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Abstract The enrichment with antioxidants (glutathione or
ascorbate) or prooxidants (alloxan, methylviologen, hydro-
gen peroxide) of root inducing medium significantly
decreased rhizogenesis frequency (alloxan, hydrogen per-
oxide) or inhibited roots regeneration (ascorbate, methylvi-
ologen) during the in vitro culture of Mesembryanthemum
crystallinum L. hypocotyls. The adventitious roots mor-
phology, root hairs length and density, was also influenced.
Changes in the rhizogenesis course were related to the dif-
ferences in hydrogen peroxide concentration during fol-
lowing days of culture between explants exhibiting
morphogenic potential and those without the ability to form
adventitious roots. In explants with morphogenic potential,
rhizogenesis induction was always accompanied by a high
level of hydrogen peroxide followed by the decrease in H,O,
content in following days. In contrast, in the explants without
regeneration potential, the level of hydrogen peroxide was
increasing during the culture period. Activity patterns of
superoxide dismutase (SOD) and guaiacol peroxidase (POX)
in the following days of culture were similar in the explants
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exhibiting regeneration potential cultured on different
media. Total activity of SOD decreased during initial days of
culture and then increased due to the activation of additional
SOD isoform described as MnSODII. The activity of POX
was low during the rhizogenesis induction, and then
increased during following days of culture; the increase was
correlated with the decrease in hydrogen peroxide content. In
the explants without the ability to regenerate roots, the total
activity of SOD was low throughout the whole culture per-
iod, whereas the POX activity was significantly higher than
in hypocotyls with regeneration potential. It might be con-
cluded that the increase in hydrogen peroxide during initial
stages of rhizogenesis and the induction of MnSODII are
prerequisites for adventitious roots formation from hypo-
cotyls of M. crystallinum, independently in the presence of
anti- or prooxidant in the culture medium.

Keywords Adventitious roots - Oxidative stress - Reactive
oxygen species - Tissue culture - Ice plant

Introduction

Many factors influence induction and course of in vitro
plants regeneration. They include the explants properties,
the chemical composition of the medium as well as phys-
ical culture conditions. To improve the efficiency of
regeneration, selected stress factors that cause overpro-
duction of reactive oxygen species (ROS) have been
applied with a positive effect (Papadakis et al. 2001; Tian
et al. 2003; Mitrovic et al. 2012). Among ROS, hydrogen
peroxide (H,O,) has been the most efficiently studied
signaling molecule in plants (van Breusegem et al. 2008;
Schmidt and Schippers 2015). It was found that organo-
genesis in vitro is accompanied by changes in the
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endogenous H,0, content and this corresponds to the
coordinated action of cellular antioxidant machinery
(Millar et al. 1998; Gaspar et al. 2002; Balen et al. 2009;
Bienert et al. 2007). Superoxide dismutases (SODs; EC
1.15.1.1)—the H,0,-generating enzymes and catalase
(CAT; EC 1.11.1.6.) or peroxidases (POXs; EC 1.11.1.7)—
the H,O,-scavenging enzymes as well as low molecular
weight antioxidants like reduced ascorbate (AA) and
reduced glutathione (GSH) have been noted as important
regulatory factors in morphogenesis (Racchi et al. 2001; Li
et al. 2009a, b; Tyburski et al. 2006, 2009; Tyburski and
Tretyn 2010a, b; Konieczny et al. 2014; Libik-Konieczny
et al. 2015).

Within the last decade, the knowledge concerning the
mechanisms by which ROS affect plant regeneration pro-
cesses were significantly improved. ROS were proved to be
engaged in the stimulated by auxin cell cycle entry. It was
described that ROS affect the activity of cell cycle system
in in vitro cultured mesophyll protoplasts from alfalfa
leaves (Feher et al. 2008). ROS and antioxidants were
described as important factors involved in the cell cycle
regulation within the meristems and especially in the for-
mation of quiescence center (QC) within root apical
meristem. A complex mechanism for the regulation of QC
differentiation relies in general on of the induction of
ascorbate oxidase activity stimulated by auxin, which
oxidizes AA to dehydroascorbic acid (DHA). The oxidized
environment is necessary to slow down the cell cycle in
future cells of QC. In addition to DHA, glutathione in its
oxidized form as glutathione disulfide (GSSG) is predom-
inantly present in QC cells (Jiang et al. 2003).

Transition from cell proliferation phase to elongation
phase is also in part regulated by redox cell status. It was
found that class III heme peroxidases (POXs) in roots of
Arabidopsis (Tsukagoshi et al. 2010) control the balance of
ROS between the cell proliferation and the cell elongation
phase during induction of differentiation process. This
regulatory pathway functions independently of phytohor-
mone signaling. POXs are known to exhibit ability to
produce H,O, or to scavenge this molecule depending on
the chemical properties of environment (Passardi et al.
2004). During differentiation phase, the increased level of
H,0, accompany the events consisting discontinuation of
divisions and beginning of cells elongation.

The growth of newly formed organ requires loosening of
the cell wall matrix to allow cells elongation. Recently it
was shown that two homologous cell wall-located enzymes
POX33 and POX34 are involved in growth-promoting
local redox changes in Arabidopsis roots (Passardi et al.
2006). Moreover, it was shown that NADPH oxidases are
engaged in ROS generation participating in process of the
microtubule depolymerization and organization of the
cytoskeleton during root hairs growth (Yao et al. 2011).
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Interestingly, the balance between H,O, and O3~ regulates
root hairs differentiation and decreased expression of POX
genes correlated with a lower level of H,O,, while
increased expression of NADPH oxidases coincided with a
higher level of O3". The POX-dependent increase in the
level of H,O, is required for the differentiation of root
hairs cells (Sundaravelpandian et al. 2013).

Mesembryanthemum crystallinum L. (ice plant) turned
out to be a useful model for studying organogenesis and
the role of oxidative stress in morphogenesis in vitro
(Libik et al. 2005a, b; Libik-Konieczny et al. 2012;
Konieczny et al. 2014). Different SODs and CAT activi-
ties, as well as the corresponding changes in the content of
H,0, in calluses exhibiting rhizogenic or embryogenic
potential were suggested to be crucial in the induction of
specific developmental pathway. Studies carried out on M.
crystallinum hypocotyls with the use of tissue transfer-
experiment (Christianson and Warnick 1983, 1985) poin-
ted out that explants became competent to react on auxin
via rhizogenesis induction on the 3rd day of culture when
hydrogen peroxide content in cultured tissue gained a high
concentration (Konieczny et al. 2014). At the ultrastruc-
tural level, the highest level of hydrogen peroxide was
found in the apoplast of rhizogenesis competent cells
(Libik-Konieczny et al. 2015). Present studies constitute
the continuation of previous experiments concerning the
engagement of ROS in the regulation of rhizogenesis from
hypocotyls of M. crystallinum. We hypothesize that the
shift of redox balance into the direction of ROS scaveng-
ing activity or ROS production activity might significantly
influence the rhizogenesis course. To verify this hypothesis
we compared the activity of some antioxidant enzymes,
endogenous H,0, content, and we visualized the distri-
bution of H,O, in the hypocotyl explants cultured on the
media containing auxin alone or in combination with dif-
ferent antioxidants (reduced glutathione, reduced ascor-
bate) or prooxidants (methylviologen, alloxan, hydrogen
peroxide).

Materials and methods
Plant material

Seeds of M. crystallinum L. were surface sterilized in 70%
(v/v) ethanol for 2 min, followed by immersion in a
commercial bleach solution (Domestos) diluted with water
(1:2; v/v) for 10 min, and next in a more diluted bleach
solution (1:10; v/v) for 5 min. Then, seeds were rinsed
three times with sterile, distilled water and placed onto
9 cm Petri dishes (30-50 seeds per dish) containing 20 ml
of solid MS (Murashige and Skoog 1962) basal medium
consisting of MS salts and vitamins (Sigma, Germany),
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30 g 17! sucrose, 7 g 17" agar (Difco Bacto, USA). Dishes
with seeds were placed in a growth chamber for germina-
tion at 25/20 °C under a 16/8 h light/dark with light pro-
vided by cool fluorescent light, 150-200 mmol m~2 s~ ".
Hypocotyls (5-7 mm in length) were excised from 10-day-
old seedlings and placed on the culture media.

Induction of rhizogenesis in in vitro culture
conditions

Excised hypocotyls were put horizontally on root inducing
medium (RIM) composed of solid MS basal medium
supplemented with 1-naphthaleneacetic acid (NAA)
1 mg1~' (Sigma, Germany), pH 5.7. To determine the
engagement of modified ROS level in the process of rhi-
zogenesis some antioxidants, such as reduced glutathione
(5 pmol 1! GSH) or reduced ascorbate (5 pmol 1! AA),
as well as some prooxidants such as alloxan (1,5 pmol 17!
ALX) or methylviologen (1,5 umol 17" MV) and hydrogen
peroxide (5 pmol 1! H,0,) were added into RIM. Hypo-
cotyls cultured for 3, 7, and 14 days on RIM and RIM
supplemented with above mentioned anti-or prooxidants,
were stripped of the developed roots and used as the
studied material. Hypocotyls excised from 10-day-old
seedlings were treated as a control (0 days of culture). For
each analysis, 30 hypocotyls were collected from 3 Petri
dishes containing 10 hypocotyls each.

Macroscopic studies

Macroscopic studies were performed under stereomicro-
scope Nikon SMZ1000. Canon EOS 450D device camera
was used to take photos. The images were stored and
processed using the Precoptic co. Cool View software. All
measurements were taken at 14th day of culture. The fre-
quency of rhizogenesis was calculated according to the
formula: hypocotyls producing roots/total number of
explants x 100. Root thickness of the five longest adven-
titious roots produced by three independent explants was
measured at a distance of 3 mm from the root tip. Root
hairs length of ten fully-elongated root hairs and root hairs
density of the five longest adventitious roots produced from
three hypocotyls were measured at a distance of 3 mm
from the root tip. Root hairs density was expressed as the
number of hairs in the 1-mm segment.

Histochemical localization of hydrogen peroxide
using DAB staining

The method used in the experiment was developed by
Thordal-Christensen et al. 1997 and it is based on the
formation of brown polymerization product upon reaction
of DAB with hydrogen peroxide in the presence of

peroxidases.Hypocotyls were incubated in a solution of
2 mg ml~' 3,3-diaminobenzidine (DAB) prepared in
water, pH 5.5. Incubation was carried out for 1 h in the
dark at room temperature. Then, the samples were rinsed
with distilled water and submerged in a glycerin—water
(1:1; v/v) solution and mounted on slides for light micro-
scopy (Nikon Eclipse E200) observations. Photos were
taken using a Canon EOS 450D device camera and images
were stored and processed with the use of Precoptic co.
Cool View software.

Biochemical studies
Protein isolation

To extract soluble proteins, plant material (1 g fresh weight)
was homogenized at 4 °C with a mortar in 2.5 ml homoge-
nization buffer (17.9 g1 Tricine, 0.74 g17' MgSO04,
0.155 g 1"' DTT, 1.14 g 17" EGTA, adjusted with 1 mol 17!
Tris to pH 8.0). The insoluble material was removed by cen-
trifugation for 3 min at 3000g. The Bradford protein assay kit
(Bio-Rad) with BSA as standard was used to assess the protein
concentration in the protein extracts (Bradford 1976) which
were stored at —80 °C until further use.

Measurement of H,O, content

Endogenous concentration of H,0, was determined
according to the modified method described previously by
Brennan and Frenkel (1977). For H,O, extraction 0.1 g of
investigated material was homogenized in 0.25 ml cold
acetone. Homogenate was centrifuged for 5 min at
12,000g. The pellet was discarded and a 0.2 ml of super-
natant was collected. Then, a titanium reagent (20 pl 20%
titanium tetrachloride in concentrated HCI, v/v, Sigma-
Aldrich, Poland) was added to the 0.2 ml extract, followed
by the addition of 0.025 ml NHj3 (25%; v/v). In the next step,
the peroxide—titanium complex was separated by 5 min
centrifugation at 10,000g, the supernatant was discarded and
the precipitate was repeatedly washed in 0.2 ml acetone and
centrifuged again for 5 min at 10,000g. The precipitate was
solubilized in 0.2 ml 1 N H,SO, and brought to a final vol-
ume of 0.2 ml. The absorbance of the obtained solution was
assessed at 415 nm against a water blank. The concentration
of hydrogen peroxide was determined by comparing the
absorbance against a standard curve of titanium-H,O,
complex over a range from 0 to 15 pmol ml~". H,O, con-
centration was calculated for 1 g of tissue fresh weight.

Measurement of POX activity

Guaiacol peroxidase (POX) activity was determined
according to the method described by Piitter (1974). Frozen
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tissue (0.1 g) was homogenized in 1 ml 300 mmol 17
potassium phosphate extraction buffer, pH 7.0, containing
1 mmol I"' EDTA. Homogenate was centrifuged for
3 min at 10,000g in 4 °C and the supernatant was used for
spectrophotometric analyses. The reaction was run for
5 min, at room temperature in a 1-ml cuvette filled with
50 ul of supernatant in 300 mM potassium phosphate
buffer, pH 6.1, in the presence of 8.42 mmol 1! guaiacol
and 2.10 mmol 17! H,0,. Conversion of guaiacol to
tetraguaiacol was monitored at 470 nm, and POX activity
was calculated wusing the absorbance coefficient
26,600 1M~ em ™.

Visualization of SOD activity

Separation of protein fractions was performed by native
PAGE at 4 °C and 180 V in the buffer system (Laemmli
1970) without sodium dodecyl sulfate (SDS). Bands cor-
responding with SOD activity were visualized on 12%
polyacrylamide gels using the activity-staining procedure
according to Beauchamp and Fridovich (1971). Gels with
separated proteins were incubated in staining solution
composed of 50 mmol 1! potassium phosphate buffer, pH
7.8, with the addition of 0.372 g 17! EDTA, 31% (w/v)
Temed, 7.5 mg 1™" riboflavin and 0.2 g 17" NBT. Gels
were incubated for 30 min in the dark at room temperature
and then exposed to white light until SOD activity bands
became visible.

Densitometric analysis

Densitometric analysis of SOD activity was performed on
three gels from three independent experiments. ImagelJ
program was used for the gel images analyses. The activ-
ities of all isoforms were expressed in arbitrary units cor-
responding to the area under the densitometric curve.

Statistical analysis

The experiments were repeated three times. For each
experiment, the means of replicates were calculated. Sta-
tistically significant differences between means (p < 0.05)
were determined by a two-way ANOVA followed by
Tukey’s multiple range test using STATISTICA for Win-
dows ver. 8.0 (StatSoft, Inc., Tulsa, OK, USA).

Results

The addition of antioxidants or prooxidants into the culture
medium affected the frequency of rhizogenesis as well as
root morphology (Table 1; Figs. 1, 2). Hypocotyls grown
on RIM produced roots with the frequency of 90%. The
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addition of ALX or H,0, to RIM reduced the frequency of
rhizogenesis, whilst MV and AA totally inhibited root
formation. In contrast, GSH had no effect on the number of
rhizogenic hypocotyls which was comparable to those
found on RIM without addition (Table 1).

Differences in the morphology between roots produced
on the control medium (RIM) and roots produced on the
medium containing reduced glutathione (RIM 4+ GSH)
was based on the production of slimmer roots (on average
0.2 mm) characterized with less abundant root hairs
(Table 1; Fig. 1). The length of hairy roots produced on
RIM + GSH was similar to the length of hairy roots pro-
duced on the control medium (Table 1; Fig. 1). The addi-
tion of ALX or H,0, led to the changes in adventitious
roots morphology. Explants cultured on RIM + ALX
produced slimmer adventitious roots (on average 0.3 mm)
with shorter root hairs (on average 0.2 mm length), while
adventitious roots from RIM + H,0, grew thicker (on
average 0.8 mm) and possessed much longer root hairs (on
average 1.3 mm length) than explants cultured on the
control medium (RIM).

DAB staining of freshly cut explants (0 day) revealed
that H,O, was localized mainly in vascular cylinder along
the entire explants, but single dark spots of DAB precipi-
tates were also observed throughout the cortex (Fig. 2a,
arrowheads). A similar pattern of H,O, localization,
mainly in the vascular cylinder, was confirmed in the
hypocotyls cultured for 3 days on different media, how-
ever, no single dark spots were visualized in the cortex of
the analyzed explants. In addition, products of DAB
polimerization were accumulated at the cut ends of
explants with the exception of samples cultured on
RIM + AA and RIM + MV (Fig. 2b, arrowheads). After
7 days of explantation, cone-shaped root initials were
produced on RIM, RIM + GSH, RIM + ALX and
RIM + H,0, (Fig. 2¢, arrowheads) and this was accom-
panied by the increase in H,O, concentration in the
explants exhibited rhizogenesis (Fig. 3a). In the hypocotyls
cultured on RIM + MV, the root initials were not con-
firmed. Instead, irregular swellings apparently developed
from cells of the vascular cylinder at the cut ends of
explants were produced. These swellings stained inten-
sively with DAB indicating high H,O, accumulation but
never formed roots (Fig. 2c, d, arrowheads). No differences
in H,0, distribution were noted in the explants cultured on
RIM + AA in comparison to previous days but the inten-
sity of DAB staining was stronger than in previous days
indicating higher H,O, accumulation (Fig. 2b, ¢, arrow-
heads). After 14 days of culture, fully developed roots were
observed on RIM, RIM + GSH, RIM + ALX, and
RIM + H,0, (Fig. 2 c). As revealed by DAB staining,
H,0, was the most abundant at the tip of newly formed
roots as well as in their vascular cylinder (Fig. 2c,
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Table 1 Frequency of rhizogenesis and root hairs length of adventitious roots grown from hypocotyls cultured for 14 days on different media

RIM RIM + GSH RIM + AA RIM + ALX RIM + MV RIM + H,;0,

Rhizogenesis frequency (%) 90a

Root thickness (mm) 0.4b
Root hair length (mm) 0.5b
Root hair density (number of root hairs/l mm root segment) 100a

90a
0.2c
0.5b
60b

0 70b 0 50c

0 0.3¢ 0 0.8a
0 0.2¢ 0 1.3a
0 95a 0 115a

Values sharing the same letter are not significantly different (p < 0.05)

RIM+ALX

RIM+H,0,

Fig. 1 Morphology of adventitious roots developed after 14 days of culture on different media containing anti- or prooxidants. Scale bar 1 mm.

Arrowheads indicate root hairs

arrowheads). No differences in H,O, localization were
confirmed between the explants exposed to AA and MV for
7 and 14 days (Fig. 2c, d). Analysis of the endogenous
content of hydrogen peroxide revealed that culture of
hypocotyls for 3 days showed a significant increase in the
concentration of this molecule in most measured samples
when compared to the level of H,0, in the hypocotyls from
0 day. The exceptions were samples from RIM + AA and
RIM + MV media where the concentration of H,O, was
not changed in comparison to the hypocotyls from 0 day
(Fig. 3a). After 7 days of culture, the endogenous level of
H,O, decreased with the exception of explants exposed to
AA and MV which showed an increased level of H,O,

(Fig. 3b). Further culture did not show changes in
endogenous H,0O, content in the studied samples. Hydro-
gen peroxide level remained lower in the explants
exhibiting  adventitious  roots  formation (RIM,
RIM + GSH, RIM + ALX, RIM + H,0,) than in non-
rhizogenic ones (RIM + AA, RIM + MV) (Fig. 3c).

At the 3rd day of culture, the activity of POX was rel-
atively low on the most media used when compared to the
one found in the freshly cut explants (0 day) (Fig. 4a). The
exception was noted for the hypocotyls cultured on
RIM + AA and RIM + MV where the level of POX
activity was about 4-times higher (Fig. 4a) and comparable
to the level observed in the samples from freshly cut
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(b)

4

»

3d RIM+GSH

3d RIM

3d RIM+AA

(L

14d RIM

14d RIM+GSH 14d RIM+AA

3d RIM+ALX 3d RIM+MV

7d RIM+ALX  7d RIM+MV 7d RIM+H,0,

-

14d RIM+MV

14d RIM+ALX 14d RIM+H,0,

Fig. 2 Visualisation of H,O, distribution in hypocotyls of M. crystallinum cultured on RIM and on RIM with addition of anti- or prooxidants:
a 3 day of culture, b 7 days of culture, ¢ 14 days of culture. Scale bar 1 mm

explants (0 day). POX activity increased significantly by
day 7 in the hypocotyls cultured on RIM, RIM + GSH,
RIM + ALX and RIM + H,0O,, but it remained unchan-
ged in the explants exposed to AA and MV (Fig. 4b). The
further culture had no effect on POX activity which was
found at the level similar to the one determined at day 7
(Fig. 4c).

Three isoforms of superoxide dismutase (SOD):
MnSODI, FeSOD, and Cu/ZnSOD were visualized on
polyacrylamide gels after activity-staining of elec-
trophoretically separated proteins isolated from explants
cut off from hypocotyls (0 day) as well as from hypocotyls
cultured for 3 days on RIM (Fig. 5a). The presence of
antioxidants or prooxidants in the culture medium caused a
significant decrease in the activity of all SOD isoforms
leading to the decrease in the total SOD activity. After
7 days of culture, total activity of SOD increased in the
hypocotyls cultured on RIM, RIM + GSH, RIM + ALX
and RIM + H,O,. It was due to the activation of additional
isoform visualized as MnSODII, as well as the
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intensification of other isoforms activity in case of RIM,
RIM + GSH, RIM + ALX and RIM + H,0,. A different
pattern of SOD isoforms activity was found in the samples
cultured on RIM + AA and RIM + MYV where a decrease
in FeSOD and Cu/ZnSOD was visualized and the total
enzyme activity was even lower than after 3 days of culture
(Fig. 5b). The pattern of total SOD activity in the samples
cultured for 14 days on different media was similar as it
was described for hypocotyls cultured for 7 days. No
changes in the activity of particular isoforms were noted in
relation to the previously analyzed day of culture (Fig. 5c).

Discussion
GSH and AA affect rhizogenesis in opposite manner
According to the data presented here, the addition of

antioxidants (GSH or AA) or prooxidants (ALX, MV,
H,0,) to the medium containing auxin strongly affected
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the course of rhizogenesis in hypocotyls of M. crys-
tallinum. Previously it was shown that non-enzymatic
antioxidants such as GSH and AA are engaged in a
sophisticated interactions between auxin and various
components of cellular redox system during root formation
(Tyburski and Tretyn 2010a; Li et al. 2009a) reported that
exposure of mung bean seedlings to AA decreased or
blocked root differentiation depending on the concentration
used. In our study, the addition of AA to auxin-containing
medium resulted in total inhibition of rhizogenesis
(Table 1; Fig. 2). Observations under stereomicroscope
revealed that vascular cylinder of ice plant hypocotyl cul-
tured on medium with AA was thin with no visible signs of
root initials. In contrast, cone-shaped root apices were
regularly observed in the explants cultured in the presence
of GSH (Fig. 2). Both GSH and AA are considered as
strong antioxidants (Noctor and Foyer 1998). The results

obtained in our study showed, however, a conspicuous
increase in the endogenous H,O, content in explants
maintained on media with AA for 7 and 14 days (Fig. 3).
Conversely, when hypocotyls were exposed to GSH,
hydrogen peroxide content was significantly reduced after
7 and 14 days of culture. Thus, ascorbate in applied con-
centration acts rather as a prooxidant than an antioxidant.
AA has been shown to exert either antioxidant and
prooxidant effect depending upon the dose; it is suggested
that at higher concentrations the prooxidant effect pre-
dominates (Seo and Lee 2002). Roots formed on
RIM + GSH were slimmer and characterized by root hairs
growing with lower density than those developed on RIM
medium containing auxin alone (Fig. 1; Table 1). Previ-
ously Tyburski and Tretyn (2010b) have indicated that
GSH enhances roots formation. They have stated, however,
that only an optimal concentration of GSH in meristematic
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Fig. 4 Spectrophotometric
analysis of POX activity in
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parts of growing roots is effective in stimulation of root
growth. Root hairs growth is also dependent on the amount
of GSH and the maintenance of its redox state. Sanchez-
Fernandez et al. 1997 have found a link between the GSH
level and root hair tip growth in Arabidopsis roots. Optimal
ROS level is important for sustaining the polar growth of
root hair cells since it can activate the opening of calcium
channels and regulate cell wall properties allowing cell
growth and expansion (Foreman et al. 2003; Perilli et al.
2012; Monshausen et al. 2007). Since GSH is involved in
ROS detoxification (Noctor and Foyer 1998) it can be
considered as an important factor regulating an optimal
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ROS level in growing root hairs. It has to be noted that
auxin treatment might increase endogenous GSH concen-
tration to the supraoptimal level (Tyburski and Tretyn
2010b) leading to the deceleration of root hairs growth.

Prooxidants strongly affect adventitious roots
formation and root hair morphology

The signaling role of ROS in root formation was explored
in numerous studies (Foreman et al. 2003; Rentel et al.
2004; Pasternak et al. 2005; Su et al. 2006; Dunand et al.
2007; Li et al. 2007; Konieczny et al. 2014; Takac et al.
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Fig. 5 Visualization of SOD (a)
activity on polyacrylamide gels
after the activity-staining of
electrophoretically separated
proteins from hypocotyls
cultured on RIM and on RIM
with the addition of anti- or
prooxidants: a 3 day of culture,
b 7 days of culture, ¢ 14 days of
culture. Lanes separated with
gaps were combined from
representative gels. Equal
amount of protein (15 pg) were
loaded on each lane. Numbers
below the gel indicate total SOD
activity calculated on the basis (b)
of the densitometric analysis

and expressed in arbitrary units

(area under the densitometric

curve). Values in rows were

statistically compared, and

treatments sharing the same

letter are not statistically

different (p < 0.05) according

to Tukey’s multiple test

Total SOD activity:

Total SOD activity:

(c)

Total SOD activity:

2016). In our experimental system, exogenous application
of H,O,, as well as other prooxidants such as ALX and
MYV, either decreased the frequency of root formation (50%
ALX and 70% H,O, when compared to RIM) or com-
pletely inhibited rhizogenesis (MV application) (Table 1;
Fig. 2). Alloxan is a toxic glucose analog that can generate
ROS in cyclic redox reactions in the presence of intracel-
lular thiols like, for example, glutathione (Liptakova et al.
2012). Thus, oxidative stress induced by alloxan is also
linked to the decrease in GSH level in the cells. This kind
of redox balance disturbance led to the production of
slimmer adventitious roots exhibiting shorter root hairs
than those found during hypocotyls culture on RIM
(Table 1; Fig. 1). Methylviologen is known to overproduce
ROS in the light due to the disturbances in the

MnSODI

FeSOD

CuznSOD

110a

RIM+GSH RIM+AA RIM+ALX R|M+|\/|V RIM+H L0,
107a 47b 51b 48b 49 50b

MnSODII
MnSODI
FeSOD
CuZnSOD
7d
RIM

RIM+GSH RIM+AA RIM+ALX RIM+MV RIM+ H,0,

149a 160a 41b 167a 43b 159a
MnSODII |5 ° I
[ S
MnSODI
|
FeSOD
CuzZnSOD
14d 14d 14d 14d 14d 14d

RIM  RIM+GSH RIM+AA RIM+ALX RIM+MV RIM+ H,0,
150a 158a 46b 143a 48b 153a

photosynthetic electron transport chain (Mano et al. 2001),
as well as in the dark, but by an unknown mechanism
(Oracz et al. 2007). Reduced methylviologen interacts with
molecular oxygen resulting in superoxide production which
oxidizes the plastids. Previously it was stated that treatment
with minimal concentrations of methylviologen leads to the
broad oxidation of the whole cell due to the cross talk
among subcellular compartments (Stonebloom et al. 2012).
Moreover, plastid redox state has been found as a central
part in the intracellular signaling pathway coordinating
stress responses (Foyer and Noctor 2005). In the case of
our studies, treatment of hypocotyls with methylviologen
led to the induction of different than organized growth
stress-induced morphogenic response (Fig. 2d). The addi-
tion of H,O, into the culture medium caused the decrease

@ Springer



166 Page 10 of 13

Acta Physiol Plant (2017) 39:166

in rhizogenic frequency but the adventitious root produced
in this type of culture were thicker and characterized by
much longer roots hairs growing with a higher density
when compared with those cultured on RIM (Fig. 1;
Table 1). This is in line with the previous reports showing
that roots of Arabidopsis seedlings grown in the presence
of an efficient scavenger of H,O, were significantly longer
and had no root hairs. Moreover, an inhibition of root
elongation was observed in the conditions that promotes
H,0, formation in vivo and in vitro, by exogenous appli-
cation of H,O, and under the effect of umbelliferone
application (Dunand et al. 2007). Taking into the consid-
eration described above findings, we hypothesize that the
differences in the length and the thickness between
adventitious roots grown out from M. crystallinum hypo-
cotyls cultured on the media containing different anti- or
prooxidants might be caused by the disturbances in redox
status of cell walls during growth and development of
adventitious roots. ROS, as well as growth regulators are
engaged in the processes of cell wall relaxation and cell
wall stiffening necessary for cells growth (Wolf et al.
2016). ROS might influence a chemical structure of
polysaccharides chains that build up cell walls. Lately, it
was stated that differences in roots anatomy of mung bean,
reflected in root diameter resulting from variations in the
dimension of cortex, is affected by the different chemical
structure of polysaccharides and combination with certain
auxin (Kollarova et al. 2012). In the experimental system
we used in our studies it was previously described that two
ROS species as superoxide anion and hydrogen peroxide
are differently localized in the hypocotyls during subse-
quent stages of rhizogenesis induced on the medium con-
taining NAA. This might indicate a difference between the
function of ROS types during developmental processes
(Libik-Konieczny et al. 2015). Moreover, it was found out
that also different elements of antioxidant system are
engaged in the regulation of ROS level appropriate for
rhizogenesis induction and adventitious roots development.
The disruption of appropriate balance between ROS and
antioxidants due to exogenous application of anti- or
prooxidants can significantly change the processes of cell
wall remodeling leading to the inhibition in roots elonga-
tion due to decrease in cells proliferation caused by cell
wall stiffening or to enlargement of cortical cells due to
cell wall loosening.

Fluctuations in H,O, content do not correspond
with a composition of rhizogenesis inducing media
but rather with rhizogenesis per se

Measurement of the endogenous level of H,O, in rhizo-

genic explants of ice plant revealed the increase of H,O,
content during early stages of rhizogenesis followed by a
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conspicuous decrease at days 7 and 14 of culture. These
observations correspond with previous studies by Siminis
et al. (1994) and Agrawal and Purohit (2012), who reported
that early stages of regeneration were accompanied by a
high content of endogenous H,O,. The results presented
here stay in agreement with previous findings confirming
the hypothesis that auxin together with the optimal oxida-
tive status act together to set the asymmetry of mother
cells, which is a necessary condition for generation of
daughter cells and beginning of new developmental path-
way (Livanos et al. 2016; Libik-Konieczny et al. 2014;
Nick 2016). Previously we reported that addition of AA to
the medium supplemented with an auxin analog 2,4-
dichlorophenoxyacetic acid (2,4-p) resulted in irregular cell
division within hypocotyl stele, which gave rise to callus
instead of roots (Konieczny et al. 2014). In our study, roots
became visible macroscopically around 14th day of culture
whilst the cone-shaped root apices could be detected inside
the hypocotyls as early as after 7 days of explantation.
Interestingly, in explants maintained on medium with NAA
and AA or MV the vascular cylinder of hypocotyl was
knobby and root primordia have never been confirmed by
microscopic observations within the cultured hypocotyls.
These observations together with previous studies
(Konieczny et al. 2014) suggests the crosstalk between
auxins (2,4-p or NAA) and H,0, during early stages of root
initiation. The question whether the one of the possible role
of H,O, during very early stages of root initiation is to
direct the divisions of competent cells in a specific plane
requires further studies. It has to be also considered that
during adventitious root formation an adequate balance
between H,0, level and auxin concentration is necessary to
achieve a positive effect of ROS on rhizogenesis. Takac
et al. (2016) have found that maintaining the proper
intracellular pool of active (non-oxidized) auxin level is a
crucial factor positively affecting adventitious root for-
mation in flax.

Whilst transient increase of H,O, seems to be necessary
for initiation of in vitro morphogenesis (Siminis et al.
1994; Kairong et al. 1999; Agrawal and Purohit 2012; data
presented here), the long-lasting overproduction of H,O,
was shown to cause severe oxidative stress which inhibits
root formation (Li et al. 2009a; Pal Singh et al. 2009). In
our study, the non-rhizogenic hypocotyls were character-
ized by low H,O, content at day 3 of culture and relatively
high steady-state level at day 7 and 14.

Specific pattern of SOD and POX activities is related
with the course of rhizogenesis

Similarities in the fluctuations of hydrogen peroxide con-
tent during the explants culture on the media inducing
rhizogenesis indicated the importance of redox balance
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system. It most probably mediated in maintaining the
imbalance between anti- and pro-oxidants and avoiding
negative influence of possible oxidative stress generation.
In our experimental system, measurements of enzymatic
antioxidants activity such as superoxide dismutase (SOD)
isoforms and peroxidases (POX), revealed that these
enzymes could be important in the regulation of hydrogen
peroxide content during root primordia formation, as well
as roots growth and development. From all described iso-
forms of SOD that have been previously identified in M.
crystallinum by in-gel activity assay with selective inhibi-
tors (Slesak and Miszalski 2003), MnSOD II deserved
special attention. Previously, the induction of this specific
isoform of SOD, described as MnSOD-2 or MnSODII as
well as MnSOD-like protein, was found in roots of both
in vitro cultured plants (Slesak and Miszalski 2003) and
plants growing in vivo (Libik et al. 2005a, 2005b). More-
over, MnSODII was also earlier identified as a rhizogenesis
marker in the in vitro culture of M. crystallinym hypocotyls
on the medium containing 2,4-p (Konieczny et al. 2014).
On the basis of the results presented here, we could state
that rhizogenesis induced on the medium containing
another auxin—NAA is also accompanied by the induction
of MnSODII. This protein might be considered as a com-
ponent of antioxidant system regulating ROS level in the
hypocotyls exhibiting adventitious roots formation inde-
pendently on the presence of antioxidants or prooxidants in
the medium. It is commonly known that the success in
in vitro plant regeneration via rhizogenesis depends on the
maintenance and function of quiescent center (QC). It acts
as a storage of cells for regeneration and secures the apex
meristem functioning. The main biochemical property of
the QC is its oxidized redox status, maintained by the low
concentrations of the reduced forms of glutathione and
ascorbic acid in the QC. It is suggested that highly oxidized
state of QC is a consequence of polar auxin transport (Jiang
et al. 2003). It has been lately proposed that the changes in
mitochondrial function as an altered mitochondrial mem-
brane potential and disturbances in tricarboxylic acid cycle,
may determine the establishment and maintenance of the
QC as well as can be a bond between auxin and oxidative
stress (Jiang et al. 2006). Since MnSOD isoform is mainly
localized in mitochondria of plant cells (Fridovich 1986),
our results concerning an induction of MnSOD II activity
might indicate indirectly the changes in mitochondrial
metabolism accompanying rhizogenesis process, however,
to give a precise information about MnSODII function,
further studies have to be performed.

There are already many results of studies concerning the
changes in peroxidase activity in correlation with phases of
adventitious roots growth and development. According to
these results, it can be stated that root formation took place
after the explants have attained and went through a peak of

maximum enzyme activity (Rout et al. 2000; Metaxas et al.
2004; Syros et al. 2004; Hatzilazarou et al. 2006; da Costa
et al. 2013). In mung bean cuttings peroxidase activity has
been described as a possible candidate involved in H,O,
level regulation during adventitious roots formation (Li
et al. 2009b). In our studies, the significant increase in POX
activity was noted after 7 days of hypocotyls culture on the
media inducing rhizogenesis. In contrast, the level of POX
activity in the hypocotyls without the ability to regenerate
adventitious roots was high from the early days of culture.
It is already known that POX activity regulates auxin cat-
abolism and that the induction of rhizogenesis is charac-
terized by a decrease in POX activity, while root
development phase exhibits an increase in POD activity
(Haissig and Davis 1994; Gaspar et al. 1994). Since high
endogenous auxin concentration is necessary for the
induction phase of rhizogenesis, whereas decrease in auxin
content is a crucial event during the roots formation and
growth (de Klerk et al. 1999), it can be stated that POX
activity pattern during the course of adventitious roots
formation from hypocotyls of M. crystallinum cultured on
the media containing different anti- or prooxidants reflec-
ted the auxin level necessary to induce and proceed
rhizogenesis.

Redox-dependent modulation of plants growth and
development resulting from redox sensing of the environ-
ment may be a basic component in the strategy that plants
have developed to survive in a changing environment
(Sanchez-Fernandez et al. 1997). Root is not only the main
organ for water and nutrient absorption, and for anchoring
the plant in the soil but it is also a crucial plant organ that
often first come across many abiotic and biotic stress fac-
tors. Artificial manipulation of redox balance by the addi-
tion of anti- or pro-oxidants into the media causes a strong
response of cultured hypocotyls forcing them to adapt to
new circumstances. This fact probably causes the necessity
to regulate pro-antioxidative balance resulting in the
increase of H,O, level in plant tissue. This stress com-
pound may induce many adaptive processes, among other,
new roots formation, which allows surviving in the new
circumstances due to roots extraordinary plasticity. Such
sequence of events can occur also in physiological condi-
tions when stress situations can be solved with the devel-
opment of new roots capable of soil exploration under
detrimental conditions with short and less dense root hairs
production or benefit from the advantageous environment
by the generation of numerous long root hairs.
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