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ARTICLE INFO ABSTRACT

Keywords: The screening of 862 T-DNA lines was carried out to approach the genetic dissection of indirect adventitious
Tomato organogenesis in tomato. Several mutants defective in different phases of adventitious organogenesis, namely
Mutants

callus growth (tdc-1), bud differentiation (tdb-1, -2, -3) and shoot-bud development (tds-1) were identified and
characterized. The alteration of the TDC-1 gene blocked callus proliferation depending on the composition of
growth regulators in the culture medium. Calli from tds-1 explants differentiated buds but did not develop
normal shoots. Histological analysis showed that their abnormal development is due to failure in the organi-
zation of normal adventitious shoot meristems. Interestingly, tdc-1 and tds-1 mutant plants were indistinguish-
able from WT ones, indicating that the respective altered genes play specific roles in cell proliferation from
explant cut zones (TDC-1 gene) or in the organization of adventitious shoot meristems (TDS-1 gene). Unlike the
previous, plants of the three mutants defective in the differentiation of adventitious shoot-buds (tdb-1, -2, -3)
showed multiple changes in vegetative and reproductive traits. Cosegregation analyses revealed the existence of
an association between the phenotype of the tdb-3 mutant and a T-DNA insert, which led to the discovery that the
SIMAPKKK17 gene is involved in the shoot-bud differentiation process.

Adventitious organogenesis
Shoot-bud differentiation
SIMAPKKK17

Thus, based on the temporal requirement of explants for a specific bal-
ance of phytohormones, Christianson and Warnick [2-4] divided the

1. Introduction

The ability to induce morphogenesis in vitro is the basis of all ap-
plications arising from plant tissue culture techniques in micro-
propagation and genetic improvement. For this reason, gaining new
insights into how explant cells acquire competence and which genes
determine the morphogenetic response in vitro is essential from both a
basic and applied point of view.

The underlying causes determining the acquisition of competence in
explant cells have been discussed over the years. In the traditional view,
cells were thought to dedifferentiate and acquire competence when they
divide to form a callus [1], so that de novo organogenesis would repre-
sent a reprogramming process from this partially undifferentiated state.

organogenetic process into three phases. In the first, cells experience a
dedifferentiation process and acquire competence to respond to hor-
mone signals, which results in the formation of a mass of undifferenti-
ated cells (i.e. a callus). In the second the competent cells are committed
or determined for specific organ development by inductive signals ac-
cording to the hormonal composition in the culture medium. During the
third phase, the morphogenesis proceeds independently of the exoge-
nously supplied phytohormones. Recent findings in Arabidopsis thaliana
changed the perception in the acquisition of competence for callus
growth and organogenesis in vitro. By fusing the coding regions of re-
porters (GUS, GFP) to promoters of selected developmental genes, or to
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promoters of genes encoding indicators of the auxin response or trans-
port, cytokinin response or synthesis, or mitotic activity, Atta et al. [5]
showed that regenerated shoots from root and hypocotyl explants of
Arabidopsis originated directly or indirectly from pericycle or
pericycle-like cells adjacent to xylem poles. In addition, shoot regener-
ation appeared to be partly similar to the formation of lateral root
meristems. Sugimoto et al. [6] subsequently demonstrated that the
initial process of callus formation resembles the tip of a root meristem,
not only in roots but also in explants derived from aerial organs such as
cotyledons and petals. Also, by analyzing the expression pattern of a
pericycle specific marker they found the signal to be enriched around the
midvein and vasculature of aerial organs such as cotyledon and leaf.
Taken together, these results indicate that pre-existing pericycle-like
cells in Arabidopsis explants may behave like stem cells as they show an
intrinsic capacity for proliferation and regeneration. Despite the signif-
icance of these findings some questions need to be clarified. Assuming
that in eudicotyledonous species other than Arabidopsis pericycle-like
cells are also present in aerial organs, we still need to know if differ-
ences in the number and distribution of this particular cell type can
explain the variability of the morphogenetic response of different spe-
cies, or genotypes and explants of a given species. Also, it remains un-
clear how pericycle-like cells, or some other cell types which may
behave like stem cells, perceive and respond to hormone signals.

As far as the genetic basis is concerned, it is well known that
morphogenetic potential in vitro is highly dependent on the genotype [7,
8]. Unfortunately, many relevant genotypes are recalcitrant or display a
low morphogenetic response, thus limiting the use of tissue culture
techniques for breeding purposes. The habitual solution is to carry out a
trial and error-based approach in order to search for an explant with
competent cells, adjust the auxin to cytokinin ratio [9] as well as other
growth regulators and several components of the culture medium, and
discover an adequate combination of cultural conditions. An alternative
approach would consist of transferring the genes determining high
morphogenetic response into elite genotypes which despite their agro-
nomic interest show a low response in vitro. This would not be an easy
task if the morphogenetic response were controlled by many genes with
minor effects (i.e. a polygenic trait). However, if it were controlled by
only a few genes with major effects (i.e. an oligogenic trait), the transfer
of those genes could be addressed through conventional backcrossing or,
provided that molecular markers were previously identified, through
marker-assisted backcrossing programs (MABC). In this respect accu-
mulating evidence points toward the notion that, from a genetic point
view, morphogenesis in vitro may be considered an oligogenic trait since,
irrespective of the great number of intervening genes, it is possible to
detect a few genes with major effects [10-13].

Regarding adventitious organogenesis in Solanum species, a genetic
analysis of several cell culture traits in the progeny of a cross between a
low responsive cultivar from tomato (Solanum lycopersicum) and a high
responsive accession of the wild related species Solanum peruvianum
showed that regeneration capacity from explants was apparently
controlled by two dominant genes [7,14]. Competence for leaf disc
regeneration was also studied in the parental, F;, and Fo generations of
selected genotypes of Solanum phureja. Leaf regeneration data could be
explained by a two-gene model with recessive alleles at each locus
required for the highest response, a dominant allele at either of the loci
resulting in a marginal response, and dominant alleles at both loci
resulting in no response [15]. Using a similar experimental design, the
genetic control of in vitro shoot regeneration from leaf explants in So-
lanum chacoense was analyzed [16]. A hypothesis involving three genes
was formulated to explain the variability in the organogenetic response.
This model implies that homozygous recessive alleles at any two out of
three loci are required for the highest response, the presence of homo-
zygous recessive alleles at any one of the three loci produces an inter-
mediate response, and a dominant allele at all the three loci results in
non-responsiveness [16]. Overall results from genetic analysis show
that the ability to regenerate plants through adventitious organogenesis
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mainly depends on a few major genes controlling the trait. Such a
relatively simple genetic control suggests that the genes controlling in
vitro plant regeneration could be easily transferred into economically
important cultivars with recalcitrance or low response. In the case of the
tomato, the transference of genes controlling organogenetic response
has been mainly approached through interspecific hybridization with
wild related species. Thus, following a backcrossing program with a
Solanum peruvianum accession, a tomato genotype (MsK) readily acces-
sible to genetic manipulation through Agrobacterium leaf disc trans-
formation and direct gene transfer in protoplast-derived calli was
selected [7,14]. Subsequently, after six rounds of backcrossing, the
genes conferring high organogenetic competence from the MsK geno-
type were transferred to the rapid life cycle plant Micro-Tom [17].
Introgression of regeneration capability in tomato has also been ach-
ieved using as donors selected accessions of Solanum pimpinellifolium
[18] and S. pennellii [19].

The identification of the sequence of genes determining high
morphogenetic response would open new perspectives in basic and
applied research. From a practical point of view, once identified, they
could be efficiently transferred and expressed in elite genotypes in order
to enhance their morphogenetic response. Alternatively, their proper or
neighboring sequences could be used as markers in MABC programs.
From a basic point of view, the knowledge of the sequence of those genes
would shed light on the nature of the molecular changes underlying the
differences in the morphogenetic response conferred by different alleles
of a given gene or their respective orthologs in related or unrelated
species. Furthermore, by using the new gene-editing techniques, such as
CRISPR-Cas9 [20,21], it would be possible to gain significant insights
into the effects of specific changes in the sequence of those genes.

As regards tomato and related wild species, studies with a set of
markers defining all 12 tomato chromosomes allowed to map a domi-
nant S. peruvianurn allele at a locus (named Rg-1) near the middle of
chromosome 3, determining efficient shoot regeneration on root ex-
plants in combination with dominant alleles at one or two other loci of
either the wild or cultivated species [11]. A second major dominant gene
from Solanum chilense, which was designated as Rg-2, has also been
located on chromosome 3 [10]. More recently, the analysis of two
mapping populations derived from a tomato cultivar with a low regen-
eration ability and a high regeneration accession of Solanum pennellii
(PE-47), allowed the identification of six QTLs on chromosomes 1, 3, 4, 7
and 8. In particular, a putative allele of Rg-2 (named Rg-3) was detected
in a QTL on chromosome 3 [13]. Despite these interesting results, the
sequences of the Rg-1, Rg2 and Rg-3 genes are still to be determined and
therefore it remains unclear whether they represent different loci or
different alleles of the same gene. On the other hand, based on its
expression pattern, it has been proposed that LESK1, a gene encoding a
putative serine/threonine kinase could be used as marker of the
competence phase in the regeneration process from hypocotyl and
cotyledon explants of tomato [22,23]. LESK1 was also positioned on
chromosome 3 but it is not located in the Rg-3 QTL [13]. It remains to be
determined whether LESK1 corresponds to Rg-1.

We are using a mutant based-approach to address the genetic
dissection of adventitious organogenesis in the tomato as, in our
opinion, the finding of mutants impaired in explant regeneration may be
the most adequate way for the identification of key genes involved in
this process. Following the screening of a collection of T-DNA lines
generated with an enhancer trap, five tomato mutants have been found
with alterations at different steps of the organogenetic process, namely
cell proliferation, bud differentiation, and shoot-bud development.
Furthermore, taking advantage of the co-segregation between a T-DNA
insert and the phenotype of mutant tdb-3, we discovered that
SIMAPKKK17 gene plays an important role in adventitious shoot-bud
differentiation in tomato explants.
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2. Material and methods

2.1. Screening of T-DNA lines and genetic analysis of tomato mutants
defective in adventitious organogenesis

A collection of tomato T-DNA lines was generated in our laboratory
by Agrobacterium-mediated transformation following the protocol pre-
viously developed [24,25]. The enhancer trap vector used for trans-
formation was pD991 (kindly supplied by Dr Thomas Jack; Department
of Biological Sciences, Dartmouth College, USA), which has been pre-
viously described [26]. This vector contains the selection marker gene
neomycin phosphotransferase II (nptll) at the 3’ end of the T-DNA,
controlled by the 5’ mannopine synthase (mas) promoter and the 3’ mas
terminator. The scrutiny of tomato (cv. Moneymaker) T-DNA lines was
performed in TO progenies (i.e. T1 plants). Seeds were surface sterilized
by immersion in 12.5 % commercial bleach (a sodium hypochlorite
solution equivalent to 50 g L ™! of active chlorine) for 20 min followed by
three rinses with sterile distilled water, and sown aseptically on seed
germination medium (SGM) consisting of MS salt solution [27] sup-
plemented with 1 % sucrose and 0.8 % Agar ‘Bacteriol6gico Europeo’
(Pronadisa) in 20 x 195 mm test tubes. Cotyledons from 7-day-old
seedlings were cut off and portions of 2 mm width along the proximal
and distal edges were removed before they were placed in 9 cm Petri
dishes with the abaxial side towards the culture medium. The tomato
shoot inducing medium (TSIM) consisted of MB3 basal medium [12]
supplemented with 225 pM indole-3-acetic acid (IAA), 19 pM 6-furfury-
laminopurine (kinetin, K) and 4,5 pM trans-zeatin (Z). The pH was
adjusted to 5.7 before autoclaving at 121 °C for 25 min. Growth regu-
lators were added after sterilization of the culture medium. Explants
were incubated in a growth chamber at 25 + 1 °C under a photoperiod of
16 h light/8 h dark and a photon fluence rate of 90 pmol m2s™! (Grolux,
Sylvania, fluorescent tubes). Upon detecting a putative mutant two to
three additional experiments with TO progenies were performed to
confirm the reproducibility of the phenotype. Eight mutants impaired in
different phases of the indirect organogenesis process were detected and
five were selected for further characterization (Table 1). The explants of
T-DNA line 2225-etmm failed to give rise to a callus on TSIM culture

Table 1
Tomato mutants defective in different phases of adventitious organogenesis.

Organogenic response*>

Phenotype in Phenotype in

Mutant Callus**  Buds*®>  Shoots*®  |jpo #3 vivo =4

1

tdc-1 - - - WT WT except fruit
(2225- size and seeds
etmm)

tdb-1 + - - Lower Lower
(1920- development development
etmm)

tdb-2 + - - SAM alteration  Slow growth
(1524- Lower and further
etmm) development collapse

(root)

tdb-3 + - - WT except Several
(1801- leaves alterations
etmm) in late

development

tds-1 + + Abnormal ~ WT WT
(1311-
etmm)

*1: Name of mutants: tomato defective in callus proliferation 1 (tdc-1); tomato
defective in bud differentiation 1, 2, 3 (tdb-1, -2, -3); tomato defective in shoot
development 1 (tds-1). The codes of the T-DNA lines from which the mutants
were identified are indicated in brackets (et = enhancer trapping; MM: cv.
Moneymaker).

*2: Callus growth; bud differentiation; shoot-buds development.

*3: Phenotype of axenic plants growing on MB3 basal culture medium.

*4: Phenotype of greenhouse-grown plants.
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medium and the mutant was named tomato defective in callus proliferation
1 (tdc-1). Cotyledon segments of T-DNA lines 1920-etmm, 1524-etmm
and 1801-etmm formed a callus but did not differentiate adventitious
buds; these mutants were named tomato defective in bud differentiation 1,
2, 3 (tdb-1, -2, -3). The explants of T-DNA line 1311-etmm formed calli
and differentiated buds but were not able to develop normal shoots; the
mutant was named tomato defective in shoot development 1 (tds-1). The
inheritance pattern of each mutant was studied by incubating sixty or
more cotyledon explants of T1 plants on TSIM medium. Similarly, the
number of T-DNA inserts with a functional nptll gene was estimated by
sowing explants on TSIM medium supplemented with 100 mg 17}
kanamycin [25].

2.2. Characterization of tomato mutants defective in adventitious
organogenesis

2.2.1. Cultural and morphogenetic response in vitro

Upon detecting a tomato mutant defective in different phases of in-
direct organogenesis several kinds of explants and culture media were
tried. Cotyledon explants from seven-day-old T1 seedlings were pre-
pared as described above and 6—7 mm length hypocotyl segments were
cut off and sown being placed on the culture medium. Besides, 1 cm
wide leaf explants were obtained from axenic plants grown for 25 days
on MB3 basal medium and sown with the abaxial side towards the
culture medium. In order to check whether the incapacity of mutants for
callus proliferation, bud differentiation or shoot development was due to
a deficiency in the concentration of growth regulators in the TSIM cul-
ture medium, we assayed several modifications of TSIM by doubling the
concentration of auxin (45 pM IAA), each cytokinin (37 pM K or 9 pM Z),
both cytokinins (37 pM K plus 9 pM Z), and of all the growth regulators
(45 uM IAA, 37 pM K, 9 pM Z). Moreover, for some mutants, other
synthetic auxins (e.g. a-naphtalenacetic acid, 2,4-diclorophenoxiacetic
acid) as well as an adenine-type cytokinin (6- benzylaminoapurine)
were assayed.

2.2.2. Root development in vitro

Primary and lateral root development was studied in seedlings grown
on SGM medium for 25-30 days. To study adventitious rooting shoot
apexes were subcultured in MB3 basal medium and incubated for 30
days. In addition, cotyledon, hypocotyl and leaf segments were sown on
MB3 medium supplemented with 225 pM IAA (ERM medium) to study
adventitious root formation from different kinds of explants.

The nomenclature and composition of the culture media used in this
work (Sections 2.2.1 and 2.2.2) are shown in Supplementary Table 1.

2.2.3. Vegetative and reproductive development in vivo

Vegetative and reproductive development in TO progenies (i.e. T1
plants) was assessed by comparing the phenotype of the mutant plants
with that of WT sister plants from the same progeny. In the case of fertile
mutants, T1 progenies were also obtained and the phenotype of T2
mutant (homozygous) plants was compared with that of Moneymaker
plants. All evaluations in planta were conducted in a controlled green-
house environment, under the following conditions: long-day photope-
riod (16 h of natural light supplemented with Osram lamps Powerstar
HQI-BT, 400 W), temperature fixed at 24 °C during the day and 18 °C
at night, and automatic fertigation. Plants were daily irrigated with
Hoagland’s nutrient solution [28] in 6 L pots with a mixture of peat:
vermiculite (1:1 v/v). In order to check whether mutations affecting
callus growth, shoot-bud differentiation or adventitious shoot develop-
ment also affected vegetative traits, parameters related to shoot apical
meristem development, leaf size and shape, number and length of
phytomers of the initial segment (before the first inflorescence) and that
of the successive sympodial segments up to the seventh inflorescence,
were all evaluated. As regards reproductive development, the architec-
ture of inflorescence and that of the four flower whorls (sepals, petals,
stamens and carpel) as well as fruit size and shape, skin color and seed
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number were analyzed.
2.3. Histology techniques

Plant tissue was fixed in FAE (50 % [v/v] ethanol, 5 % [v/v] form-
aldehyde, 10 % [v/v] acetic acid) and stored in 70 % [v/v] ethanol.
Subsequently, tissues were dehydrated in 100 % [v/v] ethanol and
embedded in paraffin (Paraplast Plus) blocks using plastic containers.
Sections (8 pm thick) of material were cut with a Leica RM2025
microtome. The sections were stained with toluidine blue: 2-5 min in
0,05 % (w/v) toluidine blue and rinsed with water. The samples were
observed with a Leica MZZ16 F light microscope (Leica Microsystems,
Wetzlar, Germany).

2.4. Co-segregation analysis through the study of the association between
the mutant phenotype and the expression of the nptll marker gene

As described by Jaquez-Gutierrez et al. [29], the comparison of the
genetic models corresponding to the existence, or not, of co-segregation
between the mutant phenotype and a T-DNA insert with a functional
nptll gene indicate that, in the second case, the probability associated to
the appearance of a mutant plant (M) sensitive to kanamycin (kanS) is
equal to 1/16. Therefore, if 47 plants are analyzed and no M-kanS plant
is detected, the existence of cosegregation may be accepted with a
probability of 95 % (or 99 % if 72 plants are assessed).

2.5. GUS histochemical assays

The enhancer trap acts as a dominant element, whose expression
pattern can be detected in hemizygous state [26]. GUS histochemical
assays were carried out as described previously [30]. The samples of
different tissues of TO plants were collected and placed in GUS staining
solution [100 mM sodium phosphate at pH 7.0, 0.1 % Triton X-100, 10
mM ethylenediaminetetraacetic acid (EDTA), 0.5 mg/mL X-Gluc, 0.5
mM potassium ferricyanide, 0.5 mM potassium ferrocyanide and 20 %
methanol] and incubated at 37 °C for 20-24 h. Subsequently, the
GUS-stained tissues were washed with 70 % ethanol for chlorophyll
removal and examined under a zoom stereomicroscope (MZFLIII, Leica).
Three replicates of each sample were analyzed.

2.6. Cloning of T-DNA flanking sequences and PCR genotyping

Genomic DNA of tdb-3 mutant was extracted from young leaves by
using the DNAzol® Reagent kit (Invitrogen Life Technologies, San
Diego, CA, USA) and quantified using NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, Wilmington, DE, USA). The sequences flanking
T-DNA insertion sites were isolated by a modified anchor-PCR according
to the protocol previously described [31]. PCR products were sequenced
using the BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems) following the manufacturer’s instructions. The
cloned sequences were compared with SGN Database (http://solgenomi
cs.net/tools/blast/) to assign the T-DNA insertion site on the tomato
genome. Co-segregation of the T-DNA insertion site with the tdb-3
phenotype in the T2 progeny was checked by PCR using (i): the specific
genomic forward and reverse primers (1801_genot_F/_R) to amplify the
WT allele (without T-DNA insertion); and (ii) one specific genomic
primer (1801_genot R) and the specific T-DNA right border primer
(ARB-3) to amplify the mutant allele (carrying the T-DNA insertion). The
sequences of genotyping primers used are listed in Supplementary
Table 2.

2.7. Generation of RNAI lines
An interference RNA (RNAi) approach was performed to down-

regulate candidate genes following the protocol previously described
[32]. Briefly, to generate the RNAi SIMAPKKK17 construct, a 250-bp
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fragment of SIMAPKKK17 cDNA was cloned in sense and antisense
orientation into the vector pKannibal [33], which was digested with
Notl, and the resulting fragment was cloned into the binary vector
PART27 [34] following the method previously described [35]. Likewise,
a 211-bp fragment of the SIPYL6 cDNA was used to generate the RNAi
SIPYL6 construct. The sequences of primers used to generate the
silencing constructs are shown in Supplementary Table 2. RNAi con-
structs were electroporated into Agrobacterium tumefaciens and Agro-
bacterium-mediated transformation of Moneymaker tomato cotyledons
was performed following the protocol previously described [24]. Flow
cytometry was used to evaluate the ploidy level in transgenic plants
according to the protocol described in reference [30] and diploid
transgenic lines were selected for further phenotypic and expression
analyses.

2.8. qRT-PCR gene expression analysis

Total RNA was extracted with TRIZOL (Invitrogen Life Technologies,
San Diego, CA) according to the manufacturer’s instructions. Contami-
nating DNA was removed using the DNA-freeTM kit (Ambion, Austin,
TX, USA). RNA quantity and quality were estimated by spectropho-
tometer analysis using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA) and checked by gel electrophoresis.
The qRT-PCR analysis was performed as described previously [36].
Briefly, the first-strand cDNA was synthesized from 500 ng of total RNA
using M-MuLVreverse transcriptase (Fermentas Life Sciences, Hanover,
MD, USA). gqRT-PCR reactions were performed using gene-specific
primers (Supplementary Table 2) and the SYBR Green PCR Master Mix
kit (Applied Biosystems, Foster City, CA, USA) on the 7300 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The qRT-PCR
analysis was performed using three biological and two technical repli-
cates. The tomato Ubiquitine3 (Solyc01g056940) gene was used as an
internal control and the quantification of gene expression was per-
formed using the AACt calculation method [37].

3. Results

3.1. Characterization of the indirect organogenesis process in wild-type
cotyledon explants

In the wild type (cv Moneymaker) a color change on both explant
sides due to anthocyanin synthesis was seen after two days of incuba-
tion, a change that was much more intense in the abaxial surface of the
cotyledon segment. The first rounds of cell division in response to the
wound reaction were observed at three days in the proximal zone of the
explant, ie. the cutting zone nearest the shoot apical meristem. The
formation of a disorganized callus generally extended six-seven days
more. During the process of callus formation, the explant expanded
laterally, along the cotyledon midrib direction, and the disorganized
callus growing in the proximal part of the explant progressively invaded
the cotyledon midvein. The emergence of green organized growth areas
usually began at ten days in the proximal zone, the differentiation of
adventitious buds with a defined structure and a bright green color
occurred at fourteen-fifteen days, the development of shoot-buds at
sixteen-nineteen days, and the development of shoots extended from
twenty to twenty-five days (Fig. 1a).

3.2. Screening of tomato T-DNA lines and genetic analysis of mutants
impaired in different phases of adventitious organogenesis

To gain new insights into the control of indirect organogenesis in the
tomato, we screened for mutants defective in different phases of the
process. The scrutiny of the tomato T-DNA lines was carried out by
incubating cotyledon segments from seven-day-old seedlings on TSIM
culture medium (see Supplementary Table 1). After the evaluation of
862 T; progenies, five mutants impaired in different aspects of the
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a

Stage 1

Stage 2 -
Stage 3-

Stage 5

Adaxial Abaxial

Stage 4 l I

Abaxial

Adaxial

Fig. 1. Evolution of the wild-type and tdc-1 cotyledon explants cultivated on TSIM culture medium. (a) Evolution of the WT cotyledon explants. In stage 1 (2.0
=+ 0.0 days) a color change was observed on both sides of the explant due to the synthesis of anthocyanins. In stage 2 (3.7 + 0.3 days) the first rounds of cell division
in response to the wound reaction were seen in the cutting area closest to the shoot apical meristem. In stage 3 (12.7 + 0.7 days) began the differentiation of green
organized growth areas in the proximal zone of the explant. In stage 4 (15.0 & 0.6 days) the differentiation of the adventitious shoot-buds with a defined structure
and a bright green color occurred. In stage 5 (23.3 + 1.5 days) shoot development was clearly visible. (b) Evolution of the tdc-1 cotyledon explants. In stage 1 there
were almost no symptoms of anthocyanin accumulation in tdc-1 explants. In stage 2 wound reaction symptoms were seen in the proximal zone of tdc-1 explants (black
arrow) but, in contrast to the WT explants, cell proliferation stopped. In stage 3, the tdc-1 explants began to acquire a yellowish color in the adaxial side and a whitish
color in the abaxial one. In stages 4 and 5, necrotic areas appeared on the surface of tdc-1 explants. To characterize the developmental stages of explants three
experiments were performed. The values indicate the mean and the standard error of the number of days. Scale bars: 0,5 cm. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

indirect organogenesis process were selected for further characteriza-
tion (Table 1). The explants of one mutant failed to give rise to a callus
on TSIM culture medium (tomato defective in callus proliferation; tdc-1),
those of another three formed calli but did not differentiate adventitious
buds (tomato defective in bud differentiation; tdb-1, -2, -3), and explants of
the fifth mutant formed calli and differentiated buds but were not able to
develop normal shoots (tomato defective in shoot development; tds-1).
Genetic analysis showed the recessive nature of all the mutants impaired
in callus proliferation or morphogenetic response (Supplementary
Table 3). The coincidence between observed and expected data was
excellent except for the tdc-1 mutant. In this case, there was a lower
number of mutant seedlings with respect to the expected segregation,
which might be due to a certain degree of sublethality when the mutant
allele is in the homozygous configuration. Moreover, segregation anal-
ysis in kanamycin-containing medium showed that each mutant bore
one T-DNA insert with a functional nptll marker gene (Supplementary

Table 4). The phenotypic evaluation of plants cultivated in vitro on MB3
basal medium or in the greenhouse (Table 1) showed that the mutants
more affected in vegetative and reproductive development were those
showing an alteration in the process of adventitious bud differentiation
(tdb-1, -2, -3). The mutant defective in callus proliferation (tdc-1) only
differed from WT plants in fruit size and early seed germination and,
surprisingly, the phenotype of the mutant altered in adventitious shoot
development (tds-1) was indistinguishable from that of WT.

3.3. Characterization of a tomato mutant defective in callus proliferation

During the scrutiny of TO progenies it was observed that some
cotyledon explants of the T-DNA line 2225-etmm failed to proliferate and
give rise to a callus on TSIM culture medium (Fig. 2a). Similarly, no
callus growth was observed when leaf segments were sown on the same
culture medium (Fig. 2b). After corroborating the results in three
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Fig. 2. Characterization of the tomato
mutant tdc-1 defective in callus prolifera-
tion. (a) Cotyledon explants of WT (left) and
tdc-1 (right) cultivated on TSIM culture medium
in photoperiod conditions. (b) Leaf explants of
WT (left) and tdc-1 (right) cultivated on TSIM
medium in photoperiod conditions. (c¢) Coty-
ledon explants of WT (left) and tdc-1 (right)
cultivated on CIMY™ culture medium in dark-
ness. (d) and (e) Cotyledon explants of WT (left)
and tdc-1 (right) in photoperiod conditions (up)
and darkness (down) on TSIM (d) and cimdm
(e) culture media. Note that, irrespective of
environmental conditions no callus was formed
on TSIM while cell proliferation was observed
on CIMY™, (f) The root of tdc-1 (down) and WT
(up) seedlings developed similarly. (g) No dif-
ferences were detected in the aerial part and
adventitious root system of tdc-1 axenic plants
(down) and WT (up). (h) Hypocotyl segments of
tdc-1 (down) and WT (up) sown on ERM me-
dium developed an equivalent adventitious root
system. (i) Seeds of mature red fruits of tdc-1
mutant (right) germinated precociously within

independent experiments, the mutant was named tdc-1 (tomato defective
in callus proliferation 1). The evolution of wild-type and tdc-1 cotyledon
segments in the TSIM culture medium was monitored throughout the
incubation period and compared to that of WT (Fig. 1b). At two days of
incubation, there were almost no symptoms of anthocyanin accumula-
tion in the adaxial side of tdc-1 cotyledon segments and just a slight
change of color on the abaxial side. At four days, wound reaction
symptoms were seen in the proximal zone of tdc-1 explants but, in
contrast to the WT explants, cell proliferation stopped. At nine-ten days,
the tdc-1 cotyledon explants began to acquire a yellowish color on the
adaxial side and a whitish color in the abaxial. After fifteen-sixteen days
of incubation, the callosity of the proximal zone turned brown and
necrotic areas began to appear on the surface of the tdc-1 explants. A
similar evolution was observed when monitoring leaf explants on TSIM
culture medium. Neither anthocyanin accumulation nor callus forma-
tion was observed and, as happened with cotyledon explants, the adaxial
side of the leaf segments turned yellow and the abaxial acquired a
whitish color (not shown).

To overcome the lack of ability of tdc-1 explants to proliferate and
give rise to a callus several culture media were assayed. Despite TSIM
medium being relatively rich in auxin (22,5 pM IAA) and cytokinins (19
pM K and 4,5 pM Z), we doubled the concentration of each growth
regulator as well as that of all of them together (Supplementary Table 1).

the fruit (blue arrow) and showed necrotic
symptoms (pink arrow) in the external seed
integument. (j) Seeds from immature green
fruits of tdc-1 mutant (right) did not show
necrotic symptoms. Scale bars: 0,5 cm (a-e), 1
cm (f-j). (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)

No callus formation was observed in these modified TSIM culture media
which suggested that the problem of tdc-1 explants is not related to a
deficiency in the concentration but to the lack of response to these
growth regulators. For this reason, we subsequently assayed different
types and combinations of other growth regulators and found that by
incubating tdc-1 cotyledon explants in darkness in a culture medium
supplemented with 4,5 yM 2,4-D, 11 pM NAA and 4,5 pM BAP (hence-
forth named CIMY™; callus inducing medium in defective tomato mutants)
the cell proliferation continued; and also that, despite a lower growth
rate than that of WT explants, those of tdc-1 mutants were able to give
rise to a disorganized callus (Fig. 2¢). In a subsequent experiment tdc-1
cotyledon explants were sown in TSIM and CIMY™ culture media under
two growth conditions (photoperiod and darkness). Results showed that
irrespective of environmental conditions no callus was formed on TSIM
(Fig. 2d) while cell proliferation was observed on CIM%™ culture me-
dium (Fig. 2e). Overall, results indicated that the capacity for cell pro-
liferation and callus formation in tdc-1 explants depends on the type of
growth regulators in the culture medium.

The development of the root system in tdc-1 mutant plants was
carefully studied, as previous reports in Arabidopsis suggested that the
ectopic activation of a lateral root development program is a common
mechanism in callus formation from multiple organs [5,6]. Results
showed a similar seedling root development in tdc-1 and WT. (Fig. 2f). In



J. Sanchez-Lopez et al.

the same way, no differences in adventitious root development were
observed from shoot apexes cultivated on basal culture medium
(Fig. 2g), or in hypocotyl segments sown on the same medium supple-
mented with 22,5 pM TAA (Fig. 2h). Thus, in the tdc-1 tomato mutant the
deficiency in callus formation is not linked to any abnormal develop-
ment of either seedling root or adventitious root system.

The vegetative development of the aerial part of tdc-1 plants grown in
vitro (Fig. 2g) was similar to that of WT plants and the same happened in
greenhouse-grown plants (not shown). As regards reproductive devel-
opment, despite the lack of statistical differences in ovary width (2.06 +
0,18 mm in tdc1 versus 1,96 + 0.08 mm in WT) and length (2.01 £+ 0.15
mm in tdc-1 versus 1.90 4 0.10 mm in WT), the mutant fruits showed a
lower size (4.35 + 0.12 cm in tdc1 versus 7.08 &+ 0.09 cm in WT; Fig. 2i).
Nevertheless, the most distinctive aspect was related to the tdc-1 seeds as
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they germinated precociously within mature-red fruits and showed
senescence or oxidation symptoms in the external seed integument
(Fig. 2i). This abnormal development of mutant seeds might explain the
segregation distortion (i.e. lower number of mutant plants than ex-
pected) in the genetic analysis mentioned above (Supplementary
Table 3). The viviparous behavior of homozygous seeds for the mutant
allele, which could perhaps be related to an alteration in the synthesis/
perception of ABA, was a real problem since they could not be stored and
used for further trials. We tried to address this problem using seeds from
fruits in the mature-green stage but they already showed necrotic
symptoms. Fortunately, seeds from immature-green fruits did not show
such symptoms (Fig. 2j) and were able to germinate in a basal medium
supplemented with 5 pM IBA (SRM medium).

Fig. 3. Characterization of tomato mutants
tdb-1 and tdb-2 defective in bud differentia-
tion. (a) and (b) No adventitious buds were
differentiated in cotyledon-derived callus of
tdb-1 (a) and tdb-2 explants (b) cultivated on
TSIM culture medium. (c) tdb-1 mutant plants
grown on basal medium (right) showed a lower
development than WT (left). (d) tdb-2 mutant
plants showed a lower development in vitro as
well as an abnormal development of the shoot
apical meristem (see close-up); (e) and (f) tdb-2
mutant plants showed a lower root develop-
ment, though the architecture of seedling root
(e) and adventitious root system (f) was unaf-
fected. () tdb-2 mutant plants were able to get
over the acclimatization ex vitro, but after one-
two months in the greenhouse leaves experi-

enced a senescence process and the plant
collapsed. Scale bars: 0,5 cm (a-b), 1 cm (c-f),
0,1 mm (meristems in d), 5 cm (g).
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3.4. Characterization of tomato mutants altered in adventitious shoot-bud
differentiation

Three mutants capable of forming calli in TSIM culture medium but
defective in adventitious shoot-bud differentiation (tdb-1, -2, -3) were
characterized. Calli that proliferated from tdb-1 and tdb2 cotyledon ex-
plants were not able to differentiate adventitious buds in the usual in-
cubation period (Fig. 3a,b) nor in longer culture periods (not shown).
Both mutants were similar in the behavior of the root system but differed
in the development of the aerial part. Root growth was slower in tdb-1
and tdb-2 though the architecture of the seedling root and adventitious
root system was unaffected (Fig. 3c—f). The aerial part of tdb-1 also
showed slower growth in vitro (Fig. 3c). After acclimatization in the
greenhouse tdb-1 plants developed normal leaves but grew slowly and
produced smaller fruits. In contrast, tdb-2 plants showed abnormal
development of the shoot apical meristem (Fig. 3d) and, despite being
able to survive the acclimatization ex vitro, after one or two months in
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the greenhouse leaves experienced a senescent process and some plants
collapsed (Fig. 3g).

Cotyledon explants of tdb-3 proliferated normally in TSIM culture
medium, although no adventitious buds were differentiated (Fig. 4a).
Mutant tdb-3 plants grown in vitro exhibited similar behavior to WT and
the same was observed during the first 30-45 days after acclimatization
in the greenhouse. However, from the second month onwards, tdb-3
greenhouse-grown plants showed severe changes in vegetative charac-
teristics, including increased internode distance and reduced axillary
branching (Fig. 4b), and leaves with an ungainly aspect and almost no
serrate margins in lateral leaflets (Fig. 4c). Mutant tdb-3 plants also
showed profound changes in reproductive traits, such as an anomalous
development of anthers and style (Fig. 4d), different inflorescence ar-
chitecture (Fig. 4e), enlarged and curved sepals (see close-up in Fig. 4e)
and smaller and seedless fruits (Fig. 4f).

Fig. 4. Characterization of the tomato mutant tdb-3 defective in bud differentiation. (a) Cotyledon-derived calli of tdb3 did not develop adventitious shoot-buds
on TSIM medium. (b) From the second month onwards, tdb-3 plants showed severe changes in vegetative traits, such as increased internode distance and reduced
axillary branching. (c) tdb-3 mature leaves showed an ungainly aspect and almost no serrate margins in lateral leaflets (c). (d) tdb-3 flowers exhibited an anomalous
development of anthers and style. (e) tdb-3 plants showed a different inflorescence architecture and the immature fruits kept enlarged and curved sepals (close-up).
(e) Smaller and seedless mature fruits were developed in tdb-3 plants. Scale bars: 0,5 cm (a), 10 cm (b), 3 cm (c and e), 2 mm (d), 1 cm (f).
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3.5. Characterization of a tomato mutant defective in the development of
adventitious shoots

About a quarter of the cotyledon explants of the T-DNA line 1311-
etmm cultivated in TSIM culture medium gave rise to calluses and
differentiated adventitious buds but did not develop normal shoots.
Unlike the WT explants only leaves or abnormal shoots were developed
(Fig. 5a). We tried to restore the development of these organogenetic
structures by lengthening the incubation period (45-50 days) and
repeated subculture with no success. Similarly by transferring
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organogenetic calli to elongation or rooting culture media only leaves or
abnormal shoots were developed, even when extending the incubation
periods (Fig. 5b,c). Experiments were repeated not only with cotyledon
but also with hypocotyl explants and just one sporadic normal shoot was
obtained. In accordance with its behavior the mutant was thenceforth
named tomato defective in shoot development-1 (tds-1). To find out the
reason for the abnormal development of organogenic structures, histo-
logical analyses were performed. Unlike wild-type organogenic calli, in
which buds become shoots with a distinguishable shoot apical meristem
(Fig. 5d), nodular areas containing great numbers of cells, segmented

Fig. 5. Characterization of the tomato
mutant tds-1 defective in shoot-bud devel-
opment. (a) Unlike WT (left) only leaves or
abnormal shoots were developed in cotyledon
tds-1 explants (center and right). The black ar-
rows point to meristem-like structures in the
petioles of abnormal leaves that are not able to
give rise to normal adventitious shoots. (b) and
(c) No shoots were obtained by transferring tds-

1 organogenetic calli to elongation (b) or root-
ing (c) culture media even with long incubation
periods. (d) Organization of a normal shoot
adventitious meristem in WT. (e, f) tds-1 calli
develop nodular areas containing great number
of cells that resemble those forming adventi-
tious buds, segmented growth zones, modified
leaves and abnormal shoots. Scale bars: 0,2 cm
(a), 1 cm (b, ¢), 250 pm in (d, e, ).
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growth zones, modified leaves and abnormal shoots appeared in tds-1
calluses (Fig. 5e—f).

Interestingly, despite the wide range of abnormalities in the devel-
opment of adventitious shoot-buds, tds-1 mutant plants had normal
development. The architecture of the aerial part of the mutant plant
cultivated in vitro was identical to that of WT (Supplementary Fig. 1a).
Root development from seedlings was similar to that of WT (Supple-
mentary Fig. 1b) and the same happened with the development of
adventitious roots from both shoot apexes cultivated in a basal culture
medium (Supplementary Fig. 1c) and cotyledon explants incubated in
the same medium supplemented with 22,5 pM IAA (Supplementary
Fig. 1d). Similarly, the vegetative and reproductive traits of tds-1 plants
cultivated in the greenhouse were indistinguishable from those of WT
plants (Supplementary Fig. 1le). All together results show that the gene
altered in the tds-1 mutant plays a specific role in the organization of
adventitious shoot meristems.

3.6. Co-segregation analysis

Compared to other mutant-based approaches, one of the advantages
of insertional mutagenesis is that T-DNA can tag an endogenous gene,
which would facilitate its identification [38]. However, since our
collection of tomato T-DNA lines was generated by Agro-
bacterium-mediated transformation, it is expected that the phenotype of
some mutants is due to somaclonal variation [39]. In the first case, the
identification of the altered gene in the mutant can be achieved using
Anchor-PCR [31], while in the second case the use of NGS sequencing
methods is required [40]. For this reason, before deciding the best
approach to address the cloning of the altered gene, it is necessary to
determine whether there is an association between the mutant pheno-
type and a T-DNA insert. Co-segregation analysis in tomato mutants
defective in different phases of adventitious organogenesis was per-
formed in vitro by studying the association between the mutant pheno-
type and the expression of the nptll marker gene, as this method proved
to be reliable in previous studies with other mutants [29]. In the case of
tdc-1, tdb-1, tdb-2 and tds-1, the detection of mutant seedlings sensitive
to kanamycin showed an absence of co-segregation. By contrast, the
analysis of 76 plants of the T1 progeny of the mutant tdb-3 indicated the
existence of co-segregation with a probability higher than 99 %
(Table 2).

3.7. Identification of a gene involved in adventitious shoot-bud
differentiation in tomato

So as to isolate the gene harbouring tdb-3 mutation, anchor-PCR
assays were performed to clone the genomic regions flanking the T-
DNA insertion site. Results revealed that T-DNA integration was located

Table 2
Co-segregation analysis between phenotype and a T-DNA insert with a func-
tional nptil gene in mutants defective in adventitious organogenesis.

Observed segregation * Phenotype-nptll

association "

Mutant ~ WT - WT - M- M - Total
R S R S
tdc-1 66 18 10 5 99 No co-segregation
tdb-1 35 7 7 2 51 No co-segregation
tdb-2 36 10 4 2 52 No co-segregation
tdb-3 44 15 17 0 76 Co-segregation (P > 99
%)
tds-1 34 11 9 3 57 No co-segregation

@ WT: wild-type phenotype; M: mutant phenotype; R: kanamycin resistant; S:
kanamycin sensitive.

b The way to carry out the co-segregation analysis to reach a significant
conclusion in statistical terms (probability > 99 %) is indicated in Section 2.4. of
Material and Methods.
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on chromosome 2, at position 39,865,245 bp (ITAG4.0), in the promoter
region of two adjacent genes transcribed in opposite direction, one of
which encodes an abscisic acid receptor homologous to the Arabidopsis
PYL6 (SIPYL6, Solyc02 g076770), and the other one a mitogen-activated
protein kinase kinase kinase (Solyc02 g076780) previously designated as
SIMAPKKK17 [41]. More precisely, the T-DNA was inserted 1978 bp
upstream of the translation start codon of the SIPYL6 receptor, and 1716
bp upstream of the 5'-untranslated region of the SIMAPKKK17 gene
(Fig. 6a). Characterization of this insertional mutation revealed a com-
plex T-DNA integration pattern. Thus, two copies of T-DNA in a tandem
inverted orientation separated by 9768 bp of the pD991 vector backbone
were inserted in the tdb-3 mutant (Fig. 6a). To support the insertional
nature of the tdb-3 phenotype, an additional co-segregation analysis was
performed by PCR in 48 plants of the T2 progeny using allele-specific
primers designed from both the T-DNA and the genomic flanking se-
quences tagged in the tdb-3 mutant (Supplementary Table 2). The results
showed that all mutant plants carried T-DNA insertion in the homozy-
gous state, whereas wild plants were hemizygous for insertion or did not
carry T-DNA (Fig. 6b), supporting the conclusion that the tdb-3 pheno-
type was caused by the T-DNA integration.

The effects of the T-DNA insertion on gene expression were deter-
mined by qRT-PCR assays, which showed a significant downregulation
of the SIMAPKKK17 gene in tdb-3 tissues compared with wild-type tis-
sues (Fig. 6¢). However, transcripts of the SIPYL6 gene were not detected
in either the wild-type or mutant plant tissues analyzed here (Supple-
mentary Fig. 2), suggesting that SIPYL6 might be a pseudogene in
tomato.

As the T-DNA of the enhancer trap binary vector pD991 contains
close to the right border (RB) a minimal promoter fused to the uidA gene,
a histochemical GUS assay was performed assuming that the GUS
expression is due to the activity of endogenous regulatory elements that
promote gene reporter transcription. Since the insertional mutation is a
tandem insert in inverted orientation with the RB of each T-DNA ori-
ented toward plant genomic DNA, the observed GUS expression pattern
might be explained by regulatory elements of both SIMAPKKK17 and
SIPYL6 genes. However, qRT-PCR analysis did not detect transcripts for
SIPYL6, which suggests that SIMAPKKK17 regulatory elements should
presumably be responsible for the tissue specificity of GUS gene
expression. Strong and reproducible GUS staining was detected in
vegetative organs of the mutant, such as stem, rachis and leaf blade
(Supplementary Fig. 3a) in which we had previously observed pheno-
typic changes (see Fig. 4). Regarding adventitious organogenesis, since
the cotyledons of the mutant are unable to differentiate shoot-buds and
the expression of the reporter gene is dominant, we carried out some
preliminary analyses not on homozygous (mutant phenotype), but
hemizygous (wild type, kanamycin resistant) seedlings. In this way, we
were able to verify that the reporter gene is expressed in adventitious
shoot-buds (Supplementary Fig. 3b). Further analyses to determine the
temporal expression pattern of the tagged gene showed that it is not
expressed in the phase of callus proliferation, but only from the moment
when the differentiation of adventitious buds begins (Supplementary
Fig. 3c). Overall, the results showed a close association between the GUS
expression pattern and the phenotype of the tdb-3 mutant.

By using an interference RNA approach, six RNAi lines for the SIPYL6
gene and ten for the SIMAPKKK17 gene were obtained. As expected, all
six RNAI lines for the SIPYL6 gene showed WT phenotype, providing
further evidence that this is not the gene responsible for the traits of the
tdb-3 mutant. By contrast, of the ten RNAI lines for the SIMAPKKK17
gene, two showed a WT phenotype (RNAI-3 and -5), seven showed some
traits resembling the mutant but not as extreme (RNAi-1, -2, 4, -6, -11,
13, and -16) (Supplementary Fig. 4a), and the last one (RNAi-17) a
phenotype almost identical to that of the tdb-3 mutant (Supplementary
Fig. 4b-c). The evaluation of the morphogenetic response in cotyledons
from kanamycin resistant seedlings of TO progenies of RNAi lines
showed a decrease in the frequency of regeneration, although significant
differences were only found in two lines with very low levels of gene
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Fig. 6. Molecular characterization of the tdb-3 mutant. (a) Genomic organization of the Solyc02 g076770 (SIPYL6) and Solyc02 g076780 (SIMAPKKK17) genes
and the localization of the two copies of T-DNA in a tandem inverted orientation separated by a fragment of the pD991 vector backbone in the tdb-3 mutant. Coding
sequences and untranslated regions (UTR) are depicted as black and white boxes, respectively. SIMAPKKK17 introns are shown as a bold grey line. Transcription start
sites are indicated as arrows. (b) Co-segregation analysis of the T-DNA insertion and the tdb-3 mutant phenotype in T1 and 16 plants of the T2 population. T2 plants
heterozygous (3, 7, 8,10, 11, 12, 13, 14 and 16) and homozygous for the wild-type (WT) allele (2, 4, 5 and 9) showed WT phenotype, while T2 plants homozygous for
the mutant (mut) allele (1, 6 and 15) displayed tdb-3 phenotype. (c) qRT-PCR assay for SIMAPKKK17 gene. Asterisk denotes significant differences (Student’s t-test, P

< 0.05).

expression (RNAi- 6 and -16) (Supplementary Fig. 4d—e). In the case of
the RNAi-17 line, which had the lowest level of gene expression, it was
not possible to evaluate the morphogenetic response in cotyledons of TO
progeny since, as with the tdb-3 mutant, it developed abnormal flowers
and seedless fruits. However, experiments with leaf explants from the
original TO plant showed an absence of regeneration (Supplementary
Fig. 4f). Overall, the results suggest that the inability to differentiate
adventitious shoot-buds in tdb-3 explants is due to downregulation of the
SIMAPKKK17 gene caused by the integration of T-DNA in an upstream
regulatory region.

4. Discussion

To tackle the genetic dissection of the indirect organogenesis process
in the tomato we are conducting systematic screening of a collection of
T-DNA lines generated in our laboratory. The scrutiny of T1 progenies
from these T-DNA lines allowed us to discover several tomato mutants
impaired in different phases of the organogenetic process: callus for-
mation (tdc-1), shoot-bud differentiation (tdb-1, -2, -3) and shoot-bud
development (tds-1). The availability of these mutants may be particu-
larly valuable to perform the molecular dissection of the organogenetic
process in the tomato.

Cotyledon and leaf explants of the tomato mutant tdc-1 failed to
proliferate and give rise to a callus on TSIM culture medium. Interest-
ingly the vegetative development of the tdc-1 mutant plants was indis-
tinguishable from that of WT plants both in vitro and in vivo, indicating
that tdc-1 mutation does not affect fundamental aspects of cell growth in
planta but its effect is just restricted to the process of cell proliferation
from cut zones of explants. It is worth mentioning that the lack of cell
proliferation from the cut areas of explants is not absolute as, after a
systematic search, we found a culture medium (CIMd"“) with a different
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combination of growth regulators in which the tdc-1 explants were able
to proliferate and form a callus. Thus, results indicate that the alteration
in the TDC-1 gene (most probably loss-of-function) blocks cell division in
a culture medium with IAA, K and Z (TSIM) but does not in a culture
medium with 2,4-D, NAA and BAP (CIMdt). The influence of different
types and combinations of growth regulators on the cultural and
morphogenetic response of explants is well established in plant tissue
culture but the knowledge of how the cells perceive and respond to them
is still fragmentary. It is to be expected that further studies with the tdc-1
mutant should shed light on the matter and that the identification of the
TDC-1 gene will unravel a key regulator providing competence for the
process of shoot-bud differentiation.

Several lines of evidence suggested that callus induction and lateral
root primordium initiation are somehow linked in Arabidopsis [5,6,42].
It has also been reported a difference in cell proliferation driving to root
or shoot development in tomato, marked by a different time course and a
different expression of the LESK1 gene [22]. Taking into account these
previous reports we carefully analyzed root development in the tdc-1
tomato mutant, but were unable to find any abnormality in either the
primary and lateral root development from seedlings, or in adventitious
root development from shoot apexes cultivated in basal medium, or
hypocotyl explants sown in the same medium supplemented with 22,5
pM of IAA. Together our results indicate that in the tomato the
connection between callus induction and lateral root development is not
so obvious as it apparently is in Arabidopsis.

Root explants from the shoot meristemless-1 mutant of Arabidopsis
formed calli and green nodules when transferred from callus- to shoot-
inducing medium but developed only leaves or abnormal shoots [43].
Besides, the anatomy of stm-1 embryos indicated that the stm-1 mutation
completely blocked the initiation of the shoot apical meristem (SAM).
The failure of shoot meristemless calli to regenerate shoots in tissue
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culture and the lack of a normal SAM in seedlings suggested that the
gene encoded by the STM locus, a member of the KNOTTED class, reg-
ulates adventitious shoot meristem formation, as well as embryonic SAM
formation [44]. The tomato defective in shoot developmentl (tds-1)
behaved like the Arabidopsis stm-1 mutant in tissue culture conditions.
Cotyledon and hypocotyl explants from tds-1 seedlings were able to form
calli and differentiated buds but they did not develop normal shoots.
Instead, leaves or abnormal shoots were developed in TSIM or upon
transference to an elongation culture medium. Histological analysis of
tds-1 callus indicated that the abnormal development of adventitious
structures is due to the failure in the organization of a normal adventi-
tious shoot meristem. However, it’s worth pointing out that tds-1 mutant
plants cultivated in vitro showed no phenotypical alteration in the aerial
part or the radical system; and similarly, when cultivated in the green-
house there were no appreciable differences in vegetative and repro-
ductive traits to those of WT plants. Thus, results indicate that unlike the
Arabidopsis STM gene, which regulates the formation of both adventi-
tious and embryonic shoot meristems, the tomato TDS-1 gene plays a
specific role in the organization of adventitious shoot meristems.

As occurs with the cotyledon explants of tomato mutants defective in
shoot-bud differentiation (tdb-1, tdb-2, tdb-3), the root explants of three
temperature-sensitive mutants of Arabidopsis (shoot redifferentiation
defective; srd-1, srd-2, srd-3) are able to give rise to a callus, but are
affected in the organogenic response [45,46]. Despite this similarity, tdb
and srd mutants differ in all other characteristics both in vitro and in
planta. As regards their behavior in vitro, the lack of ability for shoot-bud
differentiation in tdb tomato mutants is manifested in normal growth
conditions for wild-type explants, whilst shoot differentiation in srd
Arabidopsis mutants is only impaired in restrictive temperature (27 °C)
but not in permissive (22 °C). Regarding phenotypical traits in planta, no
major aberrations were found in srd mutant plants grown on soil at
permissive temperature. Exposure to the restrictive temperature inter-
fered with the growth of srd1 and srd3 only when seedlings were exposed
to 27 °C during the first 7 days after sowing, otherwise srd mutant plants
appeared almost normal in morphology even at the restrictive temper-
ature [45,46]. Unlike srd Arabidopsis mutants, the tdb tomato mutants
displayed a wide spectrum of anomalous phenotypes, especially when
plants were grown in greenhouse conditions: e.g. lower development
(tdb-1), slow growth and further collapse (tdb-2), and several alterations
in vegetative and reproductive development (tdb-3).

Cosegregation analysis revealed the insertional nature of the tdb-3
mutant. Anchor-PCR assays showed that T-DNA was located in the up-
stream regulatory regions of two adjacent genes transcribed in opposite
direction, encoding an ABA receptor homologous to the Arabidopsis
PYL6 (SIPYL6), and a MAPKKK previously designated as SIMAPKKK17
[41]. Expression analysis by qRT-PCR showed that the SIMAPKKK17
gene was significantly down-regulated in tdb-3 tissues. By contrast
expression of the SIPYL6 gene was not detected in both the wild-type and
mutant tissues analyzed, suggesting that SIPYL6 might be a pseudogene
in tomato. Some pseudogenes have recently been described as per-
forming regulatory functions in plants [47,48], and so it cannot be
excluded that SIPYL6 may have some role of this nature. However, the
results we have obtained indicate that down-regulation of the
SIMAPKKK17 gene is the most likely cause of the phenotypic changes
observed in the tdb-3 mutant both in vivo and in vitro.

Mitogen-activated protein kinase (MAPK) cascades are universal
signal transduction modules in plants. These proteins mediate the
intracellular transmission of extracellular stimuli, resulting in the in-
duction of cellular responses. Plant MAPK cascades are thought to play
an important role in abiotic- and biotic-stress responses [49-51], hor-
mone responses [52], the maintenance of the shoot apical meristem [53,
54] and in several other aspects of plant growth and development,
[55-57]. Genomic analysis has shown that the tomato genome contains
17 MPK, 5 MPKK and 89 MAPKKK genes [52]. Despite their biological
significance, very little is known about the functions of tomato MAPK. In
this regard, it is worth mentioning that the comparison of some studies
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on Arabidopsis MAPK and the data we have obtained in the character-
ization of greenhouse-grown plants of both the tomato tdb3 mutant and
the RNAI lines in which SIMAPKKK17 was downregulated suggest some
putative functions of this gene. For example, the total sterility of the tdb3
mutant could be related to the functions of the Arabidopsis MAPK3 and
MAPKG6 kinases in the development of the ovule [58] and the anther
[59]. The plants of the tdb-3 mutant have very long internodes and less
lateral branching, which could be related to an alteration in the syn-
thesis/perception of gibberellins. Alternatively, it has been reported that
the MKK7-MAPK6 cascade regulates shoot branching in Arabidopsis
[60] and, depending on the phenotype of the tdb-3 mutant, it cannot be
ruled out that SIMAPKKK17 could fulfill some related function in to-
mato. It has also been noted that two Arabidopsis MAPK cascades,
MKK9-MPK6 [61] and MAPKKK17/18-MKK3-MPK1/2/7/14 [62,63]
play a role in leaf senescence. Plants from the tdb-3 mutant and RNAi
lines exhibit changes in leaf development, yet these changes do not
affect senescence but leaf architecture, suggesting that SIMAPKKK17
plays a different role in tomato.

It has been reported that the expression level of MAPK change
significantly in response to hormone treatments [41], implying that
some mitogen-activated protein kinases could act as intermediaries for
the organogenic response in explant cells through the transduction of
signals from an adequate combination of growth regulators and other
components of the culture medium. In this regard, it is worth
mentioning that LESK1, a gene encoding a putative serine/threonine
kinase, which is located on a different chromosome than SIMAPKKK17,
was proposed as a marker of the competence phase of organogenic
response in hypocotyl and cotyledon explants of tomato [22,23]. As far
as we know, no functional analysis of this gene has been reported but
these interesting results point to the involvement of some of these pro-
teins in the organogenic response in tomato tissue cultures.

In a similar way to LESK1, SIMAPKKK17 may play a role in the
acquisition of cellular competence for the organogenic response of to-
mato explants. However, it is also possible that SIMAPKKK17 is involved
in the organization and/or maintenance of adventitious meristems. In
this regard it has been recently noted that MPK3 and MPK6 are required
for stem cell maintenance of the shoot apical meristem in Arabidopsis
[53] and that the MKK7-MPK6 MAP kinase module is a regulator of
meristem quiescence or active growth in the same model species [54]. It
is therefore possible that the downregulation of the SIMAPKKK17 gene
interferes with the maintenance of adventitious meristems in tomato
explants which would prevent the normal development of shoot-buds. In
support of this hypothesis, expression analyses of the uidA reporter
carried by the enhancer trap revealed that the SIMAPKKK17 gene is not
expressed during the callus formation phase but coincides with the
appearance of glomerular zones that will later lead to the differentiation
of adventitious buds. In vitro studies with explants of RNAi lines of in-
termediate phenotype merely showed a decrease in the frequency of
regeneration with respect to WT explants, possibly due to an insufficient
level of gene silencing. However, in the three RNAi lines with the highest
degree of gene silencing, a significant decrease in the frequency of
regeneration or even a lack of morphogenetic response was observed.
These results suggest that the frequency of morphogenetic response
could be determined by a threshold of expression of the SIMAPKKK17
gene. Overall, our results show that the SIMAPKKK17 gene seems to play
an essential role in the organogenic response in tomato explants, most
probably in the competence phase or at the beginning of the adventi-
tious shoot-bud differentiation process.

Funding

Vicente Moreno and Rafael Lozano thank the Ministry of Science and
Innovation (State Innovation Agency) for granting the projects PID2019-
110833RB-C32 and PID2019-110833RB-C31. Benito Pineda’s work in
the context of this article has been funded by ’Aid for First Research
Projects (PAID-06-18)" by the Vicerrectorado de Investigacion,



J. Sanchez-Lopez et al.

Innovacién y Transferencia de la Universitat Politecnica de Valencia
(UPV), Valencia, Spain’. The PhD fellowship for Jorge Sdnchez-Lopez
and Marybel Jaquez-Gutiérrez were funded by the Universidad de
Sinaloa and the CONACYT of México.

CRediT authorship contribution statement

Jorge Sanchez-Lopez: Investigation. Alejandro Atarés: Conceptu-
alization, Investigation, Formal analysis, Writing - review & editing.
Marybel Jaquez-Gutiérrez: Investigation, Formal analysis. Ana Ortiz-
Atienza: Investigation, Formal analysis. Carmen Capel: Investigation.
Benito Pineda: Conceptualization, Investigation, Formal analysis,
Writing - review & editing. Begona Garcia-Sogo: Investigation. Fer-
nando J. Yuste-Lisbona: Conceptualization, Investigation, Formal
analysis, Writing - review & editing. Rafael Lozano: Conceptualization,
Formal analysis, Writing - review & editing. Vicente Moreno:
Conceptualization, Formal analysis, Writing - original draft, Writing -
review & editing.

Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgements

The authors thank David Harry Rhead for reviewing the manuscript
in the English language. The authors also thank Jestis Romero Rubio for
technical support.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.plantsci.2020.110721.

References
[1] R.J. Gautheret, Factors Affecting Differentiation of Plant Tissues Grown in Vitro,

Cell Differentiation and Morphogenesis, North Holland, Amsterdam, 1966.

M.L. Christianson, D.A. Wamick, Competence and determination in the process of

in vitro shoot organogenesis, Dev. Biol. 95 (1983) 288-293.

M.L. Christianson, D.A. Wamick, Phenocritical times in the process of in vitro shoot

organogenesis, Dev. Biol. 101 (1984) 382-390.

M.L. Christianson, D.A. Wamick, Temporal requirements for phytohormone

balance in the control of organogenesis in vitro, Dev. Biol. 112 (1985) 494-497.

R. Atta, L. Laurens, E. Boucheron-Dubuisson, A. Guivarc’h, E. Carnero, V. Giraudat-

Pautot, P. Rech, D. Chriqui, Pluripotency of Arabidopsis xylem pericycle underlies

shoot regeneration from root and hypocotyl explants grown in vitro, Plant J. 57

(2009) 626-644.

K. Sugimoto, Y. Jiao, E.M. Meyerowitz, Arabidopsis regeneration from multiple

tissues occurs via a root development pathway, Dev. Cell 18 (2010) 463-471.

M. Koornneef, C. Hanhart, M. Jongsma, I. Toma, R. Weide, P. Zabel, J. Hille,

Breeding of a tomato genotype readily accessible to genetic manipulation, Plant

Sci. 45 (1986) 201-208.

P.S. Jourdan, E.D. Earle, Genotypic variability in the frequency of plant

regeneration from leaf protoplasts of four Brassica spp. and of Raphanus sativus,

J. Am. Soc. Hortic. Sci. 114 (1989) 343-349.

F. Skoog, C.O. Miller, Chemical regulation of growth and organ formation in plant

tissues cultured in vitro, Symp. Soc. Exp. Biol. 54 (1957) 118-130.

H. Satoh, T. Takashina, A. Escalante, H. Egashira, S. Imanishi, Molecular markers

mapped around the high shoot regeneration capacity gene Rg-2 in Lycopersicum

chilense, Breed. Sci. 50 (2000) 251-256.

M. Koornneef, J. Bade, C. Hanhart, K. Horsman, J. Sche, W. Soppe, R. Verkerk,

P. Zabel, Characterization and mapping of a gene controlling shoot regeneration in

tomato, Plant J. 3 (1993) 131-141.

A. Nishimura, M. Ashikari, S. Lin, T. Takashi, E.R. Angeles, T. Yamamoto,

M. Matsuoka, Isolation of a rice regeneration quantitative trait loci gene and its

application to transformation systems, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)

11940-11944.

C. Trujillo-Moya, C. Gisbert, S. Vilanova, F. Nuez, Localization of QTLs for in vitro

plant regeneration in tomato, BMC Plant Biol. 11 (2011) 140.

M. Koornneef, C.J. Hanhart, L. Martinelli, A genetic analysis of cell culture traits in

tomato, Theor. Appl. Genet. 74 (1987) 633-641.

E. Taylor, E. Veilleux, Inheritance of competencies for leaf disc regeneration,

anther culture, and protoplast culture in Solanum phureja and correlations among

them, Plant Cell Tissue Organ Cult. 31 (1992) 95-103.

[2]
[3]
[4]

[5]

(6]

[71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

13

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Plant Science 302 (2021) 110721

R.K. Birhman, G. Laublin, M. Cappadocia, Genetic control of in vitro shoot
regeneration from leaf explants in Solanum chacoense Bitt, Theor. Appl. Genet. 88
(1994) 535-540.

J.E. Lima, R.F. Carvalho, A.T. Neto, A. Figueira, L.E.P. Peres, Micro-MsK: a tomato
genotype with miniature size, short life cycle, and improved in vitro shoot
regeneration, Plant Sci. 167 (2004) 753-757.

R.T. de Faria, D. Destro, J.C. Bespalhok, R.D. Illg, Introgression of in vitro
regeneration capability of Lycopersicon pimpinellifolium Mill. into recalcitrant
tomato cultivars, Euphytica 124 (2002) 59-63.

F.N. Arikita, M.S. Azevedo, D.C. Scottona, M.S. Pintoa, A. Figueira, L.E.P. Peres,
Novel natural genetic variation controlling the competence to form adventitious
roots and shoots from the tomato wild relative Solanum pennellii, Plant Sci.
199-200 (2013) 121-130.

K. Belhaj, A. Chaparro-Garcia, S. Kamoun, N.J. Patron, V. Nekrasov, Editing plant
genomes with CRISPR/Cas9, Curr. Opin. Biotechnol. 32 (2015) 76-84.

E.S. Lander, The heroes of CRISPR, Cell 164 (2016) 18-28.

A. Torelli, E. Soragni, M. Borinato, C. Branca, The expression of LESK1
morphogenetic marker along the tomato hypocotyl axis is linked to a position-
dependent competence for shoot regeneration, Plant Sci. 166 (2004) 179-190.

A. Torelli, M. Borinato, E. Soragni, R. Bolpagni, C. Bottura, C. Branca, The delay in
hormonal treatment modulates the expression of LESK1, a gene encoding a
putative serine-threonine kinase, marker of in vitro caulogenesis in tomato
(Lycopersicon esculentum Mill.), Plant Sci. 167 (2004) 607-620.

P. Ellul, B. Garcia-Sogo, B. Pineda, G. Rios, L.A. Roig, V. Moreno, The ploidy level
of transgenic plants in Agrobacterium-mediated transformation of tomato
cotyledons (Lycopersicon esculentum L. Mill.) is genotype and procedure dependent,
Theor. Appl. Genet. 10 (2003) 231-238.

B. Pineda, E. Giménez-Caminero, B. Garcia-Sogo, M.T. Antén, A. Atarés, J. Capel,
R. Lozano, T. Angosto, V. Moreno, Genetic and physiological characterization of
the Arlequin insertional mutant reveals a key regulator of reproductive
development in tomato, Plant Cell Physiol. 51 (2010) 435-447.

L. Campisi, Y. Yang, Y. Yi, E. Heilig, B. Herman, A.J. Cassista, D.W. Allen, H. Xiang,
T. Jack, Generation of enhancer trap lines in Arabidopsis and characterization of
expression patterns in the inflorescence, Plant J. 17 (1999) 699-707.

T. Murashige, F. Skoog, A revised medium for rapid growth and bioassays with
tobacco tissue cultures, Physiol. Plant. 15 (1962) 473-497.

D.R. Hoagland, D.I. Arnon, The Water-Culture Method for Growing Plants Without
Soil, University of California, Agriculture Experimental Station, Berkeley, Circular,
1950, p. 347.

M. Jaquez-Gutiérrez, A. Atarés, B. Pineda, P. Angarita, C. Ribelles, B. Garcia-Sogo,
J. Sanchez-Lopez, C. Capel, F. Yuste-Lisbona, R. Lozano, V. Moreno, Phenotypic
and genetic characterization of tomato mutants provides new insights into leaf
development and its relationship to agronomic traits, BMC Plant Biol. 19 (2019)
141.

A. Atarés, E. Moyano, B. Morales, P. Schleicher, J.O. Garcia-Abellan, T. Antén,
B. Garcia-Sogo, F. Perez-Martin, R. Lozano, F.B. Flores, V. Moreno, M.C. Bolarin,
B. Pineda, An insertional mutagenesis programme with an enhancer trap for the
identification and tagging of genes involved in abiotic stress tolerance in the
tomato wild-related species Solanum pennellii, Plant Cell Rep. 30 (2011)
1865-1879.

F. Pérez-Martin, F.J. Yuste-Lisbona, B. Pineda, M.P. Angarita-Diaz, B. Garcia-Sogo,
T. Antén, S. Sanchez, E. Giménez, A. Atarés, A. Fernandez-Lozano, A. Ortiz-
Atienza, M. Garcia-Alcazar, L. Castaneda, R. Fonseca, C. Capel, G. Goergen,

J. Sanchez, J.L. Quispe, J. Capel, T. Angosto, V. Moreno, R. Lozano, A collection of
enhancer trap insertional mutants for functional genomics in tomato, Plant
Biotech. J. 15 (2017) 1439-1452.

F. Pérez-Martin, F.J. Yuste-Lisbona, B. Pineda, B. Garcia-Sogo, I.D. Olmo, J. de Dios
Alché, I. Egea, F.B. Flores, M. Pineiro, J.A. Jarillo, T. Angosto, J. Capel, V. Moreno,
R. Lozano, Developmental role of the tomato Mediator complex subunit MED18 in
pollen ontogeny, Plant J. 96 (2018) 300-315.

S.V. Wesley, C.A. Helliwell, N.A. Smith, M.B. Wang, D.T. Rouse, Q. Liu, P.

S. Gooding, S.P. Singh, D. Abbott, P.A. Stoutjesdijk, S.P. Robinson, A.P. Gleave, A.
G. Green, P.M. Waterhouse, Construct design for efficient, effective and high-
throughput gene silencing in plants, Plant J. 27 (2001) 581-590.

A.P. Gleave, A versatile binary vector system with a T-DNA organisational
structure conducive to efficient integration of cloned DNA into the plant genome,
Plant Mol. Biol. 20 (1992) 1203-1207.

C. Helliwell, P. Waterhouse, Constructs and methods for high-throughput gene
silencing in plants, Methods 30 (2003) 289-295.

F.J. Yuste-Lisbona, M. Quinet, A. Fernandez-Lozano, B. Pineda, V. Moreno,

T. Angosto, R. Lozano, Characterization of vegetative inflorescence (mc-vin) mutant
provides new insight into the role of MACROCALYX in regulating inflorescence
development of tomato, Sci. Rep. 6 (2016) 18796.

J. Winer, C.K. Jung, I. Shackel, P.M. Williams, Development and validation of real-
time quantitative reverse transcriptase-polymerase chain reaction for monitoring
gene expression in cardiac myocytes in vitro, Anal. Biochem. 270 (1999) 41-49.
J.M. Alonso, A.N. Stepanova, T.J. Leisse, C.J. Kim, H.M. Chen, P. Shinn, D.

K. Stevenson, J. Zimmerman, P. Barajas, R. Cheuk, C. Gadrinab, C. Heller, A. Jeske,
E. Koesema, C.C. Meyers, H. Parker, L. Prednis, Y. Ansari, N. Choy, H. Deen,

M. Geralt, N. Hazari, E. Hom, M. Karnes, C. Mulholland, R. Ndubaku, I. Schmidt,
P. Guzman, L. Aguilar-Henonin, M. Schmid, D. Weigel, D.E. Carter, T. Marchand,
E. Risseeuw, D. Brogden, A. Zeko, W.L. Crosby, C.C. Berry, J.R. Ecker, Genome-
wide insertional mutagenesis of Arabidopsis thaliana, Science 301 (2003) 653-657.
P.J. Larkin, W.R. Scowcroft, Somaclonal Variation - a novel source of variability
from cell cultures for plant improvement, Theor. Appl. Genet. 60 (1981) 197-214.


https://doi.org/10.1016/j.plantsci.2020.110721
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0005
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0005
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0010
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0010
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0015
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0015
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0020
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0020
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0030
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0030
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0045
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0045
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0050
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0050
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0050
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0065
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0065
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0070
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0070
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0075
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0075
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0075
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0085
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0085
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0085
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0100
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0100
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0105
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0135
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0135
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0175
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0175
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0195
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0195

J. Sanchez-Lopez et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

F.J. Yuste-Lisbona, A. Fernandez-Lozano, B. Pineda, S. Bretones, A. Ortiz-Atienza,
B. Garcia-Sogo, N.A. Miillerb, T. Angosto, J. Capel, V. Moreno, J.M. Jiménez-
Gomez, R. Lozano, ENO regulates tomato fruit size through the floral meristem
development network, Proc. Natl. Acad. Sci. U. S. A. 117 (2020) 8187-8195.

J. Wu, J. Wang, C. Pan, X. Guan, Y. Wang, S. Liu, Y. He, J. Chen, L. Chen, G. Lu,
Genome-wide identification of MAPKK and MAPKKK gene families in tomato and
transcriptional profiling analysis during development and stress response, PLoS
One 9 (2014), e103032.

A.J. Pulianmackal, A.V.K. Kareem, K. Durgaprasad, Z.B. Trivediand, K. Prasad,
Competence and regulatory interactions during regeneration in plants, Front. Plant
Sci. 5 (2014) 142.

M.K. Barton, R.S. Poethig, Formation of the shoot apical meristem in Arabidopsis
thaliana: an analysis of development in the wild type and in the shoot meristemless
mutant, Development 119 (1993) 823-831.

J.A. Long, E.J. Moan, J.I. Medford, M.K. Barton, A member of the KNOTTED class
of homeodomain proteins encoded by the STM gene of Arabidopsis, Nature 379
(1996) 66-69.

I. Yasutani, S. Ozawa, T. Nishida, M. Sugiyama, A. Komamine, Isolation of
temperature-sensitive mutants of Arabidopsis thaliana that are defective in the
redifferentiation of shoots, Plant Physiol. 105 (1994) 815-822.

S. Ozawa, I. Yasutani, H. Fukuda, A. Komamine, M. Sugiyama, Organogenic
responses in tissue culture of srd mutants of Arabidopsis thaliana, Development 125
(1998) 135-142.

J. Xie, Y. Li, X. Liu, Y. Zhao, B. Li, P.K. Ingvarsson, D. Zhang, Evolutionary origins
of pseudogenes and their association with regulatory sequences in plants, Plant
Cell 31 (2019) 563-578.

J. Xie, S. Chen, W. Xu, Y. Zhao, D. Zhang, Origination and function of plant
pseudogenes, Plant Signal. Behav. 14 (2019), 1625698.

Y. Kovtun, W.L. Chiu, G. Tena, J. Sheen, Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants, Proc. Natl. Acad. Sci.
U. S. A. 97 (2000) 2940-2945.

G.P. Miles, M.A. Samuel, Y. Zhang, B.E. Ellis, RNA interference-base (RNAi)
suppression of AtMPK6, an Arabidopsis mitogen-activated protein kinase, results in
hypersensitivity to ozone and misregulation of AtMPK3, Environ. Pollut. 138
(2005) 230-237.

G. Tena, M. Boudsocq, J. Sheen, Protein kinase signaling networks in plant innate
immunity, Curr. Opin. Plant Biol. 14 (2011) 519-529.

14

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Plant Science 302 (2021) 110721

P. Jagodzik, M. Tajdel-Zielinska, A. Ciesla, M. Marczak, A. Ludwikow, Mitogen-
activated protein kinase cascades in plant hormone signaling, Front. Plant Sci. 9
(2018) 1387, https://doi.org/10.3389/fpls.2018.01387.

H. Lee, Y.S. Jun, O.K. Cha, J. Sheen, Mitogen-activated protein kinases MPK3 and
MPK6 are required for stem cell maintenance in the Arabidopsis shoot apical
meristem, Plant Cell Rep. 38 (2019) 311-319.

R. Déczi, E. Hatzimasoura, S. Farahi Bilooei, Z. Ahmad, F.A. Ditengou, E. Lopez-
Juez, K. Palme, L. Bogre, The MKK7-MPK6 MAP kinase module is a regulator of
meristem quiescence or active growth in Arabidopsis, Front. Plant Sci. 10 (2019)
202, https://doi.org/10.3389/fpls.2019.00202.

MAPK Group, Mitogen-activated protein kinase cascades in plants: a new
nomenclature, Trend Plant Sci. 7 (2002) 301-308.

M.C. Rodriguez, M. Petersen, J. Mundy, Mitogen-activated protein kinase signaling
in plants, Annu. Rev. Plant Biol. 61 (2010) 621-649.

J. Xu, S. Zhang, Mitogen-activated protein kinase cascades in signaling plant
growth and development, Trends Plant Sci. 20 (2015) 56-64.

H. Wang, Y. Liu, K. Bruffett, J. Lee, G. Hause, J.C. Walker, S. Zhang, Halo-
insufficiency of MPK3 in MPK6 mutant background uncovers a novel function of
these two MAPKs in Arabidopsis ovule development, Plant Cell 20 (2008)
602-613.

F. Zhao, Y.F. Zheng, T. Zeng, R. Sun, J.Y. Yang, Y. Li, D.T. Ren, H. Ma, Z.H. Xu, S.
N. Bai, Phosphorylation of SPOROCYTELESS/NOZZLE by the MPK3/6 kinase is
required for anther development, Plant Physiol. 173 (2017) 2265-2277.

W. Jia, B. Li, S. Li, Y. Liang, X. Wu, M. Ma, Mitogen-activated protein kinase
cascade MKK7-MPK6 plays important roles in plant development and regulates
shoot branching by phosphorylating PIN1 in Arabidopsis, PLoS Biol. 14 (9) (2016)
1002550, https://doi.org/10.1371/journal.pbio.1002550.

C. Zhou, Z. Cai, Y. Guo, S. Gan, An Arabidopsis mitogen-activated protein kinase
cascade, MKK9-MPK®6, plays a role in leaf senescence, Plant Physiol. 150 (2009)
167-177.

A. Danquah, A. Zélicourt, M. Boudsocq, J. Neubauer, F.N. rei Dit, N. Leonhardt,
Identification and characterization of an ABA-activated MAP kinase cascade in
Arabidopsis thaliana, Plant J. 82 (2015) 232-244.

D. Matsuoka, T. Yasufuku, T. Furuya, T. Nanmori, An abscisic acid inducible
Arabidopsis MAPKKK, MAPKKK18 regulates leaf senescence via its kinase activity,
Plant Mol. Biol. 87 (2015) 565-575.


http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0235
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0235
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0235
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0240
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0240
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0255
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0255
https://doi.org/10.3389/fpls.2018.01387
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0265
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0265
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0265
https://doi.org/10.3389/fpls.2019.00202
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0275
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0275
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0280
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0280
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0285
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0285
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0295
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0295
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0295
https://doi.org/10.1371/journal.pbio.1002550
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0315
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0315
http://refhub.elsevier.com/S0168-9452(20)30327-7/sbref0315

	Approaching the genetic dissection of indirect adventitious organogenesis process in tomato explants
	1 Introduction
	2 Material and methods
	2.1 Screening of T-DNA lines and genetic analysis of tomato mutants defective in adventitious organogenesis
	2.2 Characterization of tomato mutants defective in adventitious organogenesis
	2.2.1 Cultural and morphogenetic response in vitro
	2.2.2 Root development in vitro
	2.2.3 Vegetative and reproductive development in vivo

	2.3 Histology techniques
	2.4 Co-segregation analysis through the study of the association between the mutant phenotype and the expression of the npt ...
	2.5 GUS histochemical assays
	2.6 Cloning of T-DNA flanking sequences and PCR genotyping
	2.7 Generation of RNAi lines
	2.8 qRT-PCR gene expression analysis

	3 Results
	3.1 Characterization of the indirect organogenesis process in wild-type cotyledon explants
	3.2 Screening of tomato T-DNA lines and genetic analysis of mutants impaired in different phases of adventitious organogenesis
	3.3 Characterization of a tomato mutant defective in callus proliferation
	3.4 Characterization of tomato mutants altered in adventitious shoot-bud differentiation
	3.5 Characterization of a tomato mutant defective in the development of adventitious shoots
	3.6 Co-segregation analysis
	3.7 Identification of a gene involved in adventitious shoot-bud differentiation in tomato

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


