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Abstract

At present, the development of plants with improved traits like superior quality, high yield, or
stress resistance, are highly desirable in agriculture. Accelerated crop improvement, how-
ever, must capitalize on revolutionary new plant breeding technologies, like genetically mod-
ified and gene-edited crops, to heighten food crop traits. Genome editing still faces
ineffective methods for the transformation and regeneration of different plant species and
must surpass the genotype dependency of the transformation process. Tomato is consid-
ered an alternative plant model system to rice and Arabidopsis, and a model organism for
fleshy-fruited plants. Furthermore, tomato cultivars like Micro-Tom are excellent models for
tomato research due to its short life cycle, small size, and capacity to grow at high density.
Therefore, we developed an indirect somatic embryo protocol from cotyledonary tomato
explants and used this to generate epigenetically edited tomato plants for the SIWRKY29
gene via CRISPR-activation (CRISPRa). We found that epigenetic reprogramming for
SIWRKYZ29 establishes a transcriptionally permissive chromatin state, as determined by an
enrichment of the H3K4me3 mark. A whole transcriptome analysis of CRISPRa-edited pro-
embryogenic masses and mature somatic embryos allowed us to characterize the mecha-
nism driving somatic embryo induction in the edited tomato cv. Micro-Tom. Furthermore, we
show that enhanced embryo induction and maturation are influenced by the transcriptional
effector employed during CRISPRa, as well as by the medium composition and in vitro envi-
ronmental conditions such as osmotic components, plant growth regulators, and light
intensity.
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Introduction

As the world population continues to rapidly expand, it will be a significant and continuous
challenge to improve and increase global food production. Meeting this challenge requires the
development of innovative strategies for crop production and enhanced integrated pest man-
agement systems. Promising approaches include the development of new stress-resistant crop
cultivars through conventional breeding, the incorporation of advantageous plant micro-
biomes into agricultural practices, and the development of genetically modified (based on the
introduction of genes from another species by genetic recombination) and genome edited
plants (which involves a direct use of DNA-cutting enzymes within cells and showing no exog-
enous genetic materials in its genome) [1,2]. The revolutionary CRISPR/Cas9 gene editing sys-
tem, for instance, has emerged as a potent biotechnological tool facilitating targeted genomic
alterations for studying gene function or enhancing valuable agronomic traits in crops [3-5].

Furthermore, a novel strategy for addressing emerging challenges in plant development is
through epigenome editing. This technique involves the precise addition and/or removal of
epigenetic marks to induce long-lasting changes in gene transcription. Many enzymes catalyz-
ing epigenetic modifications regulate numerous developmental and physiological processes by
directly influencing chromatin organization and gene transcription [6]. Consequently, epigen-
ome editing involves the targeted modification of epigenetic marks at genomic loci using syn-
thetic epigenome engineering tools [7,8]. Epigenome editing employs engineered nucleases,
such as the nuclease-deficient Cas9 (dCas9), which retains its DNA-binding capability but is
incapable of cleaving DNA [9-11]. Therefore, engineered nucleases such as dCas9 or dCasl12a,
can be fused to epigenetic regulatory factors to enable stable and efficient transcriptional
repression or activation patterns (CRISPR interference or CRISPR activation, respectively)
[12], without altering the DNA sequence.

In contrast to genetic editing, epigenetic editing is an emerging approach to enhance bene-
ficial plant traits. For instance, CRISPR activation (CRISPRa)-mediated histone acetylation
has been used to enhance drought stress tolerance in Arabidopsis [13]. Recently, we generated
epigenetically edited tomato plants via CRISPRa, by fusing dCas9 to the catalytic SET-domain
of the tomato SIATX1 gene (ortholog to the histone H3 lysine 4 tri-methyltransferase ATX1
gene from Arabidopsis) and showed that activation of defense genes protects tomato plants
against pathogens [14]. Accordingly, up-regulation of target genes via synthetic epi-effectors is
an attractive tool for targeted manipulation of the epigenome [7]. Therefore, epigenetic repro-
gramming or the ability to accomplish histone and DNA modifications will have a novel effect
on plant breeding [15], and would be valuable both in plant genetic research and crop engi-
neering. It is still essential, however, the regeneration of epigenetically edited plants through
somatic embryogenesis (SEs). While SEs occurs in nature [16,17] and can also be induced in
vitro under specific plant tissue culture conditions [18], achieving optimal plant conversion
efficiency from somatic embryos remains a critical goal for developing new crop cultivars.

Tomato (Solanum lycopersicum L.) is the perfect crop for (epi)genome editing because of
the information about its basic biology and genetics, sequenced genome, its economic impor-
tance, and efficient transformation methodology [19]. As most solanaceous species, tomato
has been transformed and regenerated using indirect organogenesis, resembling a process that
occurs in nature mainly by wounding [20]. Organogenesis, however, has been reported as
incompatible for transgenic research due to the production of chimeric shoots (containing
both transformed and untransformed cells) [21,22]. An alternative procedure to increase the
efficiency of genetic transformation and (epi)genome editing, is by means of SEs, a process in
which an embryonic stem cell is induced from a somatic cell that differentiates into a somatic
embryo, with the capacity to develop a plant that contains the same genetic information as its
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precursor. Plant conversion rates, however, are still low and demand improvements to
enhance the cost-effectiveness of commercial micropropagation [23].

WRKY proteins are plant-specific transcription factors involved in multiple biological pro-
cesses, for instance, biotic and abiotic stress responses (heat, drought, salinity, and oxidative
stresses) [24], secondary metabolism [25], and somatic embryogenesis [26]. Recently, we
reported that in the common bean (Phaseolus vulgaris), enhanced resistance to Pseudomonas
syringae pv. phaseolicola infection was conferred by the priming activator f-aminobutyric acid
(BABA), and correlated with primed transcription of PvWRKY6, PvWRKY29, PvWRKY53
[27]. In addition, transcriptome analysis has shown that expression of WRKY genes is induced
in papaya [28] and Arabidopsis thaliana [29] embryogenic callus, supporting their possible sig-
nificant role in the process of somatic embryogenesis. The WRKY transcription factor family
is one of the largest in plants and a substantial number of WRKY genes are found in different
species, for example, 74 in Arabidopsis, 197 in soybean, and 85 in tomato [24]. Hence, to
enhance and optimize the SEs process and to surmount the inefficient plant regeneration
approaches, we analyzed the relationship between CRISPRa-mediated transcriptional activa-
tion of the SIWRKY29, somatic embryogenesis, and somatic embryo-derived plant conversion.

The WRKY29 transcription factor has been linked to enhanced disease resistance, pattern-
triggered immunity (PTI), and is also induced in response to, for example, Fusarium grami-
nearum infection [30]. Furthermore, WRKY29 regulates ethylene production in Arabidopsis
[31], and is considered a marker gene of defense priming and plant immunity [32,33]. While
its role in somatic embryogenesis has not been established, we hypothesized that the recruit-
ment of epigenetic factors (e.g., histone lysine methyltransferases associated with activation of
gene expression), via a defective Cas9 or Cas12a (dCas9 or dCasl2a), can activate the expres-
sion of the SIWRKY29 gene, which in turn enhances SE formation and germination. Thus, the
goals of this work were to transform tomato explants, generate and select CRISPRa-edited
tomato somatic embryos with enhanced WRKY29 expression, and to analyze the transcrip-
tome during the induction and germination of SE to identify potential genes involved in the
process. To achieve this, we generated a set of binary vectors for epigenome editing in tomato
via CRISPRa. Subsequently, cotyledonary explants from tomato Micro-Tom were transformed
by biolistics and cultured with various combinations of plant hormones to induce CRISPRa-
edited callus, embryo formation, embryogenic lines, and ultimately edited plants. Our findings
indicate that the activation of SSWRKY29 via CRISPRa upregulates a specific set of genes
involved in SEs (e.g., LECI, FUS3, ABI5, WUS, WOX2, 4; as well as chromatin-remodeling
proteins), and embryo germination and plant regeneration occurred faster and efficiently.

Materials and methods
Vector construction

For vector construction we have followed the protocols developed by Lowder and colleagues
[34-36]. For a detailed description of vector construction see S1 Table. In summary, we gener-
ated a set of expression vectors (S1 Fig) to activate expression of the SSIWRKY29 gene via either
a defective dCas9 (CRISPR-Act2.0 constructs) or dCas12 (CRISPR-dCas12 constructs) nucle-
ases. dCas9 vectors (CRISPR-Act2.0 constructs) were designed to have a combination of two
effector domains (SET-domain; separated by the bacteriophage coat protein MS2) [36], and
were fused in tandem to its C-end (dCas9:SET-MS2-SET). dCas12 vectors consist of only one
effector domain (SET-domain), fused at the C-end of the dCas12 nuclease (dCas12:SET). In
addition, both series of expression vectors contain guide RNAs (gRNAs) to target the pro-
moter region of the SSIWRKY29 (Solanum lycopersicurn WRKY29; GenelD 101245784) and
were designed with the help of the CRISPRP2.0 [37] and CHOPCHOP [38] DNA editing

PLOS ONE | https://doi.org/10.1371/journal.pone.0301169  April 1, 2024 3/31


https://doi.org/10.1371/journal.pone.0301169

PLOS ONE

CRISPR-activation modulates somatic embryogenesis

software. Three target sequences were selected for dCas9 (SpCas9, PAM: 5-NGG-3’) and three
for dCas12 (LbCpfl, PAM: 5’-TTTV-3’). S2 Table shows the different target sequences.

Generation of cotyledon explants

Tomato Micro-Tom seeds (Moles Seeds, cat. # VTO325) were surface sterilized, rinsed and
soaked for 24 h in smoke-water (0.5% v/v) [39], and then rinsed for 1 min in three changes of
sterile distilled water. Next, seeds were manually scarified, and then placed on MS basal
medium (Sigma-Aldrich cat. # M5519) [40] supplemented with 3g/L activated charcoal plus 3
g/L Gelrite (Sigma-Aldrich, Gelzan CM, Gelrite cat. # G1910) and incubated in a Percival
growth chamber (Percival AR-36, Percival, Perry, IA, USA) at 22°C under long day conditions
(16 h light/8 h darkness, with an irradiance of 50 umol/m™*s™', using fluorescent T8 Phillips
P32T8 /TL850 lamps). After 8 days, the seedlings were dissected using a stereo microscope as
follows: the cotyledons were removed from the embryonic axis using a dissecting scalpel and 3
mm long cotyledon explants were used for transformation.

Microprojectile bombardment and plant regeneration protocols

Before being subjected to particle bombardment, cotyledon explants were sub-cultured for 24
h in three different osmotic treatment media: MS-BK2iP, containing 5% sucrose and 5 g/L gel-
rite (described here as high osmotic medium; modified from [41-43]); MS-NAA/BAP, con-
taining 3% sucrose (considered here as a conventional osmotic medium, modified from [44]);
or MS-Zea media, containing 5% sucrose and 5 g/L gelrite (described here as high osmotic
medium; modified from [41-43] (see S4 Table for medium components). Each experimental
unit (bombarded plate) contained 20 explants of 3 mm?, and 9 plates for each CRISPRa con-
struction were used (S2 Fig). A Bio-Rad PDS-1000/He particle delivery system was used to
bombard, following established protocols [45], the cotyledon explants (abaxial side upwards)
that were kept on the different treatment media. Control samples were bombarded with the
control empty vectors or without DNA (see S1 Fig and S3 Table for a list of the different con-
structs used).

Selection of CRISPRa-edited plants

After bombardment, all explants were kept for twenty-four hours in the same media described
before, and then sub-cultured on conventional osmotic medium (MS-BK2iP, MS-BAP, or
MS-Z; 54 Table), without antibiotics. After 8 days, explants were transferred to selective
medium (MS-BK2iP, MS-BAP, or MS-Z, correspondingly), containing hygromycin 9.5 mg/L
(see S4 Table), and incubated for two weeks in a growth chamber at 22°C under 16 h light/8 h
darkness, with an irradiance 50 umol/m~s™" (fluorescent T8 Phillips P32T8 / TL850 lamps).
Four rounds of two weeks incubation were applied. Subsequently, putative CRISPRa-edited
embryogenic structures (somatic embryos) were dissected and individually sub-cultured for
15 days onto fresh selective medium for pro-embryogenic mass formation. Then, pro-embryo-
genic masses (embryogenic lines, or PEMs) were regularly sub-cultured (at 2-week intervals,
3-4 times) onto fresh selective medium until secondary embryogenesis was observed (S2A-
S2F Fig).

For all embryogenic lines, genomic DNA was extracted from PEMs with the Plant DNAzol
Reagent (Invitrogen, cat. #10978021; following the manufacturer’s instructions), and the pres-
ence of the transgene was confirmed by PCR with 35SCaMV, dCas9 and dCas12 specific prim-
ers (S2G Fig; see S2 Table for a list of the primers used). Only edited positive embryogenic
lines (growing on selective medium), were chosen for further experiments.
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Once the embryogenic lines were established, and to study the effect of exogenous applica-
tion of cytokinin on the activation of the shoot apical meristem (SAM) and root apical meri-
stem (RAM) during somatic embryo maturation, two different treatments were evaluated (G9-
2iP or G9-Zea maturation, rooting and elongation media; S4 Table). Plates containing individ-
ualized somatic embryos were incubated at 25 + 2°C, under a 12/12 h photoperiod at 50 pmol/
m-2 s—1 irradiance provided by fluorescent lamps T8 Phillips P32T8/TL850. After observing
elongation of the embryos (30 days, approximately), they were individually sub-cultured for 30
days, on the same media, until the RAM was formed. Then, embryos were transferred to clear
plant tissue culture glass bottles (for rooting and elongation) and kept for 60 days in a growth
chamber at 22°C under long-day light cycles (as mentioned before). Next, whole individual
plants, 5 to 15 cm in length, were transferred to 4.3 L plastic pots (Sunshine Mix #3 potting
mix, Sun Grow Horticulture, USA) and placed in the greenhouse (14 h photoperiod, with an
average temperature of 18-25°C).

Histological analysis

Randomly chosen masses from embryogenic lines, as well as secondary somatic embryos, were
collected and fixed in 1 mL of FAE (3.7 % Formaldehyde, 10 % Acetic acid glacial, 50 % Etha-
nol) for two hours, at room temperature, followed by dehydration in a series of ethanol dilu-
tions, as described by [14]. Fixed and dehydrated samples were embedded in Technovit 7100
(Heraeus Kulzer, cat. #64709003) plus ethanol (1:1, v/v), and then embedded in the infiltration
solution (Technovit 7100 plus hardener), according to the manufacturer s instructions. Sec-
tions of 10-pum were prepared using a microtome as previously described [14]. Pictures were
taken and analyzed on an upright Leica DM6000B microscope.

Isolation of RNA and gene expression analysis

Total RNA from PEMs (cultured in MS-BK2iP medium) and individual embryos (15-days
after being cultured in G9-2iP media), was isolated using Trizol (Invitrogen, Carlsbad, CA,
USA). RT-qPCR was performed as previously described [14]. A Step-One® Real-time PCR
system (Applied Biosystems, Foster City, CA, USA) was used for real-time PCR quantifica-
tions. Fold change of the SIWRKY29 gene was normalized to the reference genes SILSM7 and
SITIP41 [46,47]. Relative expression of the FIE, WUS, LEC1, and FUS3 tomato gene homologs
was normalized to the SILSM7 reference gene. Data from qPCR experiments were analyzed
based on the 27**“T method [48]. qPCR analysis was based on three biological replicates for
each sample, with three technical replicates. For a list of all primers used see S2 Table.

Chromatin immunoprecipitation

Chromatin isolation and immunoprecipitation were performed as previously described [14],
with some modifications. In brief, 500 mg of PEMs or 15-d embryos were used for chromatin
isolation. The chromatin was digested to ~200 bp fragments with 20 U of micrococcal nuclease
(Catalog #88216, Thermo Scientific) at 37°C for 30 min. Each ChIP experiment was indepen-
dently performed in duplicate. PCR amplification was carried out by using the Maxima SYBR
Green/ROX qPCR Master Mix (Catalog # K0222). Primers used were as follows: F 5-
tggggtcttcaagetgttgtt-3’; R 5°-ccaccatcaacatgataaaatggct-3’ (primer set amplifies region +16-
206 nt of the SIWRKY29 gene). All PCR reactions were run in triplicate (technical replicates
per sample). ChIP-qPCR data was normalized versus the input sample (1% starting chroma-
tin), according to the Percent Input method (% Input = 2((CaN)-Log (DF)-CAlP)) * 100 [49].
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RNA-seq and differential gene expression analysis

Similarly, for RNA extraction and subsequent transcriptome sequencing, 100 mg tissue from
PEMs (cultured in MS-BK2iP medium) and individual embryos (15-days after being cultured
in G9-2iP media), of the FS1H and CT2H samples (from three independent transformation
events or embryogenic lines each), were processed to obtain total RNA (Trizol reagent; Invi-
trogen, Carlsbad, CA, USA). The RNA was quantified on a Nanodrop 2000 (Thermo Fischer
Scientific), and the quality was verified on a 2% agarose gel. Azenta Life Sciences RNA
Sequencing Services for RNA-seq sample preparation and sequencing were used (https://
www.genewiz.com//en/Public/Services/Next-Generation-Sequencing/RNA-Seq). Briefly, total
RNA integrity was assessed on an Agilent 4200 TapeStation with RNA ScreenTape & Reagents
(Agilent). Samples with a RIN number > 6.0 were enriched, followed by library preparation
(S5 Table shows the barcode sequences used), using the Illumina TruSeq Stranded Total RNA
kit (following the manufacturer’s protocol). A total of 18 paired-end libraries were sequenced,
via an Mllumina® HiSeq™ system (2x150 bp configuration), to generate ~350M raw paired-
end reads per lane (~30-40M reads per sample). Two technical sequencing replicates for each
biological sample were conducted. Sequence reads were trimmed to remove adapter sequences
and nucleotides with poor quality using Trimmomatic v.0.36. The trimmed reads were
mapped to the Tomato reference genome available on ENSEMBL using the STAR aligner
v.2.5.2b. BAM files were generated as a result of this step. Unique gene hit counts were calcu-
lated by using featureCounts from the Subread package v.1.5.2. The hit counts were summa-
rized and reported using the gene_id feature in the annotation file. Only unique reads that fell
within exon regions were counted. After extraction of gene hit counts, the gene hit counts
table was used for downstream differential expression analysis. Using DESeq2, a comparison
of gene expression between the defined groups of samples was performed [50]. The original
values were normalized and used to accurately determine differentially expressed genes. The
Wald test was used to generate p-values and log2 fold changes. Genes with an adjusted p-
value < 0.05 and absolute log2 fold change > 1 were called as differentially expressed genes for
each comparison. Also, the original values were normalized to adjust for various factors such
as variations in sequencing amount. These normalized values were used to accurately deter-
mine differentially expressed genes. The datasets and accession number(s) presented in this
study can be found online at NCBI, https://www.ncbi.nlm.nih.gov/bioproject/PRJNA915758.

Results
Induction of somatic embryogenesis and development of embryogenic lines

Before transformation, cotyledonary explants from S. lycopersicum cv. Micro-Tom were cul-
tured for 24 h in different stress treatment media: two different high osmotic mediums con-
taining distinctive plant hormones from the cytokinin family (trans-Zeatin; N6-
(A2-isopentenyl)adenine, 2iP; and 6-Benzylaminopurine, BAP), and one conventional osmotic
medium containing a synthetic auxin (naphthaleneacetic acid, NAA) (see S4 Table). Then,
explants were transformed by biolistics with the different CRISPRa constructs (S1 Fig), kept
for another 24 h after transformation in the same osmotic treatment media, and then sub-cul-
tured to non-osmotic conventional medium without antibiotics (S4 Table), for 8 days.

Next, explants were transferred to selective medium containing hygromycin and, after two
months, PEMs developed differentially on each selective medium evaluated (some explants
were necrotic and died, while others developed green PEMs; S2B and S2C Fig). Accordingly,
SEs was induced from cotyledonary explants since nutrients easily penetrate such tissue and
consequently facilitates antibiotic selection and the effective suppression of non-transformed
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Table 1. Efficiency of explants producing PEMs, and PEMs producing somatic embryos, for all edited lines on the different selective mediums. A) MS-BK2iP. MS
basal medium supplemented with 1 mg/L 2iP (N6-(A2-isopentenyladenine), 1 mg/L kinetin, 2 mg/L BAP, and 9.5 mg/L of hygromycin. B) MS-NAA/BAP. MS basal
medium supplemented with 1 mg/L of BAP and 9.5 mg/L hygromycin. C) MS-ZEA. MS basal medium supplemented with 1.5 mg/L trans-Zeatin, and 9.5 mg/L of

hygromycin.
Editing plasmid

CT2H
FS1H
SLOH
TR2H
RZ0H
CT2H
FS1H
SLOH
TR2H
RZ0H
CT2H
FS1H
SLOH
TR2H
RZ0H

Detableription # of explants producing PEMs - # of PEMs producing SE -
Efficiency % Efficiency %
Hyg:GFP 20/180=11.1 12/20 = 60
dCas12:SET+ gRNA 60/180 = 33.3 60/60 = 100
dCas12:SET 50/180 = 27.8 44/50 = 88
dCas9:SET-MS2-SET+gRNA 47/180 = 26.1 46/47 =98
dCas9:SET-MS2-SET 39/180 = 21.7 33/39 =85
Hyg:GFP 8/180 = 4.4 4/8 = 50
dCas12:SET+ gRNA 34/180 = 18.9 34/34 =100
dCas12:SET 29/180 = 16.1 25/29 = 86.2
dCas9:SET-MS2-SET+gRNA 28/180 = 15.6 27/28 = 96.4
dCas9:SET-MS2-SET 22/180=12.2 19/22 = 86.4
Hyg:GFP 15/180 = 8.3 8/15=53.3
dCas12:SET+ gRNA 50/180 = 27.8 49/50 = 98
dCas12:SET 41/180 =228 39/41 = 95.1
dCas9:SET-MS2-SET+gRNA 39/180 = 21.7 38/39=97.4
dCas9:SET-MS2-SET 33/180 =18.3 30/33 =90.9

https://doi.org/10.1371/journal.pone.0301169.t001

cells [51] Furthermore, we detected that on the MS-BK2iP selective medium there were a
higher number of explants producing PEMs (11.1 to 33.3% efficiency), and a higher number of
PEM:s producing somatic embryos (60 to 100% efficiency), when compared to the other two
mediums (MS-NAA/BAP and MS-ZEA) (see Table 1). Particularly, FSH1 (dCas12:SET
+gRNA)-transformed explants, sub-cultured on MS-BK2iP selective medium, gave the highest
number of explants producing PEMs (60 explants producing PEMs, from a total of 180
explants), and the highest number of PEMs producing somatic embryos (60/60 PEMs produc-
ing SE) (Table 1A), when compared to TR2H (dCas9:SET-MS2-SET+gRNA) and control
samples.

After three to four rounds of incubation in selective medium, individual edited embryo-
genic structures per PEM (and for each plasmid construction) were dissected and separately
sub-cultured onto fresh selective medium. Subsequently, after PEMs formed, the presence of
the transgene was confirmed by PCR (S2 Fig) and PEMs were regularly sub-cultured onto
fresh selective medium until secondary embryogenesis was observed (Fig 1A). Histological
analysis showed evidence of SEs on PEMs. Somatic embryos (SE) were distinguished by a
clear-cut uniform protoderm consisting of rectangular cells. In addition, heart and late cotyle-
donary-stage somatic embryos were loosely attached to the epidermal cells of the mother tissue
and were regularly detached during sectioning (Fig 1B).

After evaluating the number of secondary SE formation, we concluded that the highest
number of SE developed on the MS-BK2iP selective medium, followed by MS-ZEA (Fig 1C).
Particularly, the number of individual somatic embryos obtained per PEM was dependent on
the type of vector (treatment) used. As shown in Fig 1C, the number of somatic embryos pro-
duced in the TR2H line (dCas9:SET-MS2-SET+gRNA), when grown on the MS-BK2iP
medium, corresponded to 16 SE per PEM; followed by the FS1H line (dCas12:SET+gRNA),
with 14 SE per PEM; and then the control line SLOH (dCas12:SET) with 8 and RZ0H (dCas9:
SET-MS2-SET) with 6 SE per PEM (compared to the 6 SE per PEM for the CT2H empty vec-
tor). In contrast, the number of SE produced per PEM, when grown on the MS-ZEA medium,
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corresponded to 12 SE per PEM for the TR2H line (dCas9:SET-MS2-SET+gRNA), followed by
SLOH line with 9 and RZ0H line with 8 SE per PEM, and at the end, the FS1H line with 7 SE
per PEM (compared to the 6 SE per PEM for the CT2H empty vector).

These results suggest an improved SE production, via CRISPRa-mediated transcriptional
activation of the SIWRKY29 gene, when using the MS-BK2iP medium before and after trans-
formation (from high sucrose concentration during osmotic stress to low or conventional
sucrose concentration during selection, respectively). Accordingly, we selected the MS-BK2iP
as the principal selective medium for further experiments.

Regeneration of edited plants

Once the embryogenic lines were established, and to assess the effect of exogenous application
of cytokinin in the activation of the SAM and RAM during somatic embryo maturation, two
different media for embryo maturation, rooting and elongation were evaluated: G9-2iP medium
and G9-Zea medium (see S4 Table for medium components). Plates containing somatic
embryos were incubated at 25 + 2°C, under a 12/12 h photoperiod at 50 umol/m-2 s—1 irradi-
ance. After 30 days they were sub-cultured into clear plant tissue culture glass jar with plastic
cap, containing fresh medium. After 60 days, plantlets developed in both types of medium and
for all lines (Fig 2A). However, on G9-Zea medium strikingly the shoots did not developed
roots, whereas on G9-2iP medium a typical shoot and root development was observed. This
could indicate that Zea and 2-iP induced different auxin biosynthetic pathways. Table 2 shows
some of the plants’ phenotypic characteristics after 90 days of embryo to plantlet conversion.

Additionally, sixty individual embryos from each of the TR2H, FS1H and CT2H lines were
transferred to G9-2iP medium and the number of plantlets with roots was determined. As
shown in Fig 2B, TR2H plants on G9-2iP medium began developing roots earlier than FS1H
or CT2H plants. However, after 80 days in rooting and elongation medium, 100% (60/60) of
FS1H plants developed roots, whereas 70% (42/60) and 20% (12/60) of TR2H and CT2H
plants, respectively, developed roots. Furthermore, 45% of TR2H plants had on average two
roots (2 to 3 cm long; Fig 2C); whereas FS1H plants which began developing roots later than
TR2H plants, were vigorous in size and with more roots (four roots on average, 5 to 6 cm long;
Fig 2C). In contrast, after 80 days in rooting medium, CT2H control plants had on average
one root (1 to 2 cm long), and with a tendency to form organogenic-like aggregates in the
remaining sub-cultured embryos. Next, individual plants were transferred to plastic pots and
placed in the greenhouse.

Histological observations

To corroborate the morphological differentiation and structure formation of somatic embryos,
further histological analyses were performed. We randomly selected PEMs (~1.0 cm in diame-
ter) from three independent transformation events or embryogenic lines (developed from
individually sub-cultured somatic embryo-like structures), growing on the key selective
medium (MS-BK2iP), and for the two constructs producing the highest number of embryos
(TR2H and FS1H; see Fig 1C). In addition, after 7 and 15 days, individual embryos sub-culti-
vated in G9-2iP (maturation, rooting and elongation medium) were also analyzed. CT2H sam-
ples, containing the empty vector, were used as control.

As shown in Fig 3, SE differentiated from PEMs in all treatments. The development of a vascu-
lar axis was present seven days after sub-culture. Moreover, fifteen days after sub-culture, TR2H
and FS1H individuals showed a typical SAM and RAM (bipolar structures with an apical and a
basal pole; Fig 3A and 3B). Furthermore, from five individual somatic embryos per embryogenic
line, grown on G9-2iP medium and analyzed under the microscope, a 100% of TR2H embryos
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Fig 1. Induction of pro-embryogenic masses and secondary embryogenesis in three different hygromycin
containing culture media. (A) Individual transformation events or somatic embryos, transformed with the different
CRISPR-Act2.0 dCas9 or CRISPR-dCas12 expression vectors, were sub-cultured onto fresh selective medium
(MS-BK2iP, MS-NAA/BAP or MS-ZEA, as indicated), to evaluate the development of embryogenic structures on
tomato pro-embryogenic masses (PEMs). (B) Histological confirmation of somatic embryogenesis on tomato PEMs.
(C) Number of secondary somatic embryos per PEM in three different selective media (BK2iP, NAA/BAP, ZEA).
Average number of individual somatic embryos correspond to 20 independent transformation events, or lines, per
construct. Letters represent the level of statistical significance (LSD-test) as determined by a two-way ANOVA (p-
value <0.001). Means with the same letter are not significantly different.

https://doi.org/10.1371/journal.pone.0301169.9001

developed shoot and root apical meristems; 80% of FS1H samples developed shoot and root api-
cal meristems; whereas in the CT2H control sample only 20% of SE presented both SAM and
RAM, while the other 80% only developed SAM (Fig 3D). Additionally, individuals from the
FS1H treatment also developed glandular trichomes on the surface area of each individual
somatic embryo (structures identified as defense mechanisms in different crops; Fig 3B) [31].

SIWRKY?29 expression and ChIP assay in CRISPRa-activated PEMs and
embryos
We determined the expression level of SSWRKY29 by reverse transcription-quantitative PCR

(RT-gPCR). Compared to CT2H control sample (as shown in Fig 4A), transcript levels of
SIWRKY29 in PEMs and elongated embryos (15 days in G9-2iP medium) were higher in both

(A) dCAS9 dCAS12 | Control

G9-2iP

G9- ZEA

(B) (C)
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Fig 2. Plant development on maturation, rooting and elongation medium. (A) Individual embryos, taken from the
different embryogenic lines, were transferred to G9-2iP or G9-Zea maturation, rooting and elongation medium and,
after 30 days, they were sub-cultured into clear plant tissue culture glass jars containing fresh medium, for 60 more
days. (B) Embryo maturation and root formation on G9-2iP maturation, rooting and elongation media. Sixty
individual embryos from each of the TR2H, FS1H and CT2H lines were transferred to the G9-2iP medium and the
number of plantlets with roots (additive measure) was registered at the indicated time points. At day 80, 100% (60/60)
of FS1H plants developed roots, whereas 70% (42/60) and 20% (12/60) of TR2H and CT2H plants, respectively,
developed roots. Statistical significance, at each timepoint, was determined using one-way ANOVA followed by
Tukey’s test, p < 0.001. Means with the same letter are not significantly different. (C) Average number of roots per
plant, after 80 days on G9-2iP medium, for each of the TR2H, FS1H and CT2H lines. Statistical significance was
determined using one-way ANOVA followed by Tukey’s test, p < 0.001.

https://doi.org/10.1371/journal.pone.0301169.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0301169  April 1, 2024 10/31


https://doi.org/10.1371/journal.pone.0301169.g001
https://doi.org/10.1371/journal.pone.0301169.g002
https://doi.org/10.1371/journal.pone.0301169

PLOS ONE

CRISPR-activation modulates somatic embryogenesis

Table 2. Plant development in G9-2iP or G9-Zea maturation, rooting and elongation medium after 90 days of embryo to plantlet conversion.

Treatment G9-2iP G9-2iP

Plantlet height | Root length

(in cm £SD; (in cm £SD;

n =20 plants) n = 20 plants)

TR2H 7.1+£2.3 9.3£1.5
RZ0OH 2.5+0.3 1.5£0.3
FS1H 7.3%1.1 8.1£1.3
SLOH 5.6+0.7 7.2+0.6
CT2H 1.8+1.9 4.1+£3.3

https://doi.org/10.1371/journal.pone.0301169.t002

G9-2iP G9-Zea G9-Zea G9-ZEA
Observations Plantlet height | Root length Observations
(in cm £SD; (in cm £SD;
n =20 plants) n =20 plants)
Normal and simultaneous development 2.7+1.1 0+0 Leaf elongation; presence of several stems;
of SAM and RAM,; large leaflets; without root development; callus-like
pubescent root structure
Rosette-like development; small leaflets; 2.1+0.6 0+0 Rosette-like development; without root
short stem formation (callus-like structure)
Large leaflets; fast development of stem 43+1.3 0+0
and leaves; large number of secondary Leaf and stem elongation; vitrified
roots (6+2) (hyperhydrated); without roots
Fast development of stem and leaves; 2.5£1.0 0+0 Leaf and stem elongation; vitrified
large number of secondary roots (9 (hyperhydrated); without roots
+1.64)
Slow development of stem and leaflets; 3.1+1.3 0+0

Stem elongation, small leaflets; without
roots; callus-like structure

pubescent root

FS1H (3.8- and 6.0-fold, respectively) and TR2H (3.0- and 4.4-fold, respectively) samples,
indicative of CRISPRa-mediated transcriptional activation of the SSWRKY29 gene in edited
PEMs and embryos. Furthermore, SSWRKY29 expression in the FS1H line was higher in both
PEM:s and elongated embryos, when compared to PEMs and embryos of the TR2H line (once
normalized with the SILSM7 and SITIP41 endogenous genes).

Next, we asked if the increased SIWRKY29 transcript accumulation was associated with
changes in the chromatin structure at the 5'-end region of SIWRKY29. Accordingly, we per-
formed ChIP assays, using an antibody against the H3K4me3 mark, to gain insight into the sta-
tus of the +1 nucleosome region, which we hypothesized is modified by the recombinant
nucleases, dCas12:SET (FS1H vector) or dCas9:SET-MS2-SET (TR2H vector), which are
guided to the 5'-end region by the specific gRNAs. ChIP analysis of the H3K4me3 mark
showed that there is a 5.98-fold increase in H3K4me3 bound to the 5'-end chromatin region of
SIWRKY29 in FS1H PEMs, and a 3.17-fold increase in TR2H PEMs (when compared to the
control CT2H-PEM:s) (Fig 4B). In contrast, 15-days old individual embryos sub-cultivated in
G9-2iP showed a 3.15- and a 1.45-fold increase in H3K4me3 bound to the 5'-end chromatin
regions of SIWRKY29 for the FS1H and TR2H lines, respectively (when compared to control
CT2H-15d embryos). Interestingly, increase in the H3K4me3 mark correlates with the
SIWRKY29 expression levels in the FS1H and TR2H lines, for both PEMs and elongated
embryos (15 days in G9-2iP medium).

Afterwards, to get a better understanding on the induction of somatic embryogenesis and
somatic embryo-derived plant conversion, in CRISPRa-edited individuals, we selected for fur-
ther experiments an edited line producing a high number of embryos, a greater number of
plantlets with roots, and holding the greatest SIWRKY29 expression, as well as the best
medium that favors embryo germination and plant rooting and elongation (G9-2iP medium).
Accordingly, samples from the FS1H embryogenic line (PEMs) before secondary SE induction
and under embryogenic conditions (15 days in G9-2iP medium) were collected for RNA-Seq
sequencing.
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Fig 3. Histological evidence of somatic embryogenesis in tomato. (A) TR2H. (B) FS1H. (C) CT2H. A-C shows light
micrographs of PEMs growing on BK2iP medium and SE after transfer to G9-2iP medium; cross-sections of PEM (60
days-old embryogenic lines), SE during secondary embryogenesis (7 and 15 days after transfer to G9-2iP medium);
and plantlets (45 days after transfer to G9-2iP medium). (D) Percentage of individual somatic embryos developing
SAM and RAM when grown in G9-2iP medium (n = 15 individual somatic embryos). Abbreviations: SE, somatic
embryo; PEM, pro-embryogenic mass; SAM, shoot apical meristem; RAM, root apical meristem; pvs, provascular
system; gt, glandular trichome.

https://doi.org/10.1371/journal.pone.0301169.g003

Transcriptome analysis of differentially expressed genes during the
transition from pro-embryogenic masses to embryo maturation at
germination stage in SIWRKY29 CRISPRa-edited tomato plants

The induction of SEs and embryo maturation are accompanied by complex mechanisms such
as internal and external stimuli recognition, as well as by switching on and off gene regulatory
networks. Therefore, an overall RNA-Seq screening was implemented for transcriptome analy-
sis to get a broad view of possible regulatory networks and pathways involved in SEs and to
identify potential genes involved in the induction and germination of SIWRKY29 CRISPRa-
edited SE.

As mentioned, we determined that a combination of cytokinins (kinetin, 2iP and BAP),
was the best condition (after explant transformation) for PEM production, whereas for embryo
maturation and plant development the best medium included kinetin and 2iP. Accordingly,
the optimal sequential medium treatments for plant regeneration were as follows: MS-BK2iP
containing 5% sucrose and 5 g/L gelrite (described here as high osmotic medium), 24 h before
and after transformation; MS-BK2iP non-osmotic medium (conventional medium) for recov-
ery after transformation; MS-BK2iP containing hygromycin as selective medium; and G9-2iP
medium for embryo maturation, rooting and elongation (see S4 Table for media

components).
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Fig 4. SIWRKY29 gene expression and ChIP assay. (A) Transcript levels of SWRKY29 in edited PEMs and 15-days
embryos. Samples were taken from pro-embryogenic masses (PEMs) and 15-days somatic embryos (in G9-2iP), and
the relative expression of SIWRKY29 was determined by qPCR reactions. Data were normalized independently to the
SILSM7 and SITIP41 reference genes (based on the 2724CT nyethod) [48], and results are shown as a combined set. Data
represent mean + SD from three independent experiments (n = 3). (B) Chromatin immunoprecipitation assays to
determine the presence/absence of the histone H3 lysine-4 trimethylation mark (H3K4me3) at the 5’-end region of
SIWRKY29 gene. ChIP assays were determined from pro-embryogenic masses (PEMs) and 15-days somatic embryos
(G9). Data are mean + SD. Each ChIP experiment was independently performed in duplicate (technical replicates, per
line) from two biological replicates. ChIP-qPCR data was normalized versus the input sample (1 % starting chromatin),
according to the Percent Input method (% Input = 2((Ca(IN)-Log (DF)-CaUP)) * 10) [49]. Statistical significance was
determined with an unpaired two-tailed Student’s t-test (*p < 0.05, *** p < 0.001).

https://doi.org/10.1371/journal.pone.0301169.g004
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Fig 5. Dispersion analysis between samples. RNA-seq was applied to identify potential genes involved in the
induction and germination of CRISPRa-edited SE. (A, D) Principal component analysis (PCA). PCA revealed the
variance among each group. (B, E) Hierarchical biclustering analysis. Correlation heatmap results were consistent with
PCA and showed homogeneity within the groups. (C, F) Mean-difference plots showing the log-fold change and
average abundance of the differentially expressed genes (significantly up and down DEGs are highlighted in red). Data
correspond to CT2H and FS1H samples at PEMs (A-C) and 15 days-embryos (D-F) stages, respectively.

https://doi.org/10.1371/journal.pone.0301169.g005

Consequently, PEM samples growing on MS-BK2iP selective medium, before somatic
embryo induction, and under embryogenic conditions (secondary SE on G9-2iP maturation
medium, after 15 days), were collected for transcriptome analysis from FS1H (dCas12:SET+-
gRNAs) and CT2H (empty vector as control), in triplicate. Twelve paired-end libraries were
sequenced (Illumina®™ NovaSeq™ system), and a total of 465,471,421 reads (yield 139,641
Mbases; mean quality score = 35.89; and % bases > = 30 = 93.45) were obtained and pre-pro-
cessed for quality (S5 Table). After extraction of gene hit counts, a gene hit-counts table was
used for downstream differential expression analysis between the various samples. High qual-
ity sequences were mapped to the S. lycopersicum genome (Solanum_Ilycopersicum.SL3.0.55.
refseq). Differentially expressed genes (DEGs) among the different samples were collected and
identified with the help of the DESeq2 package (https://bioconductor.org/). Customary princi-
pal component analysis was performed to reveal the similarity within and between groups,
hierarchical biclustering analysis showed the homogeneity within the groups and were consis-
tent with PCA and mean-difference plots were calculated to show the log-fold change and
average abundance of each gene (Fig 5).

Next, multiple pairwise comparisons from DEGs (S5 Table) were analyzed. To identify co-
regulated genes across the treatment conditions, cluster heatmaps of differentially expressed
genes, sorted by their fold-change (log,(fold-change) > +1), were performed (Fig 6A and 6B).
As expected, the differential abundance analysis for each transcriptome showed that significant
changes occur in the gene expression profiles when the embryos are transferred to G9-2iP
medium. Interestingly, most up-regulated genes in FS1H samples were down-regulated in
CT2H and up-regulated genes in CT2H were down-regulated FS1H samples. Furthermore,
the dynamic transcriptional reprogramming shows a more homogeneous clustering 15 days
after the embryos were transferred to G9-2iP medium. Venn diagrams of common and group-
specific DEGs compare the two groups and illustrate the number of shared and unique tran-
scripts in PEMs and embryos (15d) (Fig 6C and 6D).
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Fig 6. Differential gene expression profile of Solanum lycopersicum cv. Micro-Tom. (A). FS1H PEMs. (B) FS1H
15-days somatic embryos (in G9-2iP). A-B: Heatmaps and hierarchical clustering analysis of differentially expressed
genes (DEGs). DEGs in each sample were identified with log2(fold-change) of >+1. Colors from yellow to red indicate
up-regulation; colors from white to blue indicate down-regulation. (C). FS1H PEMs. (D) FS1H 15-days somatic
embryos. C-D: Venn diagrams showing shared DEGs among the different samples. Overlapping regions correspond to
the number of genes appearing in more than one condition. (E) Number of up-regulated or down-regulated
transcripts in each sample.

https://doi.org/10.1371/journal.pone.0301169.g006

Accordingly, DEGs in each treatment versus the control sample were identified by using
the log2(fold-change) of > + 1 criterium. Based on this condition, from a total of 1535 DEGs
between CT2H PEMs and FS1H PEMs, 721 transcripts were up-regulated and 814 were down-
regulated. Amongst CT2H embryos (15d) and FS1H embryos (15d), 1195 transcripts were up-
regulated and 1441 were down-regulated (total = 2636 DEGs) (Fig 6E).

We selected four genes related to SEs, for follow-up with qPCR. The FIE
(Solyc07g064090.2.1), WUSCHEL (WUS, Solyc02¢083950.2.1), FUS3 (Solyc02¢094460.1.1) and
LECI-like (Solyc05g005370.1.1) genes, with specific expression during PEMs and embryos
(15d), were selected as marker genes to evaluate their relative expression by qPCR (S3 Fig).
Important to mention is that BlastX analysis of the Solyc05¢005370.1.1 mRNA sequence
against the Arabidopsis (TAIR) protein database (at the Sol Genomics Network, https://
solgenomics.net/), indicates that the Solyc05¢005370.1.1 gene is homologous to AT1G21970
(gene_synonym “AtLECI1; EMB 212; EMB212; EMBRYO DEFECTIVE 212; LEAFY COTYLE-
DON 1; NF-YB9; NUCLEAR FACTOR Y; SUBUNIT B9; T26F17.20; T26F17_207). Thus, we
labeled it here SILECI-like. Hence, qPCR analysis showed differential expression levels
between PEMs and embryos (15d). FIE, WUS, LECI-like and FUS3, selected as molecular
marker genes, were expressed (up-regulated) in PEMs, while they were almost not expressed
(down-regulated) during SE development (15d embryos) (S3 Fig). Consequently, qPCR verifi-
cation demonstrated a high correlation between RNA-seq and qPCR data solely for those four
marker genes (in PEMs and SE).

Hierarchical clustering analysis of pathways or groups of genes involved in
cell differentiation and defense mechanisms

To explore key elements in somatic embryogenesis signaling pathways, heatmaps and hierar-
chical clustering analysis from DEGs were generated according to their functional annotation,
among PEMs and 15d embryos. For instance, heatmaps were generated for phytohormone-
related genes (auxins, gibberellin, cytokinins, jasmonic acid, salicylic acid, ethylene, abscisic
acid), transcriptional regulation (WRKY, nuclear TF-related, MYC, MYB), SET-domain
groups (SDG), homeobox-related, MADS box-related, sugar transporter-related, trehalose-
related, cytochrome-related, epidermal patterning-related, histone-related, pathogenesis-
related and disease resistance-related genes (54-S6 Figs).

As shown in S4 Fig, heatmaps provide an overview of the different gene expression profiles,
of the diverse pathways that were induced. As mentioned, most up-regulated genes in FS1H
samples were down-regulated in CT2H and up-regulated genes in CT2H were down-regulated
FS1H samples (e.g., auxin response factor, chromatin remodeling proteins; S4A, S4B, S4K and
S4L Fig). Also, transcriptional reprogramming shows a more homogeneous clustering in 15d
embryos. Consequently, these results suggest that somatic embryo production and maturation
in FS1H is attained via distinctive pathways. For example, genes associated with cytokinin sig-
naling were highly expressed in FS1H PEMs or showed gradual increase in expression during
FS1H somatic embryogenesis (15d embryos), whereas most of gibberellin oxidases involved in
signaling of gibberellic acid (GA) were to a lesser extent expressed in FS1H PEMs, relative to
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CT2H control (S4C-S4F Fig). In addition, auxin response factors (ARFs) were downregulated
in FS1H PEMs (54 Fig), while AUX/IAA proteins were upregulated (which inhibit transcrip-
tion of genes activated by ARFs). Furthermore, most genes coding for core histones, histone
variants and chromatin remodeling proteins were up-regulated in FSIH PEMs, but down-reg-
ulated in FS1H 15 embryos (relative to CT2H control; S4K and S4L Fig).

Protein-protein interaction network analysis using STRING

Next, to investigate the relationship amongst all identified differentially expressed genes from
the RNA-seq analysis and to explore key proteins associated with embryo development and
maturation, protein-protein interaction (PPI) and gene ontology analyses were performed
using the STRING database (https://string-db.org; based on the S. lycopersicum genome). Net-
works of PPIs characterizing gene sets at log2(fold-change) > + 1 were constructed, and pro-
teins were grouped into functional classes according to their biological processes to establish
the potential relationship among DEGs, to identify important network markers, and to gain
insight into the molecular mechanisms involved in somatic embryo development.

Predicted PPI networks for PEMs and 15d embryos were generated by using, as input,
genes upregulated in FS1H (when compared to CT2H), as well as those exclusively expressed
in this sample (exclusive raw reads counts, or transcripts only detected in FS1H; see S6 Table
for a list of transcripts). The PPI network for FS1H PEMs is composed of 198 genes, including
26 genes that were specifically expressed in this treatment, where six modules formed tightly
connected clusters (using an interaction score with a 0.6 confidence; Fig 7). Module 1 con-
tained proteins mainly involved in cytokinin (CK) signaling, stem cell maintenance, embryo
patterning, SE development (SAM and RAM embryo formation), and vascular regulation.
Module 2 included those proteins mainly involved in cell cycle. Module 3 contained proteins
associated with chromatin remodeling. Module 4 contained proteins involved in photosynthe-
sis. Module 5 included ribosomal proteins, proteins important for stress defense and cell wall
biogenesis. Module 6 contained proteins involved in transcriptional oxidative stress response
(e.g. redoxins, peroxidases). To shed light on the potential molecular mechanisms involved dur-
ing PEMs and embryo development, the simple analysis of the PPI network indicates that this
stage is mainly regulated by genes involved in CK signaling and embryo patterning (Module 1),
as well as in chromatin remodeling (Module 3), and that WRKY29 could interact, directly or
indirectly, with those genes or proteins indispensable for embryo development (Fig 7).

In contrast, FS1H somatic embryos (15d) induced to maturation on medium with high
content of gelrite (9g/L, osmotic pressure of — 1.47 MPa; S4 Table), and in the presence of 2-iP
as cytokinin, produced a predicted PPI network of 271 proteins, where ten modules formed
tightly connected clusters, including 33 genes specifically expressed in this treatment (Fig 8).
Module 1 contained proteins mainly involved in mechano-sensing and stress-adaptation.
Module 2 included mainly heat-shock proteins. Module 3 contained proteins related to gluta-
thione metabolism. Module 4 is related to biopolymers, wax and suberine biosynthesis. Mod-
ule 5 includes response to water deprivation and late embryogenesis abundant proteins.
Module 6 encompasses ABA signaling proteins. Whereas modules 6 to 10 comprise proteins
involved in stem cell maintenance of meristems (meristem development), phenylpropanoid
biosynthesis, carbohydrate metabolism, and response to oxidative stress, respectively. Thus,
the PPI analysis hints that somatic embryo maturation is largely regulated by genes involved in
the process of embryogenesis (e.g., late embryogenesis abundant proteins, LEA proteins; Aga-
mous-like; Arabinogalactan protein 14, AGP14) and post-embryonic development (e.g., ethyl-
ene-forming enzyme, EFE, AGL20; AT-hook motif nuclear localized protein 23, AHL23). As
shown, the predicted networks suggest that FSIH embryo maturation in BK2iP medium can
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be achieved by a singular network (in agreement with the heatmaps and hierarchical clustering
analysis) (Figs 7 and 8).

Discussion

In Arabidopsis, osmotic stress induces the formation of somatic embryos as a result of the
transfer of explants from an auxin-free medium to an auxin-containing medium [52]. How-
ever, when using exogenous auxins, there are different outcomes that make it challenging to
detect specific changes related directly to SEs [53]. In carrot, SEs can be induced via culturing
explants on phytohormone-free medium containing high amounts of sucrose, followed by
transferring the explants to the same type of medium but with lower sucrose concentration
[53]. In tomato, somatic embryos have been induced from hypocotyls, intact seedlings, cotyle-
don explants, etc. However, efficient protocols for a significant propagation of tomato by way
of SEs are still missing. Consequently, due to the advance of genome editing technologies, effi-
cient and high-throughput transformation methods are essential for the generation of trans-
genic and edited lines for basic research studies that can lead to crop improvement [54].
Tomato cv. Micro-Tom is a perfect plant model system for genetic transformation and
plant regeneration [44]. A process to increase the efficiency of genetic transformation, genome
editing and, ultimately, plant regeneration, is via SEs. Somatic embryogenesis (SEs) occurs in
nature [16,17], and it has been largely induced in plant tissue culture media using synthetic
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auxins (e.g., 2,4-dichlorophenoxyacetic acid, also known as 2,4-D; Dicamba; Picloram), and
not often by using natural plant hormones like cytokinins. Consequently, we have focused on
utilizing an induction method by adopting a combination of osmotic stress treatment and the
use of cytokinins.

The use of cytokinins to induce SEs in tomato has been reported. For instance, Newman
and colleagues have shown that benzyladenine (also called 6-Benzylaminopurine, or BAP) has
a stimulatory effect on the conversion of embryogenic cells into SE [55]. Furthermore, God-
ishala and colleagues have shown that when auxins are supplemented alone, callus were pro-
duced but without any meristematic center; however, an exogenous resource of BAP favors SE
development and germination in Solanum surattense [51]. Consequently, supplementation of
cytokinins can compensate for the detrimental effects of auxins seen on meristem develop-
ment. Also, the addition of gibberellic acid (also called GAj3) was required for somatic embryo
germination and elongation and promoted maturation and plantlet development [51]. In con-
trast, Dan and colleagues have used various combinations and concentrations of zeatin ribo-
side and TAA, to regenerate transgenic Micro-Tom plants [56].

Accordingly, a systematic high throughput regeneration technology for tomato has been
lacking, particularly for functional genomic applications and (epi)genome editing. Hence, we
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report a reproducible and simple method for inducing epigenetically edited somatic embryo
formation from tomato cotyledonary explants, by a combination of osmotic stress and cytoki-
nin treatment (explant culture on MS-BK2iP osmotic treatment medium 24 h before and 24 h
after transformation). Such process enabled us to produce the highest percentage of CRISPRa-
edited PEMs per explant (when compared to MS-NAA/BAP conventional osmotic medium,
or MS-Zea osmotic treatment medium; Table 1), as well as the highest number of PEMs pro-
ducing SE. Furthermore, we determined that the predominant morphogenetic pathway for
most of the lines was the development of PEMs and SE from cotyledon explants, contrasting
with the canonical organogenic pathway characterized by shoot development. The shape of
PEMs was rounded and yellowish-green. In addition, the TR2H and FS1H embryogenic lines
sub-cultured on MS-BK2iP selective medium produced the highest number of secondary SE
per PEM (Fig 1C), capable of plant conversion. For the maturation, rooting and elongation
medium, the G9-2iP medium generated shoots producing roots, whereas the G9-Zea medium
generated shoots that lacked root formation.

Hence, to categorize genes possibly associated with SE induction and germination, a tran-
scriptome analysis was performed for the CRISPRa-edited FS1H line which produced a great
number of embryos in selective media, with the highest SSWRKY29 expression and enhanced
H3K4me3 levels at its 5°-end region (both indicative of efficient CRISPRa), and showing nor-
mal development of SAM and RAM in rooting and elongation medium.

As mentioned, WRKY genes are involved in the regulation of multiple stress responses, sec-
ondary metabolism, as well as in callus development and somatic embryogenesis. For example,
in Arabidopsis and papaya there is an enhanced expression of WRKY genes during SEs [28,57].
Similarly, soybean transcriptome analysis has shown enhanced expression of genes encoding
WRKY family transcription factors in cells undergoing de-differentiation during SE induction
[29]. Furthermore, expression of the Panax ginseng PeWRKY6 is upregulated during embryo-
genic callus development (in response to 2,4-D induction), and functions in the process of SEs
in Panax species [26]. Correspondingly, our transcriptome analysis shows that not only
WRKY29, but multiple genes coding for WRKY transcription factors are upregulated in FS1H
PEMs (e.g., WRKY 81, WRKY 70, WRKY 31, WRKY 21, WRKY 12, WRKY 1, etc.; S5 Fig),
some of which are subsequently downregulated in mature 15d embryos (S5 Fig). Interestingly,
the SIWRKY6 gene homolog remains downregulated in our cytokinin-induced SIWRKY29
CRISPRa-edited PEMs and 15d embryos (contrary to its 2,4-D induction in ginseng) [26].

Indeed, cytokinin-induced CRISPRa has an effect on auxin signaling since PEMs exhibited
downregulation of numerous genes coding for auxin response factors (ARFs), and enhance-
ment of AUX/TAA proteins encoded by the upregulated auxin early response gene family
(which inhibit transcription of genes activated by ARFs) [58] (S4A and S4B Fig). Also, genes
associated with cytokinin signaling were highly expressed in FSIH PEMs. For instance, there
is an increase in the expression of LONELY GUY (LOG) gene homologs, which code for cyto-
kinin riboside 5'-monophosphate phosphoribohydrolases, involved in the synthesis of isopen-
tenyladenine (iP) and in cytokinin activation [59]. Moreover, in FS1H PEMs, there is
enhanced expression of genes coding for enzymes catalyzing the formation of glycosyl conju-
gates of zeatin (O-glucosyltransferase and O-xylosyltransferase; S4I and S4] Fig), which have a
central function in regulating the level of active cytokinins [60,61]. This could contribute to
the spatio-temporal distribution of bioactive cytokinins, most likely involved here in cell dif-
ferentiation, and favors the proposal that cytokinins and the cytokinin signaling pathway, were
all primarily involved in cell differentiation and SE formation.

Furthermore, CRISPRa-edited FS1H PEMs exhibited overexpression of morphogenic
genes [62], such as WUS, FIE, LECI and FUS3 (S3 Fig and S6 and S7 Tables). Accordingly, it
has been shown in Arabidopsis that overexpression of the WUS gene, for instance, enhances
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the induction of somatic embryogenesis and improves plant regeneration [62,63]. Thus,
WRKY29 activation enhances a pre-existing embryogenic response [62], heightening the num-
ber of PEMs producing SE (Table 1) and the formation of secondary somatic embryos (Fig 1).
Further research is necessary to determine whether or not additional overexpressed genes in
CRISPRa-edited FS1H PEMs could improve SEs and plant regeneration by activating, or act-
ing as, morphogenic genes.

Moreover, to help identify and discover new biologically significant interactions putatively
involved in SE induction and germination, the upregulated DEGs were used to build a pro-
tein-protein interaction (PPI) network by employing the STRING-database (Figs 7 and 8). In
Arabidopsis, the study of different genes has allowed researchers to recognize key molecular
mechanisms of SEs. For instance, several genes are specifically activated or differentially
expressed during SEs (e.g., SERK, LEC, BBM, WUS, WOX4, FUS3, etc.) [64]. However, direct
activation of WRKY genes associated with SE induction, pattern-triggered immunity, or
defense priming, via CRISPRa, has not been reported. As shown in Fig 7, our analysis on the
PPI network suggests that induction of WRKY29, in CRISPRa-edited FS1H PEMs, could favor
an interaction with the mitogen-activated protein kinase 6 MPKA1;1 (Solyc12¢019460.1.1)
[65]. In the predicted network, MPKA1;1 interacts with the cell cycle regulator WEE1
(Solyc094074830.3), which in turn interacts with 10 other proteins present in the cell cycle
module. For instance: (a) CYCA3;2 (Solyc04¢078310.2.1), expressed in actively dividing tissues
such as SAM and RAM and lateral root primordia, with critical functions in meristematic tis-
sues [66]; (b) CYCD3;3 (Solyc04g078470.2.1), essential for normal embryonic development
[67]; and (c) CYC1BAT (Solyc01g009040.2.1 and Solyc10g080950.1.1), involved in the control
of cell cycle progression in eukaryotes [68]. Moreover, the cell cycle regulator WEE1
(Solyc094074830.3) is also predicted to interact with members of the CK signaling module via
NAM/CUC2 (involved in SAM development in embryogenesis and organ separation) [69],
and WUSCHEL (WUS; Solyc02¢083950.2.1).

The CK signaling module, composed of 14 genes (S7 Table), includes the cytokinin receptor
HK4 (WOL, Solyc04g008110.3), a sensor for vascular morphogenesis [70,71]; ARR5
(Solyc05g006420.3), a primary CK responsive gene [71,72]; and ARRI15 (Solyc03g113720.3),
shown to interact with the chlorophyll A/B binding protein 3, ubiquitin-associated (UBA)/
TS-N domain-containing protein, zinc finger protein AZF3, and polyketide cyclase/dehy-
drase/lipid transporter [71]. ARR15 is also predicted to interact with WUS, a protein required
to specify stem cell identity in embryo meristems, that promotes the vegetative to embryonic
transition [73], involved in organizing the SAM in the embryo and with a crucial role in SE
[73-76]. Furthermore, WUS expression has a threshold-dependent activation in a switch-like
manner to turn on only when sufficient cytokinin levels have accumulated [77]. This could
help to explain why WUS and type-A ARRs (ARR15 and ARR5) were upregulated in our FS1H
PEMs.

In our PPI network, WUS interacts with several proteins involved in SAM and RAM devel-
opment during embryogenesis (like ESR1, Solyc05g013540.1) [78], and with proteins involved
in vascular meristem maintenance (WOX4) [79], vascular cambium organization (PXY/TDR,
Solyc05¢051640.2.1) [80], and in vascular development (LBD4, Solyc02g069440.2.1) [81].
Within the CK network, WUS is additionally predicted to interact with KNAT3/TKn3
(Solyc05g005090.3) [82], and with TRN1 (Solyc03g112750.2.1) and TRN2 (Solyc08¢076850.2.1),
which are required in SAM morphology and root radial pattern [83,84]. The CK signaling
cluster also links, via the predicted WUS-FUS3 protein interaction, to the cell cycle cluster. In
turn, FUSCA3 (FUS3, Solyc02¢094460.1.1), an AP2/B3-like transcriptional factor, could inter-
act with LEC1-like (a master regulator of SE) and FIE (EMB embryo-lethal). In addition, FUS3
is depicted to interact with WOX2 (WUSCHEL-related HOMEOBOX 2), involved in
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determination of the apical domain during early embryogenesis and required for the stem cell
program in the embryogenic shoot meristem [85]. Interestingly, in the PPI model, FUS3 inter-
acts with the chromatin remodeling module via FIE (Fertilization-Independent Endosperm
protein), a gene specifically expressed in FSIH PEMs. FIE, a core component of the PRC2
complexes is involved in seed development, vegetative phase transition, meristem activity, the
vernalization response [86], and plays a critical role in regulating the differentiation and prolif-
eration of stem cells in the moss gametophyte [87]. Furthermore, the expression in FS1H
PEM:s of antagonistically acting enzymes (e.g. ATXR1/SDG35, SUVH6/SDG23, FIE, ASHH1;
within the chromatin remodeling module) and the accumulation of H3 and H4 histones and
histone variants, indicate their significance during embryogenic reprogramming and SE for-
mation. In fact, the hierarchical clustering analysis (S4-S6 Figs) indicates that most proteins
belonging to the chromatin remodeling module were specifically upregulated during FSH1
PEM development and SE formation, and then downregulated during somatic embryo
maturation.

Conversion of SE to plantlets is a common problem under in vitro conditions due to an
incomplete development of SAM and RAM, or to defects in the meristem organization during
SEs. Abnormalities during embryo development, appearing in somatic embryogenesis experi-
ments, are greatly influenced by components in the growth medium and environmental condi-
tions. Thus, medium composition and in vitro environmental conditions such as osmotic
components, plant growth regulators (PGR), amino acid sources, culture medium pH, and
light intensity can induce changes in the SE phenotype. In most cases, abnormalities in SE are
related to the use of the synthetic auxin 2,4-D, which disrupts the endogenous auxin balance
and the polar auxin transport, interfering with the embryo apical-basal polarity [88]. There-
fore, proper understanding of the shoot and root apical meristem development and physiology
will greatly enhance our ability to produce SE of improved quality. Accordingly, in our experi-
ments, somatic embryos derived from edited PEMs were induced to maturation on medium
with elevated content of gelrite, in the presence of 2-iP. Under such environmental conditions,
water content decreases within the SE [89]. Hence, to determine potential genes involved in
embryo development and maturation, we additionally used 15-days old embryos (growing on
G9-2iP medium) for RNA-seq analysis. Accordingly, the PPI network analyses suggested that
several molecular mechanisms were activated during embryo maturation, which are distrib-
uted in 10 modules within the predicted PPI model (Fig 8).

Our results indicate that SE maturation and subsequent conversion to plantlets accompa-
nied the activation of genes involved in stress, mechano-sensing and light tolerance adaptation
(mechano-sensing and stress-adaptation module; S8 Table). For instance, the
homeobox transcription factor HB-12 (Solyc01g096320.2.1), a master regulator and an essen-
tial gene for embryo maturation [90,91], is predicted to interact in the PPI network with the
zinc finger protein 2, SIZFP2 (Solyc07¢006880.1.1), which involved in the early stages of the
mechanoreception pathway and specifically expressed in mechanically stimulated tissues in
plants [92]. Other interactors of SIZFP2 include RVE1 (Solyc02¢036370.2.1) [93], which in
turn interacts with members of the heat-shock proteins module (composed of 30 genes;

S7 Table) via the HSP70 (Solyc11g066100.1.1) [94]. HSP70 is shown to interact with HSP90.1
(Solyc03g007890.2.1), and according to the PPI model, HSP90.1 interacts, on one side, with
HSECI (heat stress transcription factor C-1, Solyc12¢007070.1.1) and a NAC domain protein
(Solyc07g066330.2.1) networking with Solyc02¢092580.2.1 (a peroxidase protein), which links
the heat shock module to the response to oxidative stress/peroxidase module); and, on the
other, with HSFA2 (Solyc02¢072060.1.1 and Solyc02¢040680.1.1), which functions as the link
with the late embryogenesis abundant proteins/LEA module. The NAC domain protein
(Solyc07g066330.2.1) is predicted to connect with bHLHI1 protein, which functions as a hub in
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the stem cell maintenance and meristem development module (S7 Table), Interestingly, SPL3
(or LeSPL-CNR), which encodes a member of the SPL (squamosa-promoter binding protein-
like) gene family, involved in regulation of flowering and vegetative phase change, networks at
the spermidine module with the EFE protein (Solyc02¢036350.2.1; 1-aminocyclopropane-
1-carboxylate oxidase, or ethylene-forming enzyme), the enzyme that produces the volatile
plant hormone ethylene, which regulates many plant developmental processes and stress
responses [95,96]. In turn, EFE is foreseen to interact with the 1-aminocyclopropane-1-car-
boxylate synthases 5 and 8 (ACS5, Solyc04¢077410.2.1; and ACSS8, Solyc03¢g043890.2.1), which
catalyze the synthesis of 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor for ethyl-
ene. Thus, we hypothesized that in tomato, production of the natural plant hormone ethylene,
during embryo maturation, helps regulate plant development, growth, and stress responses.

Altogether, various transcription factors have been recognized to induce SEs when ectopi-
cally expressed [97,98]. This indicates that many independent and/or interrelated pathways, as
well as numerous regulatory factors, are involved in the acquisition of embryogenic compe-
tence during somatic embryogenesis. Furthermore, loss-of-function of specific chromatin
remodelers can also induce SEs, revealing that epigenetic mechanisms are likely to be involved
in cell dedifferentiation, cell fate, and embryogenic cell formation [99]. Accordingly, ectopic
expression of SIWRKY29 via CRISPR-activation has a beneficial morphogenic growth
response by enhancing the formation of SE under in vitro culture conditions (most likely by
activation of morphogenic genes; S3 Fig and S6 and S7 Tables). Thus, CRISPRa-edited
SIWRKY29 embryogenic lines could be transformed with candidate genes involved in embryo-
genic competence, or explants might be transformed with sgRNAs targeting multiple promot-
ers and co-activated together with SIWRKY29 for accelerated regeneration of edited plants
[100].

Nonetheless, efficient employment of species-specific morphogenic genes encounters
diverse methodological challenges (e.g. arduous processes of cloning, functional validation,
co-expression of combinations of genes) [100]. In addition, when using the CaMV 35S pro-
moter, undesired pleiotropic effects and harmful growth defects could be caused by constitu-
tive expression of morphogenic regulators, which in turn requires to control expression of the
morphogenic gene (via inducible expression, developmentally regulated expression, or by exci-
sion of the exogenous DNA) to regenerate normal-phenotype plants [62]. An advantage of uti-
lizing CRISPRa is that ectopic gene expression is achieved by making use of the cell’s native
apparatus to upregulate target endogenous gene expression levels. Moreover, in CRISPRa a
second copy of the target gene is not being introduced into the plant genome. In our experi-
ments, CRISPRa enabled SIWRKY29 expression without induction of growth defects in the
regenerated plants. Further research is required to determine if the edited plants display, for
instance, Mendelian inheritance of the epigenetic modification, enhanced disease resistance
[30,32,33], augmented ethylene production [31], or tolerance to abiotic stress [101].

Conclusion

Current research let us hypothesize that CRISPRa-mediated transcriptional activation of
SIWRKY29, a gene associated with plant immunity and likely involved in somatic embryogen-
esis, enhance SE formation and germination in the presence of cytokinins and osmotic stress.
Accordingly, we have demonstrated that our results are consistent with the premise that
directed H3K4me3 methylation marks to the promoter region of SSIWRKY29, via CRISPRa,
establishes a transcriptionally permissive chromatin state and enhances its transcriptional acti-
vation, and improves in vitro the formation of SE and regeneration efficiency. Furthermore,
we have shown that, under our experimental conditions, the CRISPRa system can be
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effectively used for greater gene activation when a single effector domain, like the SET-
domain, is fused at the C-end of the dCas12 nuclease (dCas12:SET, or FS1H), as well as for
higher number of somatic embryo production and plantlet regeneration, when compared to
the control constructs. Consequently, enhanced embryo induction and maturation are influ-
enced by the transcriptional effector used, as well as by the medium composition (BK2iP
medium) and in vitro environmental conditions such as osmotic components, plant growth
regulators (auxin-free, cytokinin-rich media), and light intensity. Taken together, our findings
suggest that cytokinin supplementation and the activation of SIWRKY29, induce variations in
the homeostasis of plant hormones, mainly CKs and auxins, which in turn could lead to the
expression of multiple transcription factors and enable cell cycle activation, cell differentiation,
and SE formation in FS1H PEMs. Furthermore, cytokinin supplementation compensates for
the detrimental effects often seen with the use of the synthetic auxin 2,4-D. At the same time,
activation of different H3 isoforms and histone-methyl transferases may allow turnover and
epigenetic modulation to activate the formation of somatic embryos. In turn, activation of
SIWRKY29 in FS1H 15d embryos is hypothesized to favor the germination of individual
Micro-Tom embryos possibly through its link with HT1, which in turn could signal key genes
in the process of meristem development. Hence, the extensive range of regulatory factors
involved in acquiring embryogenic competence indicates that numerous independent and
interrelated pathways are functional in this process. Whether and how these genes work
together to promote embryogenic cell formation is still debatable. It is possible that epigenetic
changes can regulate cell fate, creating a layer of control superimposed on the activity of the
numerous transcription factors that are involved in this process.

Supporting information

S1 Fig. Expression cassettes comprised in the Gateway-assembled plasmids. (A) dCas9S2
+gRNA or TR2H vector, containing two SET domains fused each to dCas9 and MS2 protein.
It also includes the sgRNA cassette containing three WRKY29 sgRNA’s each under the control
of AtU6 promoter and AtU6 terminator. (B) RZOH same as previous plasmids, but without
expressing the sgRNA cassette (used as control). (C) FS1H, with a single SET domain fused to
dCas12, and expressing an array of three WRKY29 crRNA’s units under the control of AtU6
promoter and AtU6 terminator. (D) SLOH, same as previous plasmid without expressing the
respective crRNA cassette, as control. (E) CT2H, empty vector employed as control. All
described plasmids contain a hygromycin resistance cassette as selection marker. For a detailed
description of vector construction see S1 Table.

(TIF)

S2 Fig. Illustrative description of somatic embryogenesis. Individual transformation events
sub-cultured onto fresh selective medium to evaluate the development of normal and anoma-
lous structures. (A) Eight-days old cotyledons after biolistic treatment. (B) Induction of pro-
embryogenic masses and development of somatic embryo-like structures growing on
MS-BK2iP selective medium. (C) Primary selection on medium containing 9.6 mg/L of
Hygromycin. (D) Isolation and selection of embryo-like events. (E) Close-up of (D). (F) Induc-
tion of secondary embryogenesis, for dissected and individually sub-cultured embryos onto
fresh selective medium, to obtain embryogenic lines. (G) Genotyping of embryogenic lines.
The presence of the transgene was confirmed by PCR with 35SCaMYV, dCas9 and dCas12 spe-
cific primers. All embryogenic lines were genotyped (a few of the positive embryogenic lines
are shown). Amplification of the SILSM7 gene (endogenous gene) was used as control for the
PCR reactions (for a list of primers used see S2 Table).

(TTF)
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S3 Fig. Transcript levels of the S. Iycopersicum FIE, WUS, LEC1, FUS3 gene homologs in
edited FS1H PEMs and 15-days embryos. Samples were taken from pro-embryogenic masses
(PEMs) and 15-days somatic embryos (in G9-2iP), and the relative expression was determined
by qPCR. Data were normalized to the SILSM7 reference gene (based on the 27**“T method)
[48]. Data represent mean + SD from three independent experiments (n = 3). Statistical sig-
nificance was determined with an unpaired two-tailed Student’s t-test (*p < 0.05, *** p <
0.001).

(TIF)

S4 Fig. Differential gene expression profiles in FS1H PEM and 15-days somatic embryos
(in G9-2iP). Heatmaps providing an overview on gene expression profiles, of the diverse path-
ways that were induced, based on the log2(fold-change) of >+1. Colors from yellow to red
indicate up-regulation; colors from white to blue indicate down-regulation.

(TIF)

S5 Fig. Differential gene expression profiles in FS1H PEMs and 15-days somatic embryos
(in G9-2iP). Heatmaps, providing an overview on gene expression profiles, of the diverse
pathways that were induced, based on the log2(fold-change) of >+1. Colors from yellow to red
indicate up-regulation; colors from white to blue indicate down-regulation.

(TIF)

S6 Fig. Differential gene expression profiles in FS1H PEMs and 15-days somatic embryos
(in G9-2iP). Heatmaps, providing an overview on gene expression profiles, of the diverse
pathways that were induced, based on the log2(fold-change) of >+1. Colors from yellow to red
indicate up-regulation; colors from white to blue indicate down-regulation.

(TIF)

S1 Table. Methods. Vector construction.
(DOCX)

$2 Table. DNA sequences. (A) Selected target sequences at the SIWRKY29 promoter region
for dCas9 and dCas12. Highlighted sequences correspond to the PAM sequence. (B) Oligonu-
cleotides used for vector construction. (C) SSIWRKY29 gRNA oligonucleotide cloning refer-
ence. (D) Linker sequence in the p143-L2 plasmid and synthetic DNA with the crRNAs
(crRNA array) for dCas12. (E) List of oligos used for qPCR. (F) List of oligos used for PCR-
genotyping.

(DOCX)

$3 Table. Recombination reactions. Recombination reactions between destination and entry
vectors to generate the CRISPR-Act2.0 and CRISPR-dCas12 expression vectors used to trans-
form tomato explants via biolistics.

(DOCX)

S$4 Table. Media. (A) Osmotic treatment medium. (B) Conventional medium. (C) Selective
medium. (D) Maturation, rooting and elongation medium.
(DOCX)

S5 Table. RNA-seq libraries. (A) Sample sequencing statistics of RNA-seq libraries of S. lyco-
persicum transcriptome. (B) Pairwise comparisons.

(DOCX)
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S6 Table. List of transcripts that were exclusively detected in the FS1H samples (PEMs and
15-days embryos in G9-2iP).
(DOCX)

S7 Table. List of proteins from Solanum lycopersicum (FS1H PEM) used to build the PPI
network.
(XLSX)

S8 Table. List of proteins from Solanum lycopersicum (FS1H 15-days embryos) used to
build the PPI network.
(XLSX)

S1 Raw images.
(TIF)
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