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Abstract: Nitric oxide (NO) has been recognized as a major player in the regulation of plant physiology
and development. NO regulates cell cycle progression and cell elongation in flowering plants and
green algae, although the information about NO function in non-vascular plants is scarce. Here,
we analyze the effect of exogenous NO on Physcomitrella patens protonema growth. We find that
increasing concentrations of the NO donor sodium nitroprusside (SNP) inhibit protonema relative
growth rate and cell length. To further comprehend the effect of NO on moss development, we analyze
the effect of SNP 5 and 10 uM on protoplast regeneration and, furthermore, protonema formation
compared with untreated plants (control). Isolated protoplasts were left to regenerate for 24 h before
starting the SNP treatments that lasted five days. The results show that SNP restrains the protoplast
regeneration process and the formation of new protonema cells. When SNP treatments started five
days after protoplast isolation, a decrease in cell number per protonema filament was observed,
indicating an inhibition of cell cycle progression. Our results show that in non-vascular plants,
NO negatively regulates plant regeneration, cell cycle and cell elongation.
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1. Introduction

Nitric oxide (NO) is a versatile molecule that influences plant physiology and development from
germination to senescence and in response to biotic and abiotic stresses [1,2] In land plants, NO is
enzymatically generated by nitric oxide synthase-like activity (reviewed by Astier et al [3] and nitrate
reductase (NR) [4]. Non-enzymatic production of NO is promoted by polyamines [5], electron transport
in mitochondria [6] and peroxysomes [7]. The message of NO is transmitted by the posttranslational
modification of Cys residues (S-nitrosylation), Tyr residues (nitration) and metal nitrosylation of
proteins, thus directly affecting protein function and gene expression [8]. Moreover, NO cross-talk
with phytohormones such as auxin, cytokinins and abscisic acid regulates plant development and
environmental responses [9].

A great volume of knowledge about NO roles in plant physiology has been
obtained by altering NO levels using NO donors, like sodium nitroprusside (SNP),
S-nitroso-N-acetylpenicillamine (SNAP) and S-nitrosoglutathione (GSNO) and the NO scavenger
2-(4Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO). In 1997, SNP was used
to demonstrate the role of NO in the elongation of maize hypocotyl segments [10]. Treatment with
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SNP and cPTIO in tomato and cucumber roots showed the role of NO in the formation of new lateral
and adventitious roots, respectively [11,12]. In tomato and Arabidopsis thaliana roots, exogenous NO
derived from SNP restrained primary root growth by altering the meristematic activity and inhibiting
cell elongation [13,14].

The analysis of the role of NO in the cell cycle and elongation has extended to different cell
types and plants. In A. thaliana and lettuce, NO increased root hair formation [15]. In green algae,
NO also affects cell growth; the addition of the NO donor SNAP suppressed cell growth in Micrasterias
denticulata [16]. An increase in endogenous NO levels at the beginning of the lag phase indicates its role
in promoting active cell growth in the unicellular algae Chlorella vulgaris and Chlamydomonas sp. [17].
In Chlamydomonas sp., NO has a role in cell cycle progression [18]. Regardless of the increasing
evidence of NO function in growth from simple unicellular photosynthetic eukaryotes to complex
seed plants, there is almost no information regarding NO in non-vascular plants. Physcomitrella patens
is a useful model to understand complex plant physiology and developmental processes such as
hormone response, stem cell formation and maintenance, and plant—pathogen interactions [19-22]
We previously demonstrated that endogenous NO in P. patens is produced mainly by NR activity [23].
The pharmacological inactivation of NR resulted in the depletion of NO and a slight decrease in
plant relative growth rate, suggesting a role of NO in P. patens cellular growth. Here, we show that
increasing concentrations of the NO donor SNP decreases the protonema relative growth rate and cell
elongation in a dose-dependent manner. The application of SNP on regenerating protoplasts delays
plant regeneration and further chloronema development, indicating that in P. patens, NO affects both
the cell cycle and cell elongation.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The moss Physcomitrella patens (Hewd) B.S.G. was cultivated on solid Knop media [24] covered
with sterile cellophane discs. Plants were cultivated in a growth chamber at 21 °C with a 16/8 h
light/dark period at 30 umol m~2 s~!. To get chloronema-enriched cultures for protoplast isolation,
15-day-old plants cultivated as described were homogenized using a T18 digital ultraturrax homogenizer
(IKA), and homogenized tissue was cultivated as described for 10 days and the homogenization
process was repeated twice. The tissue obtained after three homogenization steps was used to
isolate protoplasts.

2.2. Exogenous NO Treatments

To analyze the effect of exogenous NO on P. patens protonema growth, pieces of protonema
were taken from plants cultivated for seven days. The protonema pieces were transferred to
fresh Knop medium (untreated control) or to the same medium supplemented with different
concentrations of NO donor, sodium nitroprusside (SNP), with or without the NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethyl imidazoline-1-oxyde-oxyl-3-oxyde (cPTIO). The plants were
grown for seven days under the treatments, changed every day to fresh medium with fresh treatments.
The Petri dishes with the protonema cultures were photographed at the beginning and end of the
experiment (days 0 and 7) with a Nikon Coolpix 5000 camera.

2.3. Protoplast Isolation and NO Treatment

Protoplasts were isolated from chloronema-enriched cultures grown in solid Knop media at 23 °C
with continuous light 30 umol m~2 s~!. Protoplasts were isolated according to a known protocol [25].
The tissue was treated with driselase 2% in mannitol 9% for 1 h. Recovered protoplasts were washed
twice with mannitol 9%. The protoplasts were suspended in Knop/mannitol 6% to have 60,000
protoplasts in cellophane discs covering each Petri dish (50 mm). After isolation, the cultures were
placed back in the growth chamber. To study the NO effect on plant regeneration, the treatments with
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SNP and cPTIO started at day three after protoplast isolation and lasted for five days. To study the
effect of NO on further plant development, the treatments with SNP and cPTIO started at day five after
protoplast isolation and lasted for five more days. In all cases, the plants were transferred every day to
fresh medium.

2.4. Plant Growth and Development Estimation

The areas covered by each plant at day zero and day seven were measured using Image]
software [26]. The relative growth rate was calculated using the following formula: (In ar—In ag)t ™1 [27]
where 45 and 4 are the areas occupied by the plant on the final day of growth (day 7) and at the
beginning of the experiment (day 0) and ¢ is the duration of growth in days equal to 7 days. The length
of the caulonema and chloronema cells was measured in samples of the newly formed protonema
obtained at the end of the experiment. The protoplast regeneration and protonema development were
analyzed every day for 100 plants from each treatment. All observations were performed with an
inverted microscope (Nikon EclipseTi) equipped with a Nikon D7000 camera.

Three independent experiments were performed. ANOVA tests were applied to
determine significant differences between the different cases. Firstly, two tests were used to
demonstrate in the experimental data (i) homogeneity of variance and (ii) normal distribution:
the Hartley—Cochran—Bartlett test and Kolmogorov-Smirnov test, respectively. Later, ANOVAs were
conducted to demonstrate the similarities or differences between the data. Finally, a post hoc analysis
(Tukey’s HSD) that defines the order of the differences found in the ANOVAs was performed.
All statistical calculations were performed in STATISTICA (last version for computers).

3. Results and Discussion

3.1. NO Donor Decreases Relative Growth of P. patens

To analyze the NO effect on P. patens protonema growth, we treated seven-day-old plants with the
NO donor SNP at 10 and 30 uM for seven days. Plants at the beginning and end of the experiment
were compared. Plants appeared to be smaller as SNP concentration increased and the simultaneous
addition of the NO scavenger cPTIO reduced that difference (Figure 1a). The quantitative analysis
showed that only SNP 30 uM reduced the relative growth rate by more than a half compared to the
control, and that growth reduction was partially reversed by simultaneous addition of ¢cPTIO 100 uM,
indicating that the NO derived from SNP was inhibiting plant growth (Figure 1b).

We also analyzed the effect of NO donor on caulonema and chloronema cell length (Figure 1c,d,
respectively). In this case, both SNP concentrations reduced cell length in a dose-dependent manner.
The caulonema and chloronema cells treated with SNP 10 uM were 9 and 7% shorter than untreated
control plants, respectively. When treated with 30 uM SNP, they were 28 and 24% shorter that control
plants, respectively. The simultaneous treatment with cPTIO partially relieved the effect of SNP.
These experiments demonstrated that exogenous NO restrains P. patens growth. This effect is common
to green algae and flowering plants. In the unicellular algae Micrasterias denticulate, two NO donors,
SNP and SNAP, suppressed cell growth [16]. In A. thaliana roots treated with SNP, root growth was
inhibited by reducing cortex cell length [14] and arresting the cell cycle in meristematic cells [13].
In P. patens, the observed decrease in cell length was less than the decrease in relative plant growth,
suggesting that NO may also affect the cell cycle as in A. thaliana roots. To better understand the effect
of NO in the reduction of P. patens growth and development, we analyzed the effect of SNP on plant
regeneration and early development from protoplasts.
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Figure 1. Effect of nitric oxide (NO) donors in P. patens growth. NO donor-dependent growth
inhibition is reversed by a specific NO scavenger. (a) Comparison of plant area at the beginning
(day 0) and the end (day 7) of treatment with the NO donor sodium nitroprusside (SNP) and/or
NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyde-oxyl-3-oxyde (cPTIO) at
different concentrations in uM. (b) Comparison of the relative growth rate of P. patens protonema under
NO donor and scavenger treatments. Final cell lengths of caulonema (c) and chloronema (d) cells.
One representative experiment is shown in (a); scale bar = 3 mm. Data shown in (b) are from four
independent experiments (1 = 78), data shown in (c,d) are from four independent experiments (1 = 286)
and were analyzed by one-way ANOVA and Tukey’s multiple comparison test. Different letters indicate

statistical differences among treatments at p < 0.05.

3.2. NO Donor Delays the Regeneration Process and Chloronema Initiation

The formation of new plants from protoplasts is a useful tool to study plant regeneration in
mosses. Thus, we isolated protoplasts and left them in the growth chamber to regenerate the cell wall
for 24 h. Then they were treated with SNP and cPTIO for five days. Figure 2 shows the different stages
of plant development we found. Round cells (Figure 2a) were considered to be protoplasts that had
not started cell elongation (P), cells with an ovoid form (Figure 2b) were considered as regenerating
plants (R), and plants with new chloronema (Figure 2c—e) were classified according to the number of
filaments they formed (1F, 2F or 3F). The first experiment was performed using SNP 10 and 30 uM
but after six days of treatment with SNP 30 uM, all protoplasts remained in the P or R stage, while in
the control (without SNP or cPTIO), 70% of protoplasts had already regenerated in plants with one or
more chloronema filaments (data not shown), demonstrating that protoplasts are much more sensitive
to SNP than developed plants. Thus, we reduced the SNP concentration to 5 and 10 pM for further
experiments. Right before starting the treatments with NO donor, it was observed that in all cultures,
around 6% of the cells were in R stage and 94% were still in P stage. The progress of plant development
was recorded every day for five days. Graphs for three and seven days after isolation (DAI) are shown
in Figure 2.
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Figure 2. Effect of NO donors in protoplast regeneration and protonema initiation. Representative
images of development stages observed during protoplast regeneration process: (a) protoplast;
(b) regeneration started, (c) regenerated plant with one chloronema filament, (d) plant with two
chloronema filaments and (e) plant with three chloronema filaments. Isolated protoplasts were allowed
to initiate regeneration for 24 h before starting treatments with NO donor sodium nitroprusside
(SNP) and/or scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyde-oxyl-3-oxyde
(cPTIO) at different concentrations in pM. Treatments lasted five days. (f) Percentage of plants in each
development state at 3 days after isolation (DAI) and 2 days under treatment. (g) Percentage of plants
in each development state at 7 DAI and 5 days under treatment. Scale bar = 30 pm (a,b); 50 pm (c—e).
Three independent experiments were analyzed by one-way ANOVA and Tukey’s multiple comparison
test. Asterisks indicate statistical differences with control at p < 0.05.

Cell wall formation in P. patens starts one hour after protoplast isolation and the progress of
it, revealed by the formation of asymmetric cells (R cells in this work) preparing for polar growth,
can be detected as early as 12 h after isolation and as late as 50 h after isolation [28-30]. In our hands,
this process was a little delayed; at 3 DAI in control conditions (Figure 2f), only 35% of plants were in the
regeneration stage or had one emerged filament (1F), this delay could be the result of media composition;
in previous works, the regeneration Knop media included sucrose and ammonium tartrate, whereas we
used simple Knop media. Interestingly, the SNP treatments aggravated the development retardation;
in the SNP 10 uM treatment, 80% of cells remained in the P stage. However, plant development
continued and the NO effect was more evident in plants 7 DAI (Figure 2g). More than 60% of control
plants developed one or more filaments, while SNP halted development in a dose-dependent manner,
and majority of plants remained in the R stage and only 21% of the SNP 5 uM plants and 12% of SNP
10 uM plants formed one filament. The differences were reverted when the NO scavenger cPTIO was
added to the media, indicating that the effect is due to NO. In control and cPTIO-treated plants, a small
percentage of plants developed two filaments, but none of the SNP-treated plants did. These results
suggest that NO acts to delay plant regeneration from protoplasts and the start of protonema formation.
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Protoplast regeneration and the following protonema growth by tip growth are complex processes
influenced by several cues and plant hormones. Moss growth and development are regulated by several
physical (e.g., light) and chemical cues, like nutrients and hormones [28,31]. It has been demonstrated
that exogenous auxin (1 uM) retarded the P. patens protoplast division rate; moreover, blocking auxin
extrusion with NPA (naphylphthalamic acid) totally abolished the regeneration process [32]. Here,
we demonstrated that NO impairs cell regeneration and protonema formation, suggesting that in
P. patens, the cross-talk between NO and auxin could function as in flowering plants, where it has been
demonstrated that NO enhances auxin promotion of cell division in alfalfa protoplasts [33].

3.3. NO Donors also Inhibited Cell Cycle in Regenerated Plants

In order to better evaluate the effect of NO donor in protonema formation and development,
we allowed protoplasts to regenerate for four DAI, treatments with NO donor and scavenger started
on day five after isolation and continued five more days. The analysis at six DAI (24 h of NO treatment)
showed that approximately 70% of plants had developed one filament in all conditions (data not
shown), indicating that at the beginning of the experiment, all plants were at the same developmental
stage. These data confirm our previous observation that SNP delays polar growth set, as plants
developed from protoplasts that were treated with SNP early in development (24 h after isolation) had
only 12-21% of plants with 1F at 7 DAI (Figure 2g). After 5 days on the SNP treatment, the majority of
plants had one filament in all treatments (Figure 3a). However, the number of cells in each filament
changed when SNP was added; in control plants, the majority of filaments were seven to nine cells long
(50 plants) and nine plants had more than 10 cells. In contrast, for SNP 5 pM, only 22 plants had seven
to nine cells per filament and the majority of filaments were four to six cells long. In plants treated with
SNP 10 uM, the majority of plants had filaments with four to six cells and, notably, the number of plants
with filaments with one to three cells increased. These differences were reverted with cPTIO treatments,
indicating that NO is responsible for this effect on cell cycle. The delay in filament formation and the
decrease in filament cell number suggest that NO also impairs tip growth.
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Figure 3. Effect of NO donors in young plant development. Isolated protoplasts were allowed to develop
into plants for four days before starting the treatments with NO donor sodium nitroprusside (SNP)
and/or scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyde-oxyl-3-oxyde (cPTIO) at
different concentrations in M. Treatments lasted five days. (a) Percentage of plants in each development
state at 10 days after isolation (DAI) and five days under treatment. (b) The number of cells in the plants
in one filament (1F) stage in (a) were counted and compared between treatments. Four groups were
formed: filaments with 1 to 3,4 to 6, 7 to 9 and 10 to 12 cells/filament. Three independent experiments
were analyzed by one-way ANOVA and Tukey’s multiple comparison test. Asterisks indicate statistical
differences with control at p < 0.05.

As far as we know, there are no other studies on the effect of NO on tip growth in mosses, but it
has been analyzed in pollen tube growth. Protoplast regeneration and protonema development are
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different from pollen tubes because, in addition to polarized tip growth, they must activate the cell
cycle to produce a new organism. However, those results can shed some light on the analysis of
our results. In Lilium longiflorum, the addition of NO donors inhibited tube growth and, moreover,
the focused increase of NO near the tip arrested growth and promoted further re-orientation of the
growth direction [34] and, in Arabidopsis, NO is needed for correct pollen tube growth and orientation
towards the ovule [35]. Inhibition of pollen germination and elongation caused by NO donors was
also reported in cucumber and Pawlonia tomentosa pollen [36,37]. During the germination of olive
pollen grains, NO is produced along the pollen tube; the addition of exogenous NO reduced both
germination and pollen tube growth rates [38]. Interestingly, the opposite effect was reported in
Pinus bungeana where the treatment with SNAP increased the pollen tube germination and elongation
rate [39]. The observed difference is attributable to the low pollen growth rate of Pinus compared to
angiosperms [37,39]. Recently, Benko et al. [40] demonstrated in tobacco that the NO effect on pollen
tube growth may be influenced by the balance between NO and ROS, adding complexity to the system.
We previously showed endogenous NO in P. patens caulonemal cells [23], but detailed analysis of NO
localization in the cell tip is needed in order to better understand NO’s role in cell elongation.

In summary, our work demonstrated that, in the basal lineage of land plants, exogenous NO
negatively regulates the regeneration of protoplasts and the emergence of new protonema,
apparently delaying cell division. The comparison of our results with other plant systems suggests
that NO signaling may be common to all land plants, from bryophytes to angiosperms. Further studies
are required to analyze the possible relations of NO and hormones during plant regeneration and tip
growth in P. patens.
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