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A B S T R A C T

In vitro plant embryogenesis and microcallus formation are systems which are required for plant regeneration, a 
process during which cell reprogramming and proliferation are critical. These systems offer many advantages in 
breeding programmes, such as doubled-haploid production, clonal propagation of selected genotypes, and re-
covery of successfully gene-edited or transformed plants. However, the low proportion of reprogrammed cells in 
many plant species makes these processes highly inefficient. Here we report a new strategy to improve in vitro 
plant cell reprogramming using small molecule inhibitors of mammalian leucine rich repeat kinase 2 (LRRK2), 
which are used in pharmaceutical applications for cell reprogramming, but never used in plants before. LRRK2 
inhibitors increased in vitro embryo production in three different systems and species, microspore embryogenesis 
of oilseed rape and barley, and somatic embryogenesis in cork oak. These inhibitors also promoted plant cell 
reprogramming and proliferation in Arabidopsis protoplast cultures. The benzothiazole derivative JZ1.24, a 
representative compound of the tested molecules, modified the expression of the brassinosteroid (BR)-related 
genes BIN2, CPD, and BAS1, correlating with an activation of BR signaling. Additionally, the LRRK2 inhibitor 
JZ1.24 induced the expression of the embryogenesis marker gene SERK1-like. The results suggest that the use of 
small molecules from the pharmaceutical field could be extended to promote in vitro reprogramming of plant 
cells towards embryogenesis or microcallus formation in a wider range of plant species and in vitro systems. This 
technological innovation would help to develop new strategies to improve the efficiency of in vitro plant 
regeneration, a major bottleneck in plant breeding.

1. Introduction

Plant in vitro culture techniques are critical to many modern ap-
proaches to crop improvement. They are essential players in acceler-
ating breeding through several technologies: the use of doubled- 
haploids produced by microspore embryogenesis, the clonal propaga-
tion of elite genotypes, and the conversion of gene editing or trans-
formation events into plants with improved traits. In vitro plant 
regeneration, through embryogenesis and organogenesis, is based on the 
induction of cellular reprogramming of different types of somatic cells, 
which either directly or indirectly (via proliferating cell masses or 
microcalli) give rise to vegetative organs or embryos and finally to 

plants (Germanà and Lambardi, 2016). Despite the huge applications of 
this technology, it is still highly, or even completely inefficient for many 
plant species of economic interest.

Improved regeneration of transgenic crop plants has been docu-
mented with the overexpression of morphogenic genes in certain species 
(Gordon-Kamm et al., 2019; Che et al., 2022). However, this approach is 
feasible only in a limited number of species where transformation 
techniques are established, severely restricting its applicability to 
commercially important genotypes. Furthermore, genetic trans-
formation and genome editing remain challenging for many key crops 
due to their poor regeneration capacity in tissue culture. Thus, there is 
an urgent demand for efficient technologies to enhance in vitro plant 
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regeneration and propagation, thereby advancing breeding efforts.
Therefore, new strategies are needed to identify new chemical pro-

moters for in vitro plant cell reprogramming and regeneration. For years, 
the technology has been developed and fine-tuned by empirical ap-
proaches testing different types of culture media, growth conditions, 
donor plant ages, explant types, and treatments with a handful of phy-
tohormones (Jain and Gupta, 2018; Loyola-Vargas and Ochoa-Alejo, 
2018; Neumann et al., 2009; Maluszynski et al., 2003).

Despite the rapid growth of chemical biology approaches in 
biomedicine, the identification of physiologically active compounds in 
chemical libraries has not been efficiently explored in plant biotech-
nology yet. In the case of plant cell reprogramming and somatic 
embryogenesis, synthetic small molecules from chemical libraries have 
not been tested, apart from a few pioneering studies. A recent report 
from our group showed that several types of small molecules with 
reprogramming effects on mammalian cells, inhibitors of mammalian 
glycogen synthase kinase 3 (GSK3), can also improve plant cell 
reprogramming and in vitro somatic embryo production yield in several 
crop and forest species (Berenguer et al., 2021). Physiological and mo-
lecular analyses showed that these small molecules inhibited GSK3-like 
activity in oilseed rape, activated the brassinosteroid signalling 
pathway, and induced the expression of embryogenesis genes 
(Berenguer et al., 2021), ultimately promoting somatic embryogenesis.

Small molecule inhibitors are also known for the leucine rich repeat 
kinase 2 (LRRK2), an enigmatic enzyme and a relevant target in Par-
kinson’s disease. It is a member of the Ras-like GTPase (ROCO) super-
family with 6 independent domains, including a kinase domain. 
Although its physiological roles in mammals are not yet well under-
stood, LRRK2 has been implicated in adult neurogenesis through the 
Wnt signalling pathway (Berwick and Harvey, 2013). Interestingly, 
several LRRK2 inhibitors having a benzothiazole scaffold have been 
shown to modulate the Wnt/β-catenin signalling pathway, promote 
proliferation of neural progenitors and drive their differentiation to-
wards neuronal and oligodendrocytic cell fates (Zaldivar-Diez et al., 
2020). In plants, orthologues of LRRK2 have not been identified.

Growing evidence suggests that stem cells exhibit similar behaviors 
in both animal and plant systems (Olariu et al., 2017; Wittmer and 
Heidstra, 2024). In the quest for novel chemical agents to enhance plant 
cell reprogramming, LRRK2 inhibitors could be considered as promising 
candidates for promoting somatic embryogenesis in plants due to their 
demonstrated efficacy in stimulating cell proliferation and differentia-
tion in mammalian models.

Here, we present the use of synthetic small molecule inhibitors tar-
geting mammalian LRRK2, which belong to two distinct chemical clas-
ses. These inhibitors have not previously been employed in plants and 
were assessed across various species and in vitro systems. We examined 
their potential to enhance somatic embryogenesis in Brassica napus 
(oilseed rape), Hordeum vulgare (barley), and Quercus suber (cork oak). 
Additionally, their effects on promoting protoplast proliferation and 
microcallus formation were investigated in Arabidopsis.

2. Material and methods

2.1. Microspore embryogenesis of Brassica napus, through isolated 
microspore culture

Brassica napus L. cv. ‘Topas’ line DH407 plants were used as donor 
plants. Germination and growth of oilseed rapes were carried out in a 
growth chamber (Sanyo MLR-351-H) in pots containing a mixture of 
organic substrate and vermiculite (2:1, v/v) under the following con-
ditions: relative humidity 60 %, 15 ◦C under a long-day photoperiod of 
16 h light, 10 ◦C under 8 h of darkness, and watering three times per 
week, without external fertilization.

Flower buds at the vacuolated microspore stage, known for being 
highly responsive to microspore induction, were chosen for microspore 
culture following the methodology outlined by Prem et al. (2012). The 

buds underwent sterilization for 20 min using a 2% (v/v) bleach solution 
containing 2% active chlorine, followed by five rinses with sterile 
distilled water. Approximately 20 buds were crushed in 5 ml of cold 
NLN-13 medium (Lichter, 1982) with 13% (w/v) sucrose, using a 
pre-chilled mortar and pestle. The resulting suspension was filtered 
through a 48 μm nylon mesh, and the filtrate was collected into a 15 ml 
Falcon centrifuge tube. The crushed material was washed with an 
additional 5 ml of NLN-13 to bring the total volume to 10 ml, then 
centrifuged at 1100 rpm for 5 min at 4 ◦C. The supernatant was 
removed, and the pellet was resuspended in 10 ml of cold NLN-13 me-
dium. This centrifugation and resuspension process was repeated three 
times to thoroughly wash the microspores. The final pellet was resus-
pended in NLN-13 medium, and the cell density was adjusted to 10 000 
cells per ml. The prepared cell suspension was dispensed into 90-mm 
Petri dishes at a volume of 10 ml per dish and cultured in darkness. 
To induce embryogenesis, the microspore cultures underwent an in vitro 
stress treatment at 32 ◦C. About four days after the start of the culture, 
the microspores began to reprogram and form proembryos, marking the 
onset of embryogenesis. When globular or heart-shaped embryos 
appeared, 20 days into the process, the cultures were transferred to 
25 ◦C and agitated on an orbital shaker at 60 rpm in the dark. After 
roughly 30 days, the proembryos developed further into cotyledonary 
embryos.

2.2. Microspore embryogenesis of Hordeum vulgare, through isolated 
microspore culture

Hordeum vulgare L. cv. Igri plants were used as donor plants. Seeds 
were vernalised in soil for 1 month at 4 ◦C, and then transferred to a 
plant growth chamber at 18 ◦C for one month for germination and 
growth, with photoperiod of 16 h light and moderate watering every two 
days. Finally, the plants were transferred to a greenhouse at 18 ◦C under 
natural photoperiod conditions.

Spikelets containing microspores at the vacuolated microspore stage 
were collected and surface-sterilized by immersing them in a 5% (v/v) 
bleach solution with 5% active chlorine for 20 min, followed by four 
rinses with sterile distilled water. The culture preparation was carried 
out as described by Rodríguez-Serrano et al. (2012). The sterilized spikes 
underwent a pre-treatment at 4 ◦C for 21–24 days as a stress treatment to 
induce microspore embryogenesis. The microspores were isolated by 
blending the spikes in 20 ml of pre-cooled 0.4 M mannitol at 4 ◦C, using a 
Waring Blender pre-chilled to − 20 ◦C. The extract was then filtered 
through a 100 μm nylon mesh into a beaker pre-cooled to − 20 ◦C. The 
resulting microspore suspension was transferred into a 50 ml tube and 
centrifuged at 800 rpm for 10 min at 4 ◦C. After discarding the super-
natant, the pellet was resuspended in 4 ml of pre-cooled 0.55 M maltose 
and transferred into a 15 ml Falcon tube. Subsequently, 1.5 ml of 0.4 M 
mannitol solution was carefully added without mixing. Following 
gradient centrifugation at 800 rpm for 10 min at 4 ◦C, the interphase 
band containing an almost pure population of vacuolated microspores 
was resuspended in a 0.4 M mannitol solution, resulting in a final vol-
ume of 10 ml. The microspores were counted using a Neubauer cham-
ber, and the pelleted microspores were diluted in an appropriate volume 
of KBP medium (Kumlehn et al., 2006) to achieve a cell density of 1.1 x 
10^5 cells per ml. They were then plated in 30 mm Petri dishes at a 
volume of 1 ml per plate. The microspore cultures were incubated at 
25 ◦C in the dark, and after 4 days of cultivation, some microspores 
reprogrammed and produced multicellular structures or proembryos. 
These proembryos further developed into coleoptylar and mature em-
bryos, which were observed 30 days later.

2.3. Small molecule inhibitors of LRRK2

Four different LRRK2 inhibitors with two different heterocyclic 
scaffolds, benzothiazole and indolinone, belonging to our in-house 
chemical library (MBC library, Ginex et al., 2023) were tested. These 
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four inhibitors were the benzothiazole-based JZ1.24 (mol. wt 418 Da), 
JZ1.3 (mol. wt 353 Da) and JZ1.6 (mol. wt 357 Da) (Zaldivar-Diez et al., 
2020), together with the indolinone derivative IGS4.75 (mol. wt 231 Da) 
(Salado et al., 2017) (Fig. 1). The inhibitory potency for each compound, 
represented by the IC50 value, is 0.51 μM for JZ1.24, 0.48 μM for JZ1.3, 
0.17 μM for JZ1.6 and 1.70 μM for IGS4.75.

No special safety requirements are needed to handle these com-
pounds other than general safety precautions when handling chemicals.

2.4. Treatments with small molecule inhibitors on microspore 
embryogenesis cultures of B. napus and H. vulgare

The LRRK2 inhibitors were added to the microspore liquid culture 
media by using stock solutions of 10 mM in dimethyl sulfoxide (DMSO). 
Appropriate volumes of stock solutions of the drugs were added to the 
culture media to obtain the selected working concentrations of the in-
hibitors, keeping the DMSO concentration below 0.2 % (v/v). In B. napus 
microspore cultures, the 4 inhibitors were tested at 4 different concen-
trations, ranging from 0.5 to 5 μM. In H. vulgare microspore cultures, one 
selected inhibitor was tested at three selected concentrations (1, 2.5 and 
5 μM).

Compounds were added from culture initiation and kept until the 
end of culture. Their effect on embryogenesis efficiency was assessed 
after 4 days of treatment, when proembryos were produced. Embryo 
production was recorded after 30 days from the start of culture initia-
tion. Mock-treated plates, with the same volume of DMSO and without 
the inhibitors, were maintained, as controls.

2.5. Evaluation of embryogenesis induction efficiency and embryo 
production in microspore cultures of B. napus and H. vulgare

The efficiency of embryogenesis induction was quantified in un-
treated and treated cultures by the number of proembryos formed 
(considered the first sign of embryogenesis initiation), as previously 
described (Berenguer et al., 2017). Proembryos were easily identified 
under inverted microscope in 4-day culture plates as round-shaped 
multicellular structures of larger size and density than microspores, 
still surrounded by the exine (special microspore wall). Proembryos 
produced from untreated and treated microspores after 4 days, and in 
the case of barley, also embryos developed after 30 days were quantified 
from images taken under a stereomicroscope (LEICAMZ16F) by using 
image analysis tools (Adobe Photoshop CS5.1). The mean percentage of 
proembryos and the mean number of embryos per plate were obtained 
from three independent experiments/cultures per each in vitro system 
and treatment. with at least three different culture plates in each 
experiment. A minimum of 1000 proembryos were counted for each 
treatment and plant species. Results on proembryos were expressed as 
percentages (percent change) and referred to the mean percentage of 

proembryos in control cultures, normalised to 100%. Each individual 
treatment (a compound at a specific concentration) was compared with 
the control; significant differences between each pair of conditions 
(control vs treatment) were determined by applying Student’s-t-test (P 
≤ 0.05). In the experiments in B. napus, where four different concen-
trations were tested for each compound, differences among concentra-
tions were tested by one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test at P ≤ 0.05.

2.6. Evaluation of germination capacity of microspore-derived embryos

The embryos produced after 30 days were analyzed. Embryo 
germination assays were performed to evaluate the quality of the em-
bryos produced in the presence of the inhibitors. Oilseed rape micro-
spore cotyledonary embryos originated from control and treated- 
cultures were used for in vitro embryo germination and conversion to 
plantlets as previously described (Prem et al., 2012). The 30-day-old 
dicotyledonous embryos were air-dried on sterile filter paper and 
germinated in MS medium (Murashige and Skoog, 1962) containing MS 
vitamins, sucrose 2 % (w/v) and gelled with 7 g l− 1 bacteriological agar 
(w/v). Microspore-derived embryos were incubated for 15–20 days at 
18 ◦C in the dark until radicle and plumule activation, and quantified as 
the percentage of embryos showing normal growth, similar to zygotic 
embryo germination. To achieve plantlet conversion, embryos that had 
germinated were transferred to growth conditions of 25 ◦C under a 16-h 
photoperiod for 10 days. Subsequently, they were transferred to tubes 
for continued growth and ultimately acclimated to external conditions 
in pots, following the protocol described by Prem et al. (2012).

2.7. Somatic embryogenesis of Quercus suber, through immature zygotic 
embryo culture

Immature pollinated acorns were collected from Quercus suber L. 
(cork oak) trees in the countryside (El Pardo region, Madrid, Spain) 
during the fruit development period (late August and September). 
Immature acorns were selected at the stage most responsive to somatic 
embryogenesis induction, corresponding to immature zygotic embryos 
at the early cotyledonary stage. Immature acorns are small, about 1 cm 
diameter, and green in colour. After collection, immature acorns were 
kept at 4 ◦C for one week before starting in vitro culture. Then, immature 
acorns were sterilized by immersion in 70% (v/v) ethanol for 30 s and in 
2% (v/v) sodium hypochlorite for 20 min, followed by 3 rinses in sterile 
distilled water of 10 min each. Immature zygotic embryos were then 
carefully dissected from the acorns by removing the surrounding tissues 
using a scalpel and forceps, and cultured in induction media, according 
to the updated protocol described by Testillano et al. (2018). This media 
contains Sommer macronutrients, MS micronutrients, MS vitamins, 0.5 
mg l− 1 glutamine, 30 g l− 1 sucrose, 8 g l− 1 bacteriological agar, and 0.5 

Fig. 1. Chemical structures of the LRRK2 inhibitors. The four small molecules are named JZ1.24, JZ1.3, JZ1.6, and IGS4.75. The IC50 value indicates the 
inhibitory potency of the compound, which is the concentration required to inhibit, in vitro, 50% of the human LRRK2 enzymatic activity.
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mg l− 1 2,4-dichlorophenoxyacetic acid (2,4-D; Sigma-Aldrich, Saint 
Louis, MO, United States). Culture conditions were 16/8 h light/dark-
ness at 25 ◦C. After one month, the explants were transferred to solid 
proliferation medium, with the same composition as the induction me-
dium but without 2,4-D and supplemented with L-glutamine. During the 
next weeks of culture cell reprogramming occurs in some responsive 
cells which initiated the embryogenesis pathway, producing small 
embryogenic masses and embryos (Testillano et al., 2018). Cultures 
were transferred monthly to the same fresh medium, and somatic 
embryogenesis cultures continued their development and multiplied, 
producing new proliferative masses and somatic embryos.

2.8. Treatment with small molecule inhibitors and evaluation of the effect 
over somatic embryogenesis of Q. suber

In cork oak, embryogenic masses were treated with a selected in-
hibitor at two selected concentrations (50 and 100 μM). The inhibitor 
was added from the beginning of the culture. In parallel, mock-control 
cultures in which embryogenic masses were cultured without the in-
hibitor were established. After 30 days of treatment, embryogenic cul-
tures were transferred to a recovery medium consisting of a normal 
proliferation medium without the inhibitor.

The efficiency of embryogenesis induction in control and treated 
cultures was quantified by the number of cotyledonary embryos pro-
duced after 30 days of treatment (culture medium containing the in-
hibitor) followed by 30 days of recovery (culture medium without 
inhibitor). Embryo production was determined by quantifying the 
number of cotyledonary embryos produced per gram of embryogenic 
masses at culture initiation.

Three independent experiments/cultures were conducted for each 
treatment, with at least two plates analyzed per experiment, each con-
taining 5 embryogenic masses. Each individual treatment (the com-
pound at a specific concentration) was compared with the control; 
significant differences between each pair of conditions (control vs 
treatment) were determined by applying Student’s-t test (P ≤ 0.05).

2.9. Gene expression analyses by quantitative real-time (RT-qPCR)

In B. napus, expression of brassinosteroid related genes was analyzed. 
Untreated microspore embryogenesis cultures and JZ1.24-treated cul-
tures were selected for expression analyses. The sequences of the BR 
pathway gene BRASSINOSTEROID-INSENSITIVE2 (BnBIN2), the BR 
biosynthesis gene CONSTITUTIVE PHOTOMORPHOGENESIS AND 
DWARFISM (BnCPD), and the BR inactivation gene PHYB ACTIVATION- 
TAGGED SUPPRESSOR1 (BnBAS1), were selected from the Brassica rapa 
database (www.brassicadb.cn). The sequence of the primers used are 
indicated in Supplementary Table S1.

Total RNA was extracted from in vitro samples using the RNeasy® 
Plant Mini Kit (Qiagen, GmbH, Hilden, Germany) according to the 
manufacturer’s instructions. To remove contaminating DNA, RNA was 
treated with RNase-free DNase using the Turbo DNA-freeTM Kit 
(Ambion, Life Technologies, Carlsbad, CA, USA), according to the sup-
plier’s protocol. cDNAs were synthesized from 1.5 μg of RNA using 
Superscript™ II Reverse Transcriptase (Invitrogen Life Technologies). 
RT-qPCR analyses were performed using the FastStart DNA Green 
Master (Roche Diagnostics) on the LightCycler®96 (Roche Diagnostics 
International Ltd.) under the following conditions: initial denaturation 
at 95 ◦C for 30 s, then 40 cycles of 5 s at 95 ◦C and 30 s at 58 ◦C. After 
each run, the specificity of amplification was checked by the acquisition 
of a dissociation curve by heating the samples from 65 ◦C to 95 ◦C. Data 
was analyzed with the LightCycler®96 software (v.1.1.0.1320) (Roche 
Diagnostics International Ltd.), and using the Livak calculation method 
(Livak and Schmittgen, 2001). As internal reference gene HELICASE 
(AtHEL) was used.

In Q. suber, expression of SOMATIC EMBRYOGENESIS RECEPTOR 
KINASE 1-like (SERK1-like) was analyzed in somatic embryogenesis 

cultures. Immature zygotic embryos and embryogenic masses from 
control cultures were selected for expression analysis. In addition, 
embryogenic masses treated with the inhibitor JZ1.24 for 30 days and 
untreated masses (controls) were also used. The sequence for QsSERK1- 
like was selected from the NCBI database (www.ncbi.nlm.nig.gov/gen 
ebank). The sequence of the primers used are indicated in Supplemen-
tary Table S1.

Total RNA from samples was purified with the NucleoSpin® RNA 
Plant (Macherey-Nagel, Düsen, Germany) according to the manufac-
turer’s instructions. RAP buffer with 1% β-mercaptoethanol was used. 
Contaminated DNA was removed from the total RNA samples using the 
Turbo DNA-freeTM Kit. cDNAs were obtained from 300 ng aliquot of 
total RNA using the SuperscriptTM II Reverse Transcriptase. RT-qPCR 
conditions and data analyses were performed as described in B. napus. 
As internal reference gene ACTIN (QsACT) was used (Marum et al., 
2012).

Oligonucleotides were designed with Primer 3 software and are lis-
ted in Supplementary Table S1. In B. napus, transcript levels were nor-
malised to control culture samples, whereas in Q. suber data were 
normalised to immature zygotic embryos and to control cultures in the 
inhibitor study. Three biological and three technical replicates were 
performed. Differences between two conditions (control and treated 
cultures) were tested by Student’s-t test, at P≤0.05.

2.10. Arabidopsis plant culture and protoplast isolation

Seeds from an A. thaliana line overexpressing histone 2B - yellow 
fluorescent protein fusion (H2B-YFP; Boisnard-Lorig et al., 2001) were 
surface-sterilized and sown on MS agar. After 24 h stratification, the 
plates were cultured vertically for 7 days at 22 ◦C under long day con-
ditions (16 h light – 8 h dark). Prior to seedling harvest, the plates were 
stored vertically in the dark at 4 ◦C for 24 h. Protoplasts were isolated 
from hypocotyl and cotyledons including primary leaves according to 
Dovzhenko et al. (2003).

2.11. Arabidopsis protoplast immobilisation, small molecule inhibitors 
treatments and imaging

Protoplast density was determined by cell counting in a Fuchs- 
Rosenthal chamber. For immobilisation, protoplasts were mixed with 
equal volumes of 1.2 % (w/v) low melting agarose in protoplast buffer, 
pre-warmed at 40 ◦C and immediately pipetted into a 96-well plate 
(Ibidi, Germany), pre-warmed at 34 ◦C with 125 μl per well. The plate 
was immediately centrifuged (2 min, 30 g) and incubated at 4 ◦C for 5 
min. 200 μl of culture medium was added to each well and the pro-
toplasts were cultured at 22 ◦C in the dark (Kao and Michayluk, 1975). 
The growth medium consisted of macro- and microelements based on 
Kao and Michayluk (1975) supplemented with 2 μM 2,4-D and 1 μM 
thidiazurone. Protoplasts were immobilised with a final density of 15 
000 protoplasts per well.

For small molecule treatments, chemicals were dissolved in DMSO 
and added to the growth medium. LRRK2 inhibitors IGS 4.75, JZ 1.3, JZ 
1.6, and JZ 1.24 were tested at concentrations ranging from 100 nM to 1 
μM. After 48 h, the culture medium was removed and replaced with 
fresh medium after two washes with culture medium.

An automated microscope (MORE1, Till I.D. GmbH, Munich, Ger-
many) was used to analyse protoplast development and to detect YFP 
fluorescence. All experiments were performed with three biological 
replicates and significance was determined by a Student’s t-test. 
Transillumination was recorded with 10x0.45 and 20x0.8 objectives 
(Zeiss); epifluorescence was recorded after excitation with single-mode 
diode laser excitation (iBeam smart, Toptica) with 550 nm (YFP)/green 
emission filter. Image acquisition was performed using the SIAM soft-
ware (Till I.D. GmbH, Munich, Germany).
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2.12. Image processing and data analysis of Arabidopsis protoplast 
cultures

Images were taken immediately after immobilisation and 7 days 
after immobilisation (DAIs). Image processing was performed using Fiji, 
an image processing package distributed by ImageJ2 (Schindelin et al., 
2012; Rueden et al., 2017). Raw tile image stacks were reconstructed 
into full-well images using the stitching plugin (Preibisch et al., 2009). 
Image segmentation was performed using U-net (Falk et al., 2018). 
Quantification of proliferating cells was performed by exploiting shape 
differences of dividing or closely adjacent nuclei after applying EDM 
binary operations to epifluorescence images, compared to circular 
fluorescence signals of non-dividing mononuclear cells (Brocher, 2014). 
Corresponding cell shape parameters of proliferating microcalli were 
determined by selecting segmented transillumination images after 
filtering with processed epifluorescence images using the BioVoxxel 
binary feature extraction function. Proliferation events, identified by 
image analysis were quantified and values were normalised to the total 
cell number cultivated and expressed relative to the proliferation rate of 
control cells treated with equivalent volume of DMSO. All experiments 
were performed with three biological replicates. Differences among 
treatments were tested by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test at P ≤ 0.05.

3. Results

In an attempt to identify novel strategies to promote plant cell 
reprogramming, we have selected compounds with reported activity as 
promoters of cell proliferation and differentiation from the Medicinal 
and Biological Chemistry library (MBC, Ginex et al., 2023).

In our study, we have tested a total of four small molecule inhibitors 
of LRRK2: JZ1.24, JZ1.3, JZ1.6 and IGS4.75, with different molecular 
structures (Fig. 1). These compounds have shown LRRK2 inhibitory 
activity with an IC50 value in the micromolar range (Salado et al., 2017; 
Zaldivar-Diez et al., 2020). These four molecules, featuring a benzo-
thiazole core, have been demonstrated to stimulate the proliferation of 
neural progenitor cells, and steer their differentiation into neuronal and 
oligodendrocyte lineages (Zaldivar-Diez et al., 2020); consequently, we 
investigated whether these compounds could similarly promote plant 
cell proliferation and embryogenesis.

Four different in vitro culture systems, well established from previous 
literature, were used to test the new compounds (Table 1). First, the four 
inhibitors were tested in assays with oilseed rape microspore cultures, 
with 3–4 different concentrations tested for each compound. After 
evaluating the effects of the inhibitors on microspore reprogramming 
and embryogenesis initiation efficiency in oilseed rape microspore 
embryogenesis, one compound was selected and tested at one concen-
tration in the in vitro embryogenesis systems of barley and cork oak. In 
parallel, the four inhibitors were tested in Arabidopsis protoplast cul-
tures at concentrations ranging from 100 nM to 1 μM.

3.1. Effect of LRRK2 inhibitors on microspore embryogenesis of Brassica 
napus

In oilseed rape microspore embryogenesis cultures, in response to the 
inductive treatment, isolated microspores at the responsive develop-
mental stage of vacuolated microspore (Fig. 2A) divide to produce 
multicellular structures or proembryos (Fig. 2B), that are still confined 
within the microspore cell wall (exine). Such structures are considered 
to be the first sign of embryogenesis initiation and can be found after 4 
days in culture. Globular and heart-shaped embryos can be observed at 
20 days after culture initiation. Normally, after 30 days in culture, the 
embryos are fully developed and form cotyledonary embryos 
(Fig. 2C–D).

The efficiency of embryogenesis induction was evaluated in control 
cultures and cultures treated with the inhibitors, at different concen-
trations, ranging from 0.5 to 5 μM. The results showed that all the in-
hibitors tested resulted in an increase in the efficiency of embryogenesis 
induction in the range of 23–30 % when applied at their optimal con-
centration (Fig. 2E). Based on these results, a representative small 
molecule was selected for further analysis and testing in other in vitro 
embryogenesis systems. The molecule selected was JZ1.24, which 
showed one of the best results, with 27.5% increase in embryogenesis 
induction efficiency at 2.5 μM.

Embryo production and germination capacity of the embryos pro-
duced in microspore cultures treated with the inhibitors were evaluated. 
Cotyledonary embryos produced in JZ1.24-treated cultures after 30 days 
were anatomically similar to those developed in control cultures, while 
the embryo production was higher in treated cultures (Fig. 2F and G). 
For germination assays, fully developed cotyledonary embryos from 
control and treated cultures were desiccated and cultured under 
germination conditions (Prem et el. 2012). The results showed that the 
germination of the embryos was not affected by the treatment with the 
inhibitor. These embryos produced roots and hypocotyls similar to and 
in the same proportion as embryos from control cultures (Fig. 2H). 
Regardless of the application of inhibitors during in vitro embryogenesis, 
all embryos that germinated successfully developed into in vitro plant-
lets. These plantlets further acclimatized and progressed into mature 
plants, reaching the flowering stage and exhibiting phenotypes similar 
to those of donor plants (data not shown), consistent with findings re-
ported for microspore-derived embryos of B. napus (Prem et al., 2012).

3.2. Effect of LRRK2 inhibitor on expression of brassinosteroid pathway 
genes during microspore embryogenesis initiation of B. napus

Previous studies have demonstrated that the endogenous brassinos-
teroids (BR) pathway is activated during the initiation of microspore 
embryogenesis (Berenguer et al., 2021), being GSK3-BIN2 a negative 
regulator of the BR signaling (Nolan et al., 2020). On the other hand, 
some studies indicated that mammalian LRRK2 interacts with GSK3 
(Kawakami et al., 2013; Kofoed et al., 2020), suggesting that LRRK2 
inhibitors could have a negative impact on GSK3. Therefore, we inves-
tigated the potential impact of the LRRK2 inhibitor JZ1.24 on the 
expression of BR pathway genes during microspore embryogenesis 
initiation of B. napus. We compared the expression levels of key com-
ponents involved in BR signaling, biosynthesis, and catabolism in both 
control cultures and cultures treated with the inhibitor JZ1.24, specif-
ically at the proembryo stage, after embryogenesis induction. Our 
analysis focused on BIN2, the principal negative regulator of BR 
signaling, which is a GSK3 kinase that becomes inhibited in the presence 
of BR, thereby triggering the BR signaling cascade (Nolan et al., 2020). 
The findings indicated that BnBIN2 expression was reduced in 
JZ1.24-treated cultures (Fig. 3), implying that the compound may 
activate the BR signaling pathway. Furthermore, we examined the 
expression of CPD and BAS1, essential elements of the BR biosynthesis 
and catabolic pathways, respectively, in both control and JZ1.24-treated 
cultures. RT-qPCR assays revealed a decrease in the expression of the 

Table 1 
Plant species and in vitro culture systems used to test the effects of the 
mammalian LRRK2 inhibitors.

Plant species Process Type of culture References

Brassica napus 
(oilseed 
rape)

Microspore 
embryogenesis

Isolated 
microspores in 
liquid medium

Prem et al. (2012)

Hordeum 
vulgare 
(barley)

Microspore 
embryogenesis

Isolated 
microspores in 
liquid medium

(Rodríguez-Serrano 
et al., 2012)

Quercus suber 
(cork oak)

Somatic 
embryogenesis

Immature zygotic 
embryos on solid 
medium

Testillano et al. 
(2018)

Arabidopsis 
thaliana

Microcallus 
formation

Agarose-embedded 
protoplasts in 
liquid medium

Dovzhenko et al. 
(2003)
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Fig. 2. Microspore embryogenesis in B. napus, effects of LRRK2 inhibitors over embryogenesis induction, embryo production and germination capacity. 
(A–D) Main stages of microspore embryogenesis in B. napus. (A, B) Toluidine blue-stained sections of isolated vacuolated microspore (A, culture initiation) and 
proembryo (B, embryogenesis initiation). (C, D) Cotyledonary embryos; panoramic view of a plate (C) and detail at higher magnification. (D). (E) Effects of LRRK2 
inhibitors over embryogenesis induction efficiency. Columns represent percent change of proembryos after 4 days from culture initiation, and refer to the mean 
percentage of proembryos in control cultures (normalised to 100%). Bars indicate the standard error of the mean, and different letters indicate significant differences 
according to ANOVA and Tukey’s test at P ≤ 0.05. (F, G) Cultures after 30 days, showing production of embryos in control (F) and JZ1.24-treated cultures (G). (H) 
Germinating embryos from JZ1.24-treated culture showing well-developed roots and hypocotyls in most embryos. Bars represent: (A, B) 10 μm; (C, F-H) 2 cm; (D) 1 
mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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BnCPD biosynthesis gene, while the BnBAS1 catabolic gene expression 
increased, in treated cultures (Fig. 3). These expression profiles aligned 
with the activation of the BR pathway, characterized by decrease in the 
transcription of the feedback-regulated BR biosynthetic gene CPD and 
an increase in the BR-inducible gene BAS1 (Nolan et al., 2020). There-
fore, these observations suggested that JZ1.24 may enhance BR 
signaling.

3.3. Effect of LRRK2 inhibitor on microspore embryogenesis of Hordeum 
vulgare

After induction, barley microspores (Fig. 4A) reprogrammed to 
produce multicellular structures or proembryos (Fig. 4B) which could be 
seen after 4 days in culture. The proembryos developed further to pro-
duce transitional, coleoptylar and mature embryos (Fig. 4C–D), which 
were observed after 30 days.

Fig. 3. Effect LRRK2 inhibitor JZ1.24 on gene expression profiles of brassinosteroid related genes during microspore embryogenesis initiation of B. napus. 
Expression of BnBIN2, BnCPD and BnBAS1 in untreated and JZ1.24-treated microspore cultures of B. napus at the stage of embryogenesis initiation (proembryo 
formation, 4 days). Bars indicate the standard error of the mean, and asterisks indicate significant differences (P ≤ 0.05) after Student’s-t-test.

Fig. 4. Microspore embryogenesis in H. vulgare, effect of LRRK2 inhibitor JZ1.24 on embryogenesis induction and embryo production. (A–D) Main stages of 
microspore embryogenesis in H. vulgare. (A, B) Toluidine blue-stained sections of isolated vacuolated microspore (A, culture initiation) and proembryo (B, 
embryogenesis initiation). (C, D) Transitional and coleoptilar embryos; panoramic view of a plate (C) and detail at higher magnification (D). (E) Effect of JZ1.24 over 
embryogenesis induction efficiency. Columns indicate percent change of proembryos produced after 4 days from culture initiation in control (untreated) and treated 
cultures. Values have been normalised to the control culture (100%). (F) Effect of JZ1.24 over embryo production. Columns indicate mean number of embryos per 
plate formed at 30 days in control (untreated) and treated cultures. Bars indicate the standard error of the mean, and asterisks indicates significant differences (P ≤
0.05) after Student’s-t-test. Bars represent: (A, B) 10 μm; (C) 2 cm; (D) 500 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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The selected inhibitor, JZ1.24, was applied to microspore embryo-
genesis cultures of H. vulgare at 1, 2.5 and 5 μM concentrations. Quan-
tification of proembryos formed after 4 days showed that treatments 
with the inhibitor at a concentration of 5 μM improved the efficiency of 
embryogenesis induction, with an increase in proembryo formation of 
48 % in JZ1.24-treated cultures (Fig. 4E).

Untreated and treated cultures were further developed and the total 
number of embryos produced per plate after 30 days was quantified. 
Microspore cultures treated with the inhibitor produced more embryos 
than control cultures, with an increase of 22 % in JZ1.24-treated cul-
tures (Fig. 4F).

3.4. Effect of LRRK2 inhibitor on somatic embryogenesis of Quercus suber

To evaluate the possibility of extending the findings from B. napus 
and H. vulgare to more distant species and processes, the selected in-
hibitor JZ1.24, was applied to a forest woody species, Q. suber, in which 
somatic embryogenesis was established from immature zygotic em-
bryos, an in vitro system consisting of two-stage cultures in solid media. 
Immature zygotic embryos were obtained from young acorns (Fig. 5A) 
and placed in culture. After the induction of embryogenesis, 

proembryogenic masses were produced and protruded from different 
parts of the initial explants, the immature zygotic embryo (Fig. 5B); they 
continued to proliferate and produced new embryogenic masses, which 
in turn gave rise to new embryos (Fig. 5C), which by recurrent and 
secondary embryogenesis, developed into ivory-coloured cotyledonary 
embryos (Fig. 5D–E).

The inhibitor treatment was applied at two distinct concentrations. 
In gelled media, compounds exhibit reduced diffusion and availability to 
explant cells compared to liquid media and isolated cells. As a result, the 
concentrations used for cork oak explants in gelled medium were 10–20 
times higher than those used for isolated microspore cultures in liquid 
medium. Specifically, the inhibitor was applied at concentrations of 50 
and 100 μM. These concentrations fall within the range reported in 
previous studies using small molecules in this in vitro system (Berenguer 
et al., 2021; Carneros et al., 2024). The evaluation of the effects of the 
compound on embryogenesis efficiency was assessed by quantifying the 
number of cotyledonary embryos produced in control and treated cul-
tures. The results showed that treatment with the inhibitor increased the 
efficiency of embryogenesis induction and resulted in 3.4 times higher 
somatic embryo production (Fig. 5F).

The SERK1-gene has been described to play a positive role in the 

Fig. 5. Somatic embryogenesis in Q. suber and effect of LRRK2 inhibitor JZ1.24 over embryo production. (A–E) Main stages of somatic embryogenesis in 
Q. suber, (A) Acorns containing immature zygotic embryos (initial explant for somatic embryogenesis induction). (B) Embryogenic masses and somatic embryos 
arising from the immature zygotic embryo. (C) Heart-shaped embryos (arrows) differentiating from embryogenic mass. (D) Mature cotyledonary embryo. (E) 
Panoramic view of a culture plate showing different structures corresponding to various developmental stages of cork oak somatic mbryogenesis process. (F) 
Quantification of the effect of JZ1.24 over somatic embryo production, bars represent the mean number of embryos per gram of initial explant, in control (untreated) 
and treated cultures after 30-day treatment followed by 30 days on recovery conditions. Bars indicate the standard error of the mean, and asterisk indicates sig-
nificant differences between the control and each individual treatment (each concentration), by applying Student’s-t-test (P ≤ 0.05) to compare the two conditions 
(control and treatment). Bars represent: (A) 0.5 cm; (B) 500 μm; (C, D) 100 μm; (D) 1 cm.
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initiation of the embryogenesis response as well as in the acquisition of 
embryogenic competence in embryogenic cultures (Schmidt et al., 
1997). Our results indicated that in control somatic embryogenesis 
cultures, the expression of QsSERK1-like was twice as high in embryo-
genic masses compared to immature zygotic embryos following the in-
duction of embryogenesis (Fig. 6A). To gain deeper insights into the 
effect of the LRRK2 inhibitor JZ1.24 on embryogenic cork oak cultures, 
we analyzed the expression profiles of the embryogenesis-specific gene 
in treated cultures. Embryogenic masses treated with JZ1.24 showed a 
significant induction of QsSERK1-like compared to untreated masses 
(Fig. 6B). This result indicated that the treatment with the inhibitor 
increased the expression of the early embryogenesis marker gene.

3.5. Effect of LRRK2 inhibitors on the efficiency of mesophyll protoplast 
microcallus induction in Arabidopsis thaliana

LRRK2 inhibitors were tested for their ability to increase the prolif-
eration rate of Arabidopsis protoplasts isolated from leaves. An Arabi-
dopsis line overexpressing H2B-YFP was used as a suitable system to 
monitor proliferating protoplasts identified by the number of fluorescent 
nuclei. Immobilised protoplasts were overlaid with growth medium 
supplemented with inhibitors at concentrations from 100 nM to 1 μM, 
since higher concentrations were toxic for this in vitro system. Micro-
scopic images were taken every 24 h during 7 days after immobilisation, 
and proliferating microcalli were identified by the presence of multiple 
adjacent fluorescent nuclei visualised using the nuclear-encoded H2B- 
YFP marker (Fig. 7A). Analyses of the microscopic images indicated that 
treatments with the four molecules enhanced microcalli formation after 
7 days in culture, in comparison with control cultures. An example of 
this positive effect of the inhibitors over proliferation is illustrated in 
Supplementary Fig. S1, which shows well overview images of control 
and JZ1.6-treated cultures.

Proliferation rates were quantified and normalised to the number of 
protoplasts immobilised in each well. The results showed an increased 
rate of microcalli formation with the four inhibitors; the increase, in 
comparison with control, was from 30 to 100 % for IGS 4.75, JZ 1.3, JZ 
1.6 and JZ1.24 (Fig. 7B).

4. Discussion

Induction of somatic embryogenesis involves cell reprogramming 
through activation of different signalling pathways (Feher, 2015; Tes-
tillano, 2019; Ibáñez et al., 2020), while chemically distinct small 
molecules have been designed and shown to efficiently induce cell 

reprogramming in mammalian cells (Ma et al., 2017; Zaldivar-Diez 
et al., 2020). Since there is increasing evidence that stem cells in plants 
and animals behave in a similar manner (Olariu et al., 2017), we hy-
pothesized that some of these new compounds that induce cell reprog-
ramming in mammalian cells can efficiently enhance cell 
reprogramming in different plant in vitro systems and species.

In the present study we have identified some compounds, inhibitors 
of mammalian LRRK2, that promote plant cell reprogramming and 
proliferation in in vitro cultures of isolated cells like microspores and 
protoplasts as well as tissue explants. LRRK2 inhibitors enhanced em-
bryo production in vitro across three distinct systems and species: 
microspore embryogenesis in oilseed rape and barley, and somatic 
embryogenesis in cork oak. These inhibitors also stimulated plant cell 
reprogramming and proliferation in Arabidopsis protoplast cultures. 
These LRKK2 inhibitors have been reported to promote neurogenesis as 
well as the in vitro proliferation of neurospheres, an in vitro model of cells 
derived from neural stem cells and neural progenitors (Zaldivar-Diez 
et al., 2020). In mammals, LRRK2 plays a key role in Wnt signalling, 
modulating the Wnt/β-catenin signalling pathway. Wnt signalling 
pathways play distinct roles during development, normal homeostasis 
and disease. The responses that result from the activation of this 
pathway control both, cell proliferation and differentiation (Teo and 
Kahn, 2010).

Protoplasts offer unique advantages in new plant breeding technol-
ogies and are increasingly used in current applications of CRISPR/Cas- 
based breeding, being a promising platform for DNA-free gene editing 
(Reed and Bargmann, 2021). However, the development of efficient 
protocols for protoplast proliferation and plant regeneration, following 
gene editing, is a technical barrier to the wider use of protoplasts in this 
field (Yue et al., 2021). The results of the present study have demon-
strated the beneficial effects of small molecules with activity on LRRK2 
inhibition, never before used in plant cell culture, on Arabidopsis pro-
toplast proliferation and microcalli formation, the first bottleneck in 
protoplast regeneration. The use of these compounds represents an 
innovative strategy with high potential as new chemical enhancers of 
protoplast regeneration.

The molecules induced the up-regulation of the SOMATIC 
EMBRYOGENESIS RECEPTOR KINASE 1-like (SERK1-like) gene, and 
promoted somatic embryo formation in cork oak. SERK1 is a well-known 
marker for the initiation of somatic embryogenesis whose expression 
increases during embryogenesis. SERK1 is involved in the regulation of 
embryogenic competence (Hu et al., 2005). Arabidopsis seedlings 
overexpressing AtSERK1 showed increased efficiency in initiating so-
matic embryogenesis (Hecht et al., 2001). Recent results from our group 

Fig. 6. Effect of LRRK2 inhibitor JZ1.24 on gene expression of QsSERK1-like in profiles during somatic embryogenesis induction of Q. suber. (A) Expression 
in control cultures, in immature zygotic embryos (initial explant, before somatic embryogenesis induction) and embryogenic masses (after induction). (B) Expression 
in embryogenic masses from control (untreated) cultures and in JZ1.24-treated embryogenic masses. Bars indicate the standard error of the mean, and asterisks 
indicate significant differences (P ≤ 0.05) after Student’s-t-test.
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showed that the induction of somatic embryogenesis in cork oak cor-
relates with the up-regulation of QsSERK1- like (Carneros et al., 2024). 
Furthermore, treatments with epigenetic modulators, which have been 
shown to promote the induction of somatic embryogenesis induction, 
also induces the expression of QsSERK1- like gene (Carneros et al., 
2024).

Evidence underscores the critical role of hormonal regulation, 
including brassinosteroids, in plant somatic embryogenesis (Gou et al., 
2012; Pérez-Pérez et al., 2019, 2023; Carneros et al., 2023). Previous 
reports have demonstrated that the exogenous application of brassino-
lide (the most active BR) enhances somatic embryogenesis progression 
in various species (Pullman et al., 2003; Ferrie et al., 2005; Belmonte 
et al., 2010; Chone et al., 2018). On the other hand, it has been shown 
that inhibiting BR biosynthesis with brassinazole in microspore cultures 
significantly impedes embryo formation, supporting the idea that 
endogenous BR is crucial during in vitro embryogenesis (Berenguer et al., 
2021). Our findings indicate that LRRK2 inhibitors modulate the 
expression of BR-related genes. The changes in the expression profiles 
induced by the inhibitors align with an activation of the BR pathway 
(Nolan et al., 2020; Kour et al., 2021). Specifically, the application of the 
compounds resulted in decreased GSK3-BIN2 expression, thereby 
exogenously enhancing BR signaling. Results indicated that LRRK2 in-
hibitors reduced the expression of the feedback-regulated BR biosyn-
thetic gene CPD, and increased the transcription of the BR-inducible 
gene BAS1, thus mimicking the feedback effects of BR on these pathway 
components (Nolan et al., 2020).

There is no plant orthologue of LRRK2. In human neural cells, LRRK2 
has been reported to directly associate with the glycogen synthase ki-
nase 3β, GSK-3β, and this interaction enhances the kinase activity of 
GSK-3β, suggesting that LRRK2 may act as an enhancer for GSK-3β 
(Kawakami et al., 2013; Kofoed et al., 2020). These reports suggested 
that small molecules inhibiting LRRK2 could have a negative impact on 
GSK3. In plants, the GSK3-like kinase BRASSINOSTEROID INSENSITIVE 
2 (BIN2) is a negative regulator of the brassinosteroid (BR) signalling 
pathway (Nolan et al., 2020). A recent study showed that chemical in-
hibition of plant GSK3 activity by small molecule inhibitors of mammal 
GSK-3β lead to activation of the BR signalling pathway, increasing in 
vitro cell proliferation and somatic embryogenesis, in B. napus micro-
spore cultures (Berenguer et al., 2021). In the absence of data identifying 
the plant target of the new compounds used in this study, we hypothe-
size that these compounds may inhibit an unidentified LRR-kinase ac-
tivity that interacts with GSK3, thereby enhancing GSK3 activity, as 
observed in mammals. Consequently, LRRK2 inhibitors would nega-
tively impact GSK3 activity of plant cells.

These findings provide new evidence for the potential of using small 
molecules from the human pharmaceutical field in plant cell reprog-
ramming and regeneration systems. The results suggest that chemical 
modulation of kinase activities by small molecules can be used to 
overcome poor embryogenesis induction and cell proliferation in plant 
tissue culture. Further work is needed to understand the molecular 
targets and mechanism of action of these new compounds, and to 
investigate the extent these chemicals can help to improve in vitro 

Fig. 7. Effect of LRRK2 inhibitors over proliferation of Arabidopsis protoplasts. (A) Tracking of proliferating protoplasts from mesophyll tissue of Arabidopsis 
seedlings expressing H2B-YFP. An exemplary image series of protoplasts isolated from mesophyll in cultivation medium is shown as overlay images from bright field 
and epifluorescence. The nuclear localised YFP fluorescence (red) indicates the position and number of nuclei and was used to identify proliferation events. (B) 
Quantification of proliferation events by image analysis, normalised to the total cell number cultivated and expressed relative to the proliferation rate of control cells 
treated with equivalent volume of DMSO. Data are means ± SEM from three biological replicates each. Different letters indicate significant differences according to 
ANOVA and Tukey’s test at P ≤ 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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regeneration in other important species, a major bottleneck in modern 
plant breeding, opening up the possibility of transferring this knowledge 
to production, breeding and biotechnology programs.
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