effect in the growth behavior of Pto DC3000 and tobacco plants,
as previously reported by Zeier et al., (2004) [18], with Pseudomonas syringae pv.
maculicola during the incompatible interaction with Arabidopsis plants.

During the course of HR, the cellular membrane system is subjected to irreversible damage,
being ROS production and fatty acid and lipid peroxidation the main generators for increased
membrane deterioration [47]. Measurement of electrolyte leakage has also been previously
related to cell death [40,48]. In this study, membrane deterioration was higher in Pto
DC3000-infiltrated leaves exposed to white light and normal photoperiod (Fig. 1C).

Nuclear DNA fragmentation is induced by the PCD triggered by biotic stress in plants
[21,26,41]. The TEM images here obtained, accompanied by the ladder analysis (Fig. 3),
proved that nuclei from leaves exposed to white and red light showed a PCD nuclear
disassembly pattern. The TEM images also evidenced that nuclei were delivered to vacuoles
for degradation, following an autophagic route, a mechanism that controls HR:PCD [42,49]
(Fig. 4). Coll et al. (2014) [50] demonstrated that both autophagy and AtMC1, a plant
metacaspase that plays a role as a positive regulator of pathogen-triggered PCD, are part of
parallel pathways, both positively regulating HR cell death in young plants.

The characteristic DNA ladder of multiples of ca. 180-200 bp arises as a consequence of
internucleosomal DNA fragmentation due to endonuclease activities [21,23,27,51]. Mittler
et al. (1997) [26] detected DNA degradation during HR cell death in tobacco leaves infected

with TMV and Pseudomonas syringae pv. phaseolicola at 24 and 48 hpi. Here, DNA
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fragmentation was evaluated in Pto DC3000-infiltrated tobacco leaves exposed to different
light conditions, at 48 hpi by agarose electrophoresis and at 6 hpi by TUNEL, to detect the
first signs of strand breaks. In leaves exposed to red light, only a few nuclei showed TUNEL-
positive labeling and some degree of DNA laddering was evident, whereas in leaves exposed
to white light, the number of labelled nuclei was significantly higher and the DNA laddering
was noticeably more evident than in plants exposed to red light (Fig. 3A and 3C). These
results demonstrate that red light delays the programmed nuclear disassembly process in
tobacco leaves infiltrated with Pto DC3000. In control leaves, the electrophoretic run showed
little DNA smearing (Fig. 3A), which is mostly attributable to a normal PCD process and
may be the result of the presence of parenchyma, xylem and phloem cells that may undergo
an independent PCD [26]. According to Lambert et al (2017) [28] and Blank and McKeon
(1989) [52] dark-induced senescence caused a marked decrease in the chlorophyll, total
soluble protein and putative RuBisCO, and also DNA degradation. In this work some DNA
degradation and lower content of RuBisCO was evident for plant kept in darkness (Figs 2
and 3). Coinciding with those authors, we attribute our results to the onset of induced
senescence.

Plants have two major classes of endonucleases active towards dsDNA: Zn?*-dependent and
Ca2*-dependent endonucleases [24]. During the HR in plants, Ca®* cytosolic levels increase,
a fact that has been observed in several plant species, such as tobacco, Arabidopsis, soybean,
and rice [53,54]. Mittler and Lam (1995) [55] reported the existence of HR-associated
nucleases that may participate in DNA degradation during the HR:PCD in tobacco leaves
and that these nuclease activities were stimulated by Ca?* and inhibited by EGTA, EDTA,
and Zn?*. Kaneda et al. (2009) [54] reported that an endonuclease called IREN, which

contains a Ca?*-binding site in the C-terminal region, is involved in the DNA fragmentation
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in HR:PCD in cultured rice cells. Here, the induction of nuclease activities was tested at
different light conditions following activation of HR cell death. All dsSDNA nuclease
activities reported were stimulated by Ca?*. The 15 kDa (n15), 20 kDa (n20), 24 kDa (n24),
31 kDa (n31) and 75 kDa (n75) nucleases were active under white and red lights. This finding
suggests that are HR-associated nucleases. The nuclease of 31 kDa (n31) and the
ribonuclease of 10 kDa (n10) revealed higher activities under white light. This increase in
nuclease activities was coordinated with a marked DNA cleavage into internucleosomal
fragments, which were revealed by agarose electrophoresis. The other nucleases here
observed in our light treatments and controls might be the result of Pto DC3000 infiltration,
as reported previously by Mittler et al. (1997) [26] (Fig 5).

Between plants under white light and normal photoperiod treatments no differences in the
growth curves of Pto DC3000, electrolyte leakage, and nuclease activity were found.

Other enzymes involved in bacterial cell wall growth are peptide hydrolases (peptidases and
proteases), which can be classified into endopeptidases, which cleave on the interior of
peptide chains, and exopeptidases, which cleave peptide bonds on termini of peptide chains.
This classification is based on the kind of active site residue, e.g. cysteine-, serine-, aspartic-
, or metallotypes, and not on the substrate type [56]. Cysteine endopeptidases (Cys-EPs) are
involved in different processes in plants, including PCD [57]. According to Schmid et al.
(1998) [33], Cys-EPs are members of a papain family of Cys-EPs, and according to previous
reports, cysteine proteinases belonging to the papain family are involved in both compatible
and incompatible plant-pathogen interactions [57,58]. In Nicotiana benthamiana, for
example, deficiency of cathepsin B, a papain-like cysteine protease that positively regulates
HR, has been found to restrict the PCD triggered by Erwinia amylovora and P. syringae [58].

Also, a Cys-EP from R. communis has been found to bind to a Cys-EP expressed in
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ricinosomes and appears as a pro-enzyme of 45 kDa and as a single 35-kDa band which
corresponds to the mature form [59]. In this work, the mature form of this Cys-EP (35 kDa)
was detected in all conditions at 48 hpi, but, in leaves exposed to white light its levels were
higher than in those exposed to red light (Fig. 6).

In conclusion, the results of the present study add knowledge about the regulation of HR:PCD
in tobacco plants infected with Pto DC3000 under different light treatments and demonstrate
that red light delays the PCD process during HR. This study provides a starting point for
future research aiming to identify the light-sensing mechanisms and the pathways involved

in the PCD process during HR in plants.
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Fig. 1. (A) Representative leaves at 0, 16, 24, 48, 72 and 96 h post-inoculation (hpi) with Pto
DC3000 and exposed to white light, red light and normal photoperiod (NP). Dashed lines
indicate the infiltrated area. Left area: infiltrated with Pto DC3000. Right area: Control,
infiltrated with distilled water. (B) Growth curves of Pto DC3000 in the apoplastic space of
tobacco leaves exposed to white light, red light and NP. Bacterial populations in leaf tissues
were determined by serial dilution and plating. (C) Cell membrane injuries produced by Pto
DC3000 infection on tobacco leaves exposed to white light, red light and NP for 6, 16, 24,
48 and 72 hpi. Control plants were infiltrated with distilled water and kept under normal
photoperiod. Experiments were performed in triplicate; values are expressed as means *
standard deviations (s.d.). Statistically significant differences (p< 0.05, ANOVA) are

indicated by an asterisk.
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Fig. 2. RuBisCo levels in Pto DC3000-infiltrated tobacco leaves exposed to white light, red
light, dark condition Control plants were infiltrated with distilled water and kept under
normal photoperiod. For dark condition the leaves were covered with black cardboard

envelopes. A polyclonal antiserum raised against the RuBisCo large subunit was used. (A)
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In situ immunolocalization on semi-thin sections contrasted with toluidine blue O. (B) top:
SDS-PAGE run; protein samples (10 pL/lane) were separated on a 12 % polyacrylamide gel;
bottom: RuBisCo was detected by Western Blot analysis. Scale bar: 50 um. Inset: 12.5 pm.
Abbreviations: ep, epidermis; n, nucleus; v, vacuole; me, mesophyll. Each image is a

representative result of observation of at least five semi-thin sections.
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Fig. 3. DNA fragmentation analysis and nuclear disassembly (A) Genomic DNA
fragmentation assay in leaves infiltrated with Pto DC3000 and exposed to white light, red
light and dark condition. Control plants were infiltrated with distilled water and kept under
normal photoperiod. For dark condition the leaves were covered with black cardboard

30



envelopes. Conventional agarose electrophoresis. Analyses were repeated at least three times
on independent biological samples, and representative results are shown. (B) Progressive
changes in nuclear morphology at 6 hpi (a) control (b) under red light, (c) and (d) under white
light. Abbreviations: s, starch; cw, cell wall; ch, chloroplast. Scale bar=5 um. C) TUNEL
assay (left column) and DAPI staining (central column) were performed on tissue sections of
Pto DC3000-infiltrated leaves exposed to white and red light for 48 h. Control plants were
infiltrated with distilled water and kept under normal photoperiod. Merged images (right
column) confirmed that DAPI co-labeled TUNEL-positive nuclei. Scale bar= 50 um. Each
Image is a representative result of observation of at least six semi-thin sections of different

infiltrated leaves.

31



Fig. 4. Progressive nuclei disassembly in Pto DC3000-infiltrated tobacco leaves exposed to
white light at 16hpi (A) Control nucleus. (B-C) Nucleus affected during the HR process. *
indicate vacuoles. Abbreviations: ch, chloroplast; cw, cell wall; chr, chromatin; nm, nuclear
membrane; nu, nucleoli; n, nucleus; v, vacuole; ve, vesicle. Scale bars: (A-B) 0.5 um; (C) 2
um; inset 0.2 um. In each case, the figure is a representative result of the observation of

ultrathin sections from five different leaves at each stage, using TEM.
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Fig. 5. (A) Determination of nuclease activity in Pto DC3000-infiltrated tobacco leaves
exposed to white and red light for 16 and 48 h by using the in-gel activity assay with dsSDNA
or RNA as substrate. Control plants were infiltrated with distilled water and kept under
normal photoperiod. The dsDNA gels were incubated in buffer pH 8 supplemented with Ca?*,
whereas the RNA gels were incubated in buffer pH 8 (B) Quantitative changes in total protein
content for each light treatment. Each histogram is the mean + s.d. Analyses were repeated
at least three times on independent biological samples, and representative results are shown.
Different letters above the bars indicate significant differences between the corresponding

data (p<0.05, ANOVA).
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Fig. 6. Immunoanalysis of Pto DC3000-infiltrated tobacco leaves exposed to white and red
light using an anti-RcCys-EP antibody. Control plants were infiltrated with distilled water

and kept under normal photoperiod. (A) Western Blot analysis with anti-RcCys-EP antibody
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as primary antibody. Proteins (14 pg) from Pto DC3000-infiltrated tobacco leaves exposed
to different light treatments were separated on a 12 % polyacrylamide gel and then transferred
to a nitrocellulose membrane. As a control, mock infiltrated leaves exposed to normal
photoperiod and proteins (12 ug) from 5-day germinating Ricinus communis seeds (R) were
used. (B) A Coomassie stained SDS-PAGE was performed separately to ensure equal protein

loading.
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