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ABSTRACT

Microspore embryogenesis is a powerful biotechnological tool that is very useful in crop breeding for
the rapid production of haploid and double-haploid embryos and plants. In this in vitro system, the
haploid microspore is reprogrammed by the application of specific stress treatments. A high level of cell
death after the stress is a major factor that greatly reduces embryogenesis yield at its initial stages.
Autophagy is a degradation pathway that is present in all eukaryotes and plays key roles in a range of
processes, including stress responses. Many proteases participate in autophagy and cell death; among
them, cathepsins are the most abundant enzymes with a role in plant senescence and programmed cell
death (PCD). Moreover, although plant genomes do not contain homologues of caspases, caspase 3-like
activity (main executioner protease of animal cell death) has been detected in many plant PCD
processes. Recent studies by our group in barley microspore cultures reported that the stress treatment
required for inducing microspore embryogenesis (cold treatment), also produced reactive oxygen
species (ROS) and cell death, concomitantly with the induction of autophagy, as well as cathepsin-like
and caspase 3-like proteolytic activities. In the present study, we report new data on microspore
embryogenesis of rapeseed that indicate, as in barley, activation of cell death and autophagy processes
after the inductive stress. The results revealed that treatments modulating autophagy and proteases
produced the same effect in the two plant systems, regardless of the stress applied, cold in barley or
heat in rapeseed. Pharmacological treatments with small bioactive compounds that inhibit ROS, autop-
hagy and specific cell death-proteases led to reduced cell death and an increased embryogenesis
initiation rate in both, barley and rapeseed. Taken together, these findings open up new intervention
pathways by modulating autophagy and proteases, which are very promising in terms of increasing the
efficiency of in vitro microspore embryogenesis systems for biotechnological applications in crop
breeding.
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Introduction In plants, autophagy plays key roles in stress resistance, nutrient
remobilization, defense, and senescence.” Together with a pro-
survival role, autophagy has also been reported as being a cell death
initiator and/or executioner.* "' Activation of autophagy involves
induction of AuTophaGy-related genes (ATGs) and activation of
specific proteases.” In plants, degradation of cellular components
by autophagy begins with the engulfment of subcellular compo-
nents into a double membrane structure, the autophagosome,
which can fuse with either the central vacuole or with smaller
vacuoles or lysosome-like organelles, where degradation takes
place by lytic enzymes."

In plants, Papain-like C1A Cys-Proteases, cathepsins, are the
most abundant enzymes with proteolytic activity. These enzymes
play a role in plant senescence, programmed cell death (PCD), and
proteolysis mediated by abiotic stress, among other processes.'>'*
In animals, cathepsins are well-known lysosomal proteases with
a role in autophagy and cell death,'” in which they have a critical
role in the degradation of proteins within autolysosomes, after
autophagosome fusion.'®'® However, the role of plant cathepsins
in autophagy is still unresolved. Other important family of cell

Stress-induced microspore embryogenesis is an in vitro system
in which the haploid microspore is reprogrammed by the appli-
cation of specific stress treatments and, as a totipotent cell, enters
into an embryogenesis pathway, producing haploid and
doubled-haploid embryos and plants. This in vitro process is
a very useful biotechnological tool in plant breeding as source of
new genetic variability, fixed in homozygous plants in only one
generation." Moreover, stress-induced microspore embryogen-
esis is an excellent system to study stress response, cell repro-
gramming, totipotency acquisition, and embryogenesis. The
system is widely used by plant nursery and seed companies in
their breeding programs but it still presents low efficiency in
many crop and forest species of economic and environmental
interest. The occurrence of cell death® and the low rates of
reprogramming efficiency® are major factors that greatly
reduce the yield of the process, at its initial stages.

Autophagy, the major degradation and self-quality control
pathway in all eukaryotes including plants, recycles cell materials
upon stress conditions or during specific developmental processes.
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death proteases is that of caspases. Plant genomes do not contain
structural homologues of caspases, but caspase-like activities have
been detected in many plant species and they are required for PCD
in several plant systems. A recent report has demonstrated in
Arabidopsis that cathepsin B protease has caspase-3-like activity
and is inhibited by caspase 3-specific inhibitors."’

Recent studies carried out by our group focusing on stress-
induced microspore embryogenesis of barley,>** a process
induced by cold stress at 4°C,” have shown the occurrence of cell
death, and the activation of autophagy and proteolytic activities
(cathepsin-like and caspase 3-like activities) after the induction of
microspore embryogenesis. In the present study, we have analyzed
microspore embryogenesis in rapeseed, a eudicot species in which
embryogenesis is induced by heat stress, and have compared the
occurrence of cell death and autophagy processes in both plant
species. Interestingly, the integration of the data reported here with
the findings recently published by us has revealed that treatments
modulating autophagy and proteases had the same effects in the
two plant systems, independently of the stress applied, cold or
heat. Pharmacological treatments with small compounds that
inhibit autophagy and protease activities result in a reduction in
cell death levels and an increase in the embryogenesis initiation
rate, in both plant species.

Stress-induced microspore cell death is accompanied
by ROS production and activation of autophagy and
specific proteases

Two model crop species are mainly used to study microspore
embryogenesis, the monocot Hordeum vulgare (barley) and the
eudicot Brassica napus (rapeseed), both of which are species in
which efficient and well established in vitro systems of stress-
induced microspore embryogenesis have been developed, through
isolated microspores cultures.>**' After isolation, vacuolated

microspores (Figure 1A, D), the most responsive developmental
stage for embryogenesis induction in both monocot and dicot
species,”* > were subjected to the corresponding inductive stress
treatment for each system, i.e. 32°C for B. napus and 4°C for
H. vulgare. Around four days after induction and culture initia-
tion, responsive microspores divided and produced multicellular
structures or proembryos, still surrounded by the microspore wall
(Figure 1B, E); these structures are considered as the earliest sign of
embryogenesis initiation. At this time point of microspore culture,
proembryos were accompanied by non-responsive and dead
microspores. As microspore embryogenesis progressed, the exine
broke down, and embryos developed and followed a similar path-
way to zygotic embryogenesis in monocot and dicot species. In the
case of barley, globular, transitional, scutellar and coleoptilar
monocot embryos (Figure 1C) developed,” while in rapeseed
microspore cultures, globular, heart, torpedo and cotyledonary
embryos (Figure 1F) were formed.*

Analyses of cell death have shown that there was
a marked increase in cell death levels after stress treatment,
in both microspore embryogenesis systems, B. napus and
H. vulgare,”*® as revealed by Evan’s blue staining (Figure
2). In rapeseed the mean percentage of cell death after
microspore isolation from anthers (before stress) was
46.84 + 1.45, and it significantly increased (Student t-test,
p < 0.05) after stress to 55.64 + 2.49. In barley, the induc-
tive stress also led to an increase in the percentage of cell
death, from 4192 =+ 1.03 (after cell isolation) to

66.45 + 1.07. Several studies have shown that the inductive
stress for microspore embryogenesis also leads to oxidative
stress with the production of reactive oxygen species
(ROS).>*” After stress, concomitantly with cell death,
a high level of ROS production has been detected in micro-
spores of barley, using specific fluorescent probes and the
quantification

. . 2 .
of fluorescence intensity.” Increasing

Figure 1. Main stages of stress-induced microspore embryogenesis in Hordeum vulgare, barley (A-C) and Brassica napus, rapeseed (D-F). A, D: Vacuolated
microspores at the beginning of culture. B, E: Proembryos formed after stress treatment to induce embryogenesis, after around 4 days in culture. C, F: Cultures
of 30 days showing microspore-derived embryos. C: Barley developing and coleoptilar embryos. F: Rapeseed cotyledonary embryos. A, B, D, E: Toluidine blue-stained
semithin sections of Technovit resin-embedded samples, observed under bright field microscopy. C, F: Developed microspore-derived embryos, observed under

stereomicroscope. Bars in A, D: 10 pm, in B, E: 20 ym, in C: 0.5 mm, in F: 1 mm.
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Figure 2. Detection of cell death in microspore cultures by Evan’s blue staining. A: Barley isolated microspores before the stress treatment. B: Barley microspore
culture after the stress treatment and 4 days in culture. Dead cells are stained by Evan’s blue (thin arrows). Proembryos (thick arrows) are formed in 4 day-old

cultures, together with dead microspores (thin arrows). Bars: 50 um.

evidence has connected ROS and autophagy in plants and
algae®®; furthermore, autophagy has been shown to play
a role in removing damaged proteins and organelles that
can be the result of ROS accumulation. In a recent report,
together with ROS production, we have demonstrated acti-
vation of autophagy after the inductive stress of microspore
embryogenesis in barley.”* Interestingly, key autophagy
genes, particularly HvATG5 and HvATG6, were up-
regulated in microspore cultures after the stress treatment
to induce embryogenesis.*’

Our results showed that barley stress-treated microspores
showed an increase in the presence of autophagosomes and
autophagic bodies, which exhibited specific immunofluores-
cence labeling with antibodies against ATG5%° and ATG8**°
(provided by M.F. Suarez, University of Malaga, Spain, and J.L.
Crespo, IBVE-CSIC, Seville, Spain, respectively) (Figure 3A-D).
Ultrastructural studies with electron microscopy revealed autop-
hagosomes in the cytoplasm of stress-treated microspores

(Figure 3E, F), with the autophagosomes showing typical orga-
nization with engulfed cytoplasmic material and/or organelles at
their interior (Figure 3E, F).

Previous reports that analyzed the possible role of certain cell
death-related proteases in the stress response of the microspores
have revealed that cathepsin L/F-, B- and H-like activities were
induced after stress; concomitantly, cathepsin-like genes HvPap-
1 and HvPap-6 were up-regulated.”® The use of specific antibo-
dies against HvPap-1 and HvPap-6 cysteine-proteases in western
and immunofluorescence assays has shown not only that cathe-
psin gene expression and enzymatic activity increased but also
that the proteins increased in microspores after the stress.”” Our
results using anti-HvPap-1*° antibodies (provided by I. Diaz,
CBGP-UAM, Montegancedo, Spain) in immunofluorescence
assays analyzed by confocal microscopy, showed that cathepsins
increased in stress-treated microspores and localized in small
cytoplasmic rounded areas (Figure 3G, H) which would corre-
spond to small Iytic organelles and/or vacuoles. Caspase 3-like

Figure 3. Localization of autophagy ATG5 and ATG8 proteins, autophagic structures and cathepsin HvPap1 in microspores after the stress treatment to induce
embryogenesis. A, C, G: Isolated microspores, before stress treatment. B, D, E, F, H: Stress-treated microspores. A, B, C, D, G, H: Confocal microscopy images of
immunofluorescence assays (green signal) localizing the autophagy proteins ATG5 (A, B) and ATG8 (C, D), and cathepsin HvPap1 (G, H), in barley microspores; some
of them are merged images with DAPI staining (blue signal) to reveal nuclei (A, C, D, G). E, F: Transmission electron microscopy images of cytoplasmic regions of
stress-treated microspores of rapeseed; E: Low magnification EM image showing various autophagic structures (arrows); F: Detail of an early autophagosome (arrow)
with cytoplasmic material in its interior. The exine (Ex), the microspore wall, shows unspecific autofluorescence in green and blue channels. Cyt, cytoplasm; v,

vacuole. Bars in A-D, G-H: 20 pm, in E: 1 pm, in F: 0.2 um.
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activity was also analyzed in microspore cultures and results
showed similar kinetics to that of C1 cysteine proteases, with
a marked increase in proteolytic activity after the stress treat-
ment to induce embryogenesis.”” Taken together, these data
indicated that the inductive stress for embryogenesis led to
ROS production and cell death in a proportion of the micro-
spores, concomitantly with activation of autophagy, cathepsin-
like and caspase 3-like proteolytic activities.

Pharmacological treatments with inhibitors of ROS,
autophagy and several proteolytic activities reduce
cell death and improve microspore embryogenesis
initiation
To assess the possible involvement of ROS, autophagy, and
proteases in the cell death of microspores, functional analyses
with specific scavengers and inhibitors were performed. Small
molecules (low molecular weight (<1000 Daltons) organic
compounds) are very useful in pharmacology to study biolo-
gical processes due to their properties of cell permeability,
specific binding to biological macromolecules and capacity to
alter target activity. At present, several ROS, autophagy, and
protease inhibitors are commercially available for in vitro
assays; many of which have proved their efficiency in
plants.”?" In our recent publication, pharmacological treat-
ments were carried out in barley microspore embryogenesis
using various small compounds that were added to the micro-
spore culture media (in the range of concentrations reported
for plant suspensions and microspore cultures®”'>'®), and
their effects on cell death levels were evaluated in comparison
with untreated microspore cultures.”” In the present study, we
have performed treatments in rapeseed microspore cultures
with some of the bioactive compounds previously tested in
barley, as well as with other molecules that were applied to
microspore cultures in the two species. Results showed analo-
gous effects for every small compound in barley and rapeseed
microspore embryogenesis cultures, regardless of whether the
stress treatment used in each in vitro system was cold or heat.
Previous reports in barley microspore embryogenesis demon-
strated that scavenging of ROS by MnCl,, which specifically
eliminates superoxide anions, significantly reduced the percen-
tage of dead microspores after the stress®’, an effect that was also
observed by scavenging hydrogen peroxide with ascorbate.”
Similar reduction in cell death levels has been found in rapeseed
microspore cultures treated with ROS scavengers (Figure 4A).
The proportion of proembryos produced in rapeseed micro-
spore cultures treated with MnCl, was also significantly higher
compared to control cultures, indicating a positive effect of ROS
scavengers on embryogenesis initiation (Figure 4B), probably as
a direct consequence of the reduction of cell death.
Concanamycin A and E64 are small compounds commonly
used to inhibit autophagy in plants by different mechanisms.
Concanamicyn A inhibits autophagy cargo degradation through
alkalinization of the vacuole and inactivation of its lytic
enzymes”’, whereas E64 is a known inhibitor of cysteine pro-
teases that reduces autophagosome content degradation by these
enzymes in vacuoles'>*>** Inhibition of autophagy by either
concanamycin A or E64 has been reported to decrease cell death
proportion after stress, and to increase proembryo percentage at

initial stages of microspore embryogenesis, in barley*’. The pre-
sent analyses in rapeseed microspore cultures treated with con-
canamycin A and E64 showed that both treatments also led to
a decrease in the proportion of cell death after stress, which
resulted in higher percentage of proembryos. Treatments with
other protease inhibitor, leupeptin, which inhibits serine and
cysteine proteolytic activities, showed similar effect in micro-
spore cultures to that observed with E64 (Figure 4C, D).
Leupeptin-treated cultures exhibited significant changes
(Student t-test, p < 0.05) in the proportion of cell death and
proembryos in comparison with untreated cultures; the mean
percentage reduction of cell death was 12.00 + 3.17 in rapeseed
and 30.20 + 1.05 in barley, while the mean percentage increase in
embryogenesis initiation (proembryos) was 20.00 + 2.57 and
27.53 + 2.87 in rapeseed and barley, respectively.

Proteases with caspase 3-like activity are also activated by
stress treatments to induce embryogenesis in the two species,
rapeseed and barley.>® Ac-DEVD-CHO (N-Acetyl-Asp-Glu-
Val-Asp-al) is a synthetic tetrapeptide which has been proved
as a highly specific competitive inhibitor for Caspase 3 in
animals.” In plants, several reports have shown that treatments
with Ac-DEVD-CHO reduced enzymatic caspase three-like
activity during PCD of various plant systems.'>® In microspore
cultures of barley, pharmacological treatments with Ac-DEVD-
CHO-containing media significantly reduced caspase 3-like
activity” and cell death levels, after inductive stress.”” Our ana-
lyses demonstrated a similar effect of the inhibition of caspase 3-
like activity by Ac-DEVD-CHO in rapeseed microspore cul-
tures, being cell death level reduced (Figure 4E) and proembryo
percentage increased (Figure 4F) in cultures treated with this
inhibitor.

Conclusions

The results reported here demonstrate the positive effects on
microspore viability and embryogenesis initiation of several
small compounds that modulate autophagy, ROS and various
protease activities, like concanamycin A, MnCl, E64, and Ac-
DEVD-CHO, in stress-induced microspore embryogenesis of
rapeseed. These modulators have recently shown the same
effects in stress-induced microspore embryogenesis cultures
of a different plant, barley. Furthermore, we have tested here
other protease inhibitor, leupeptin, which also improved
microspore embryogenesis initiation in these two different
crop species, B. napus and H. vulgare, regardless of the stress
treatment applied to induce embryogenesis, cold (4°C) in
barley, and heat (32°C) in rapeseed. The reduction of ROS,
autophagy or proteolytic activities (cathepsin-like, caspase 3-
like or Ser- and Cys-proteases) produced a decrease in stress-
induced cell death and an increase in embryogenesis initiation
rate, in both species (Figure 5).

Early cell death is one of the major factors that greatly affects
the efficiency of microspore embryogenesis cultures; with such
cell death being mainly the result of the inductive stress, with the
participation of autophagy and several proteases, as indicated by
recent reports. The data reported here on pharmacological treat-
ments with autophagy and protease modulators are very promis-
ing with regard to enhancing in vitro microspore viability. The
comparative study of the new results reported here and the data
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Figure 4. Effects of treatments with MnCl, (0%~ scavenger), leupeptin (Ser- and Cys-protease inhibitor) and Ac-DEVD-CHO (caspase 3 inhibitor) in stress-induced
microspore embryogenesis. A, B, E, F: Rapeseed microspore cultures. C, D: Barley microspore cultures. Quantification of the percentage of cell death (A, C, E) and
proembryos (B, D, F) in microspore cultures 4 days after stress in untreated cultures and cultures treated with MnCl, (A, B), leupeptin (C, D) and Ac-DEVD-CHO (E, F).
In ordinates, results are expressed as percentages (percent change) and referred to normalized mean percentage of dead cells or proembryos in untreated cultures
(100%). Bars indicate the SEM (standard error of the mean). Asterisks indicate significant differences between treated and untreated cultures, within each treatment,

assessed by Student’s t-test, at P< 0.05.

recently published by us, clearly shows similar results for stress-
induced microspore death in two different species, a monocot
and a dicot plant, which suggests that there are common death
mechanisms in both plant groups. These findings also indicate
that similar strategies, using small molecules targeting autophagy
and proteases, could be extended to other species and stress-
induced embryogenesis systems. Taken together, these results
are opening up new intervention pathways with small bioactive
compounds that modulate ROS accumulation, autophagy, and
proteolytic activities to increase the efficiency of in vitro micro-
spore embryogenesis systems, by reducing cell death, thus

benefiting biotechnological applications in crop breeding and
conservation programs.
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