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Abstract The SOMATIC EMBRYOGENESIS RECEP-
TOR-LIKE KINASEI (SERKI) gene is known to be related
to early somatic and zygotic embryogenesis of numerous
species. However, few studies have also shown the
involvement of this gene during de novo shoot organo-
genesis developmental program. Here we report the clon-
ing and characterization of the gene expression pattern of a
Passiflora edulis putative ortholog, named PeSERKI,
during DNSO-induction from hypocotyl and root explants.
PeSERK] likely encodes a leucine-rich repeat receptor-like
kinase showing high sequence similarity to other known
SERK1 proteins. The results of in situ hybridization
experiments evidenced a dynamic spatial expression pat-
tern for PeSERKI throughout the DNSO pathway.
PeSERKI transcripts were already detected at the initial
hypocotyl and root explants, coincidental with provascular
tissue differentiation. After 1 week of culture, PeSERKI
expression was also observed in cells with an intense
mitotic activity, at the site of callus initiation. The
PeSERKI expression was observed mainly in actively
dividing cells from which meristemoids, shoot-like struc-
tures or provascular elements were produced. At later
stages of DNSO-induction, PeSERKI was preferentially
expressed at the differentiating shoot apical meristem,
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including the leaf primordia, and in the procambium. These
data indicate that PeSERKI might have a role during the
organogenesis developmental program in Passiflora,
apparently associated with the differentiation processes and
with the maintenance of a cellular-competent state.
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Introduction

The ability of plants to generate new and adventitious
organs throughout their whole life is the basis for the
application of tissue culture techniques and for the estab-
lishment of plant regeneration systems. According to the
recent review of Xu and Huang (2014), higher plants show
three main types of regeneration systems: tissue regenera-
tion, de novo organogenesis and somatic embryogenesis.
The last two types of regeneration pathways are exten-
sively used, either for research or for practical applications
(Motte et al. 2014; Xu and Huang 2014). However, in
contrast to somatic embryogenesis, the organogenic path-
way is preferentially used in contemporary plant biotech-
nology because the culture conditions are relatively simple
and the results are robust (Duclercq et al. 2011).

De novo organogenesis refers to the formation of shoots
and roots from cultured explants, in in vitro conditions. This
organogenic process is mainly influenced by the type of
explant in combination with the use of growth regulators.
The most common organogenic pathway is the de novo shoot
organogenesis (DNSO) which, according to the classical
finding of Skoog and Miller (1957), is induced in a high
citokinin-to-auxin ratio condition for the majority of plant
species. DNSO can be divided into three morphological
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stages: competence acquisition, induction and morphologi-
cal differentiation (Duclercq et al. 2011). The acquisition of
competence precedes the stage of induction where the initial
competent cell or tissue becomes committed to form the
induced organ (Wareing 1982; Duclercq et al. 2011).
Although the regeneration pattern of some species does not
strictly follow the established stages, the first step in the
process (i.e. the acquisition of competence of a given cell or
tissue to assume a new developmental fate) is certainly
conserved (Duclercq et al. 2011) and is also a key step of the
somatic embryogenesis pathway (Yang and Zhang 2010).

Many studies have suggested a link between the acqui-
sition of the cellular-competent state and the expression of
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE]
(SERKI) gene during embryogenic developmental program
in plants (Kwaaitaal and de Vries 2007; Savona et al. 2012;
Pilarska et al. 2015; Rocha et al. 2015). The SERK genes
encode a transmembrane protein kinase belonging to the
family of leucine-rich repeat receptor-like kinases (LRR-
RLKs; Hecht et al. 2001). The SERK gene was initially
isolated from carrot (DcSERK), and it was observed that it is
specifically expressed in carrot embryogenic cell cultures
(Schmidt et al. 1997). A functional ortholog of the DcSERK
was afterwards identified in somatic embryogenic cultures of
Arabidopsis thaliana (Hecht et al. 2001). Additional putative
SERK genes have been identified in a wide range of plant
species, including eudicots (Nolan et al. 2003; Thomas et al.
2004; Santos et al. 2005; Shimada et al. 2005; Sharma et al.
2008; Schellenbaum et al. 2008; Talapatra et al. 2013; Silva
et al. 2014; Pilarska et al. 2015), monocots (Baudino et al.
2001; Hu et al. 2005; Pérez-Nuiiez et al. 2009; Huang et al.
2010), and gymnosperms (Steiner et al. 2012). Although the
vast majority of these studies suggested a putative function
of the SERK genes in early stages of somatic embryogenesis,
it has been recently suggested that the SERK proteins might
have a broadened role in other developmental processes,
including the DNSO pathway (Nolan et al. 2009; Savona
et al. 2012; Li et al. 2015).

Although plant regeneration through both somatic
embryogenesis and DNSO has long been described for
passion fruit (see review by Otoni et al. 2013), the
molecular basis of de novo morphogenesis has only
recently deserved some attention (Rosa et al. 2013a, b;
Rocha et al. 2015). We have recently described the cellular
and molecular changes associated to somatic embryogen-
esis in P. edulis (Rocha et al. 2015) and here we contrast
these results to the potential role of a P. edulis putative
ortholog of SERKI during the organogenesis develop-
mental program in Passiflora, where it is apparently asso-
ciated with the differentiation processes and with the
maintenance of a cellular-competent state.
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Materials and methods
Plant material

Seeds of P. edulis from the Maguary ‘‘FB-100"" population
were obtained from Flora Brasil, Ltda (Araguari, MG,
http://www.viveiroflorabrasil.com.br). The seed coats were
removed, and the seeds were surface sterilized and rinsed
in sterile water. The seeds were subsequently transferred to
250 mL glass jars (5 seeds per jar; a total of 100 seeds)
containing 40 mL half-strength MS medium (Murashige
and Skoog 1962) supplemented with B5 vitamins complex
(Gamborg et al. 1968), myo-inositol (0.01 % w/v), sucrose
(3 % wlv), and Phytagel (0.25 % w/v) (Sigma Chemical
Co., USA); the pH of the medium was adjusted to
5.7 £ 0.1. The jars were sealed with rigid polypropylene
lids. All jars were kept in the dark for 15 days, until the
seeds germinated. The seedlings were transferred to a
temperature-controlled growth room (27 £ 2 °C) under
16-h photoperiod, photon lux density of 150 pmol m > s~
(day-light fluorescent lamp) for 15 days.

Induction of de novo shoot organogenesis

In vitro DNSO-induction from P. edulis hypocotyl and root
explants was performed according to Dornelas and Vieira
(1994) and Silva et al. (2011), respectively. Hypocotyls and
root segments (10-20 mm in length) from 30-day-old
seedlings were excised and incubated in 90 x 15-mm
polystyrene Petri dishes (J. Prolab, Brazil) containing
25 mL MS medium supplemented with B5 vitamins, myo-
inositol (0.01 % w/v), sucrose (3 % w/v), Phytagel (0.25 %
w/v), and 4.44 uM 6-benzyladenine; the pH of the medium
was adjusted to 5.7 £ 0.1. The plates were sealed with
Nexcare Micropore tape (3 M, Brazil) and kept in the same
light and temperature conditions as described previously. A
total of 15 plates for each type of explant (hypocotyl or
root) were inoculated, with 10 explants in each plate.

Scanning electron microscopy (SEM)

Hypocotyl and root segments were collected after 0, 7, 14,
21, 28 and 35 days of culture in induction media, fixed in
4 % paraformaldehyde in 0.05 M phosphate buffer, pH 6.8,
at 4 °C for 24 h. The samples were dehydrated in an ethanol
series and critical point dried (CPD 030; Bal-Tec, Balzers,
Liechtenstein). After mounting on aluminum stubs, the
samples coated with colloidal gold (FDU 010; Bal-Tec,
Balzers, Liechtenstein). Examinations and photography
were performed at 10-20 kV under a JEOL JSM-5800 LV
scanning electron microscope (JEOL Ltd. Tokyo, Japan).
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Gene cloning and sequence analyses

We used a local BLAST tool (Altschul et al. 1997) and the
Arabidopsis  thaliana SERK1 (Atlg71830) protein
sequence as a bait, to search the PASSIOMA Expressed
Sequence Tag (EST) database (Dornelas et al. 2006; Cutri
and Dornelas 2012) in order to obtain putative P. edulis
SERK]I sequences. We found a single EST clone named
PACEPE2105H12 showing high similarity (e-value =
e—147) to the Arabidopsis SERK1 sequence and we chose
this clone for further characterization. After transforming
electro-competent E.coli DH5-alpha cells with the PACE-
PE2105H12 plasmid, ten positive clones were sequenced
(3100 Genetic Analyzer, Applied Biosystems). The
obtained sequences were processed using the CAP3
(Huang and Madan 1999) algorithm of the BioEdit soft-
ware (Carlsbad, CA). The blastx tool of BLAST (Altschul
et al. 1997) was used to compare the contigs to public
databases at NCBI. Multiple sequence alignments of the
deduced amino acid sequence of the P. edulis putative
ortholog of SERKI1 and other plant SERK orthologs were
performed using CLUSTALX (Thompson et al. 1994).
Neighbor-joining matrices (Saitou and Nei 1987) were
used to obtain distance trees. Parsimony trees were
obtained with MEGA4 (Tamura et al. 2007) using hand-
corrected sequence alignments. Bootstrap values were
obtained from 1000 replicates and visualized with Tree-
View (Page 1996). Pfam (Finn et al. 2010) was used to
detect conserved protein motifs in the deduced protein
sequences derived from the obtained sequences and the
presence of a putative signal peptide was investigated using
the server-based SignalP 4.1 (Petersen et al. 2011) and
Signal-BLAST (Frank and Sippl 2008). Theoretical pre-
dictions of molecular weight and pI were performed using
ExPASy (Artimo et al. 2012). We assessed the conserva-
tion of the protein structure by obtaining conservation
scores as determined by the ConSurf webserver (Glaser
et al. 2003; Landau et al. 2005; Ashkenazy et al. 2010),
which were plotted onto the reported structure of the
SERKI1 extracellular domain (PDB:4LSC; Santiago et al.
2013), using as an input the same multiple sequence
alignment used above for the distance trees.

In situ hybridization

In situ hybridization experiments were performed with
hypocotyl and root explants collected at the same time-
points of the DNSO-induction used for SEM analysis. The
samples were fixed in 4 % paraformaldehyde at 4 °C
overnight, and then dehydrated through a series of graded
ethanol, as described above. The in situ hybridization
protocol was essentially the one described by Rocha et al.
(2015): A proteinase K pre-treatment (10 pg mL ™" in Tris—

HCI, pH 7.5) was performed on deparaffinised slides at
37 °C for 10 min. Alternatively sense (control) or antisense
DIG-labeled PeSERK (a fragment containing the last
1522 bp of the cDNA) RNA probes were used. The
hybridization was performed at 42 °C for 16 h. To visu-
alize the hybridization signal, anti-DIG antibodies (Roche,
diluted 1:2000) conjugated to alkaline phosphatase were
applied for 1 h at 37 °C and the hybridization signal was
detected by reaction with NBT/BCIP (Pierce, USA). The
hybridized slides were observed and documented using a
Zeiss Axioskope microscope with AxioCam HRc digital
camera.

Results

De novo shoot organogenesis from hypocotyl
and root explants

In order to study the complete time course of DNSO
pathway in passion fruit (P. edulis) obtained from both
hypocotyl and root explants, the morphogenetic responses
were followed from the initial explant until the shoot-like
structures became visible to the naked eye.

Regeneration of shoots from hypocotyl explants occur-
red, primarily, at the cut surfaces of the explants (Fig. 1).
The first morphological changes were recorded during the
first week of culture, when the hypocotyl explants became
slightly swollen (Fig. 1a) and an intense cell proliferation,
observed at the cut explants surface, gave rise to the callus
(Fig. 1b). The callus growth progressed and after
12-14 days of culture, the first meristemoids (organogenic
sectors) were observed as small structures emerging on the
surface of the explant (Fig. 1c,dD). These structures con-
tinued their development originating shoot buds (Fig. le—
g). Completely regenerated shoots were observed after
25-30 days of culture (Fig. 1h—j).

The regeneration of shoots from root explants initiated
at the cut surfaces of the explants, involving callus for-
mation, as described above for hypocotyl explants
(Fig. 2a—j). Nonetheless, regeneration was also observed in
regions located far from the cut surface of the explant
(Fig. 2k—n). At the cut surfaces, callus formation started
during the first week after culture initiation (Fig. 2a, b).
After a proliferation stage where calli increased in volume
(Fig. 2c¢), the formation of meristemoids was observed after
14 days of culture (Fig. 2d, ). The meristemoids gradually
developed into shoot meristems (Fig. 2f-h). After
28-35 days, the cut surface of the root explants was cov-
ered with regenerated shoot buds (Fig. 2i, j). On the other
hand, some organogenic structures were also observed
differentiating directly from within the root explant
(Fig. 2k, 1) after 2 weeks of culture. These structures arose
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Fig. 1 De novo shoot organogenesis from hypocotyl explants.
Macroscopic view (a, c, e, h) and scanning electron microscopy (b,
d, f, g, i, j). a, b Explants after 7 days of culture showing the
beginning of callus formation at the cut surface. ¢, d Explants after
14 days of culture showing the development of meristemoids
(arrowheads) at the callus surface. e, g Explants after 21 days of

endogenously and, as they developed into adventitious
buds, the peripheral cell layers (epidermis and cortex) were
disrupted exposing the inner tissues of the explant (Fig. 2k,
m). Completely formed shoot buds were observed after
25-30 days of culture (Fig. 2k, n) and they were connected
to the vascular cylinder of the root explant (Fig. 2n),
confirming the direct organogenic regeneration pattern.

PeSERKI encodes a putative passion fruit SERK1
homolog

The alignment of all sequences obtained from the
sequencing of the P. edulis PACEPE2105H12 cDNA clone
generated a single 2588 bp-long consensus. This included a
fragment of a 17 bp-long 3’ poly-A tail, suggesting the
presence of a complete 3'-UTR sequence. Accordingly, the
BLAST results indicated the presence of a complete coding

@ Springer

culture showing the differentiation of the firsts organogenic structures
(asterisk). Note the development of shoot meristems in early
developmental stages (g). h, j After 28 days of culture, developing
shoots producing leaf primordia could be observed (i, j). lp, leaf
primordium. Bars = a—c, e—f, h-i = 500 pm; d, g, j = 100 um

sequence and additional 332 bp 5’-UTR and 367 bp 3'-
UTR. Based on the results of sequence similarity produced
by BLAST, we deposited this sequence in GenBank under
the accession number KT373980 naming it Passiflora
edulis SERK1 (PeSERK]).

The PeSERKI deduced protein sequence (628 amino
acids-long) showed the presence of a predicted 29 amino
acids-long putative signal peptide (Supplementary Fig-
ures 1 and 2), 5 leucine-rich repeats (LRR), a proline-rich
domain, a transmembrane domain and a serine/threonine
kinase domain (Fig. 3a). These domains are found in all
members of the SERK family (aan den Toorn et al. 2015).
The degree of sequence conservation was not uniform
along the deduced PeSERK protein sequence, ranging from
79 to 94 %, when compared to other family members. The
sequences of the signal peptide, around the transmembrane
domain and at the C-terminal were the most divergent.



Plant Cell Tiss Organ Cult (2016) 125:107-117

111

Fig. 2 De novo shoot organogenesis from root explants. Macroscopic
view (a, d, f, i, k) and scanning electron microscopy (b, ¢, e, g, h, j, 1,
n). a-j Shoot regeneration at the cut surface of the explant via callus
formation. a—c Explants after 7 days of culture showing the beginning
of callus formation at the cut surface. Note the granular aspect of the
callus (c). d—e Explants after 14 days of culture showing the
differentiation of organogenic structures (arrowheads). f~h Explants
after 21 days of culture showing shoot meristems with leaf primordia
in early stages (h). i, j After 28 days of culture, regenerated shoots
were evident. (k—n) Direct shoot organogenesis in regions far from

Nevertheless, some motifs were consistently conserved,
including the cysteine pair preceding the SPP domain,
typical of SERK Dicot S1/2 Class (aan den Toorn et al.
2015) and the residues at the extracellular domain, con-
sidered essential for the interaction with BRIl orthologs
(Roux et al. 2011; aan den Toorn et al. 2015; See Sup-
plementary Fig. 3). Accordingly, the convex (also named
“solvent-exposed” side, Santiago et al. 2013) is less con-
served than the concave side of the extracellular domain
(Fig. 3b), as shown by the conservation scores obtained
using the ConSurf (Ashkenazy et al. 2010) algorithm.
These results are consistent with the molecular mechanism
of SERKI1 activation and with other analyses performed

the cut explants surface. k From left fo right: Macroscopic view of
organogenic responses after 14, 21 and 28 days of culture. Note the
early stages of meristemoid differentiation (arrowhead). 1 Explants
after 14 days of culture showing the early stages of meristemoid
differentiation and their endogenous origin (arrowheads). m Disrup-
tion of the cortex and epidermis caused by the development of
regenerating shoots. n Regenerated shoot bud. Note the vascular
connection with the vascular cylinder of the explant. ca callus, Ip leaf
primordium, sm shoot meristem. Bars = a-b, d—-g, i-k, n = 500 pm;
¢, h, I-m = 100 pm

with both dicot and monocot SERK proteins (Santiago
et al. 2013; aan den Toorn et al. 2015).

A phylogenetic analysis was performed based on a
multiple sequence alignment, including the entire amino-
acid sequence of PeSERK1 and its counterparts from other
plant species (Fig. 3c). PeSERK1 was included in a clade
known as SERK Dicot S1/2 Class (aan den Toorn et al.
2015), together with other known dicot SERK1 orthologs.
Proteins belonging to the SERK Dicot S1/2 Class have
been related to developmental processes (Schmidt et al.
1997; Hecht et al. 2001; Albrecht et al. 2005; Lewis et al.
2010; aan den Toorn et al. 2015). The analysis revealed a
monocot-specific SERK1 group and the SERK sequences
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«Fig. 3 Passiflora edulis PeSERK1 protein structure and relationships
with other SERK homologs. a Graphic representation of PeSERK1
protein structure, showing the position of the typical SERK subdo-
mains. L-ZIP Leucine-zipper domain, LRR Leucine-rich domain, SPP
Proline-rich domain, Transmembrane single-pass hydrophobic trans-
membrane domain, Kinase intracellular kinase domain. The scale
represents protein length, in number of amino acids. b The amino acid
conservation score, as determined by the ConSurf algorithm (Ashke-
nazy et al. 2010) was plotted onto the SERK1 extracellular domain
(PDB: 4LSC; Santiago et al. 2013). Highly conserved residues are
plotted in magenta, whereas lower scores are depicted by other color
shades, with cyan depicting more variable residues. On the left-
handed side of the figure is the convex or solvent-exposed side and on
the right-handed side of the figure, the concave side of the SERK
extracellular domain. ¢ Parsimony-based tree of SERK homologs
from diverse plant species. Branch lengths were calibrated according
to Dayhoff matrix-based distances. Only bootstraps above 75 % are
shown. The sequences used to construct the alignment are from
GenBank: Arabidopsis thaliana (AtSERK1, Q94AG2; AtSERK2
QI9XIC7; AtSERK3, Q94F62; AtSERK4, Q9SKGS5; AtSERKS,
Q8LPSS), Cyclamen persicum (CpSERKI1, A7L5U3 and CpSERK?2,
ESD6S9), Daucus carota (DcSERKI1, 023921), Glycine max
(GmSERK1, C6ZGAS8), Marcantia polymorpha (MpSERK,
BAF79935), Medicago truncatula (MtSERK1, Q8GRK2), Oryza
sativa (OsbiSERK, Q6SF1; OsSERK, Q5Y8C8). Populus trichocarpa
(PpSERK1, BOMW41; PpSERK2, BIIQMY), Selaginella moellen-
dorfii (SmSER1, D8SBB8; SmSERK?2, D8SON3), Solanum lycoper-
sicon (SISERK1, GOXZA3; SISERK3, GOXZAS), Vitis vinifera
(VVSERKI1, D7TXV2; VvVvSERK2, A5BIY4) and Zea mays
(ZmSERKI1, Q93W70; ZmSERK2, Q941J5)

from non-vascular plants also grouped together, in a more
basal position in relation to other angiosperm SERK3/4
orthologs (Fig. 3c), similar to what was observed by aan
den Toorn et al. (2015).

Our results thus indicate that PeSERKI1 likely is the P.
edulis homolog of SERKI, and it is the first described
Passiflora homolog of the SERK family member of leu-
cine-rich repeat receptor-like kinases.

PeSERK]I is expressed in P. edulis during in vitro
organogenesis program

In situ hybridization experiments were performed to
establish the spatial/temporal distribution of PeSERK]I
transcripts during in vitro shoot organogenesis from
hypocotyl (Fig. 4) and root (Fig.5) explants. A faint
PeSERK] hybridization signal was associated to the vas-
cular tissues of the initial hypocotyl explant (Fig. 4a). The
onset of the first morphogenetic responses became evident
after 1 week of culture with an intense cell proliferation at
the cut surface of the explant. In these areas, PeSERK]I
transcripts were weakly detected (Fig. 4b). After 14 days
of culture numerous meristemoids, consisting of small
clusters of cells with meristematic features, were observed
at the periphery of the callus and showed PeSERKI
expression (Fig. 4c, d). As the meristemoids developed and

differentiated into adventitious buds, strong PeSERK]I
expression was confined to subepidermal apical region of
these organogenic structures (Fig. 4e). After 28 days, the
PeSERK] transcripts were detected in the meristem cells of
the regenerated shoots, as well as in the leaf primordia and
procambium tissue (Fig. 4f).

In root initial explants, PeSERKI hybridization signal
was also observed in the 4-5 layers of parenchymatic cells
adjacent to the vascular region, including the pericycle
(Fig. 5a). After one week of culture, a series of cell divi-
sions in the pericycle region gave rise more layers of
parenchymatic cells that also showed PeSERKI
hybridization signal (Fig. 5b). In the periphery of the
proliferation zone, cells became meristematic and pro-
duced meristemoids (Fig. 5c). These meristemoids were
observed after 14 days of culture, both at the periphery of
the explant and internally, far from the cut surface. At this
stage, a strong PeSERKI hybridization signal was associ-
ated with the meristemoids both at peripheric and internal
regions (Fig. 5c, d). In internal regions of the explant, the
development of meristemoids resulted in the disruption of
the cortex and root epidermis (Fig. 5c); subsequently, these
meristemoids differentiated into shoot buds. In developing
shoots meristems, PeSERK]I transcripts were detected in
meristematic cells and in the leaf primordia (Fig. Se, f). No
hybridization signal was observed with the sense probe

(Figs. 4g, 5g).

Discussion

Despite the fact that the expression of SERK genes is his-
torically associated to embryogenic pathways (both
somatic and zygotic), some reports have demonstrated a
broader role for these genes in different plant develop-
mental programmes (Thomas et al. 2004; Nolan et al.
2009), including de novo organogenesis (Savona et al.
2012; Li et al. 2015). Here we described the cloning and
characterization of a putative passion fruit (P. edulis)
ortholog of the SERKI gene and its spatial expression
pattern during the induction of DNSO from two different
explants; hypocotyls and roots. DNSO is the prevailing
mode in vitro plant regeneration for the genus Passiflora
(Dornelas and Vieira 1994; Faria and Segura 1997; Garcia
et al. 2011; Silva et al. 2011; Otoni et al. 2013; Vieira et al.
2014), although somatic embryogenesis has already been
established for some of species (Silva et al. 2009; Paim-
Pinto et al. 2011; Rosa et al. 2015).

The organogenic responses formed on the hypocotyl and
root segments of P. edulis showed a similar tissue origin.
From hypocotyl explants, they initiated by cell divisions at
the tissues surrounding the vascular bundle and near the cut
surfaces of the explants. In root segments, the morphogenic
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Fig. 4 Expression patterns of the P. edulis PeSERKI gene during de
novo shoot organogenesis from hypocotyl explants. All sections are
longitudinal in relation to the original explant. Positive hybridization
signal is pink/purple. a A faint PeSERKI hybridization signal was
associated to the vascular tissues of the initial hypocotyl explant.
b After 1 week of culture, PeSERK] transcripts were weakly detected
in dividing cells at the cut surface of the explants. ¢, d After 14 days
of culture, PeSERKI expression could be detected in meristemoids

S L O

(arrowheads). e Strong PeSERKI expression was confined to
subepidermal apical region of the organogenic callus portions after
21 days of culture. f After 28 days, the PeSERK]I transcripts were
detected in the meristem cells of the regenerated shoots, as well as in
the leaf primordia and procambium tissue. g A section parallel to the
one shown in f was hybridized with the sense probe. No signal above
background was detected. Bars =a, c, e =100 um; b, d, f,
g =50 um

Fig. 5 Expression patterns of the P. edulis PeSERKI gene during de
novo shoot organogenesis from root explants. All sections are
longitudinal in relation to the original explant. Hybridization signal
can be observed as pink/purple. a PeSERKI hybridization signal was
also observed in 4-5 layers of parenchymatic cells adjacent to the
vascular region, including the pericycle (arrowheads). b After 1 week
of culture, a series of cell divisions in the pericycle region gave rise
more layers of parenchymatic cells that also showed PeSERKI

responses also originated from the parenchyma cells
associated to the vascular bundle and the pericycle. These
observations are in agreement with the regeneration pattern
described in previous histological studies for hypocotyl-
and root-derived DNSO (Dias et al. 2009; Rocha et al.
2012, respectively). Additionally, both systems showed the
same cellular mechanism were shoots originated from cells
exhibiting meristematic features and the activity of
PeSERK] gene, suggesting that a single organogenic pro-
gramme might be being activated, and that it initiates from
a (otherwise undefined) meristemoid stage.

@ Springer

hybridization signal (arrowheads). ¢ After 14 days of culture, a strong
PeSERK hybridization signal was associated with the formation of
meristemoids (me) and cell proliferation associated with the pericycle
(arrowheads). d—f After 21 days of culture, PeSERKI transcripts
were detected in meristem cells (asterisks) and in the leaf primordia
(Ip) of regenerating shoot buds. g A section parallel to the one shown
in d was hybridized with the sense probe. No signal above
background was detected. co cortex cells. Bars = 100 um

The P. edulis homolog of SERKI belongs to the SERK
Dicot S1/2 clade, presenting high sequence identity to other
dicot sequences. All conserved protein structural features
and residues (including those involved with ligand-binding
receptors such as BRII) expected to be present in buona
fide SERK1 ortologs were observed in PeSERKI1.

Although the biological functions described in the lit-
erature for the members of the SERK Dicot S1/2 clade are
associated to somatic embryogenic processes (Schmidt
et al. 1997; Hecht et al. 2001; Santos et al. 2005; Sharma
et al. 2008; Steiner et al. 2012; Talapatra et al. 2013; Silva
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et al. 2014), according to our in situ hybridization results,
PeSERK] transcripts were observed throughout the passion
fruit organogenic pathway obtained from the in vitro cul-
ture of hypocotyl and root explants. However, PeSERK]
expression of was not only observed during the regenera-
tion of shoots. The accumulation of the PeSERKI tran-
scripts was also observed in vascular tissues, callus and
shoots, besides those involved in DNSO. Before the
establishment of the organogenic culture, PeSERKI tran-
scripts were detected in the vascular tissues of both
hypocotyl and root explants. The expression in these tis-
sues was associated to provascular tissue development.
Accordingly, AtSERKI was similarly expressed in the
procambium and root pericycle of Arabidopsis (Hecht et al.
2001; Kwaaitaal and de Vries 2007; Nolan et al. 2009).

At 1 week of culture, PeSERK Iexpression was detected
in dividing cells committed to form the initial callus tissue
at the cut surface of the explants (both root- and hypocotyl-
derived explants) and at the proliferating zone in regions
far from the cut surface in root explants. The expression of
this gene continued throughout the DNSO process in
masses of small dividing cells (meristemoids) prior to the
de novo differentiation of shoots. The close relationship
between the expression of SERK genes and cellular pro-
liferation activity seems to be conserved in different plant
species (Nolan et al. 2009; Pérez-Nuiiez et al. 2009;
Savona et al. 2012; Li et al. 2015). These findings are
consistent with a more broad view of the actual SERK1
function, which would be associated to switches in devel-
opmental cell fate (Nolan et al. 2009; Savona et al. 2012).
The expression of PeSERKI in callus cells, as observed
here, indicates a putative role for this gene in the organi-
zation of an organogenic callus. It is also in agreement with
the involvement of SERKI/ in cellular reprograming and
trans-/differentiation processes, as suggested by Nolan
et al. (2009).

At later stages of DNSO, PeSERKI was also detected in
cells at the meristem and early leaf primordia of regener-
ated shoots. This expression pattern was confirmed in other
few reports of SERK expression during organogenesis
(Nolan et al. 2009; Thomas et al. 2004; Savona et al. 2012;
Li et al. 2015). However, how the spatial expression pattern
of this gene relates to the mechanism(s) controlling
meristematic cell identity is poorly understood.

In summary, here we reported the cloning and charac-
terization of a P. edulis gene encoding a putative ortholog
of a leucine-rich repeat receptor-like kinase, PeSERKI
including its expression pattern during DNSO-induction
from hypocotyl and root explants. We expect that these
results might contribute to the understanding the molecular
mechanisms underlying developmental processes involved
in plant morphogenesis.

Acknowledgments The authors would like to thank Viveiros Flora
Brasil Ltda. (Araguari, MG, Brazil) for kindly providing Passiflora
edulis seeds. This work was supported by Fundacdo de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP, Sao Paulo, SP, Brazil),
Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES, Brazil) and Conselho Nacional de Desenvolvimento Cien-
tifico e Tecnoldgico (CNPq, Brazil).

References

aan den Toorn M, Albrecht C, de Vries S (2015) On the origin of
SERKSs: bioinformatics analysis of the somatic embryogenesis
receptor kinases. Mol Plant 8:762-782

Albrecht C, Russinova E, Hecht V, Baaijens E, de Vries S (2005) The
Arabidopsis thaliana SOMATIC EMBRYOGENESIS RECEP-
TOR-LIKE KINASESI and 2 control male sporogenesis. Plant
Cell 17:3337-3349

Altschul SF, Madden TL, Schiffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389-3402

Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, de Castro
E, Duvaud S, Flegel V, Fortier A, Gasteiger E, Grosdidier A,
Hernandez C, Ioannidis V, Kuznetsov D, Liechti R, Moretti S,
Mostaguir K, Redaschi N, Rossier G, Xenarios I, Stockinger H
(2012) ExPASy: SIB bioinformatics resource portal. Nucleic
Acids Res 40(W1):W597-W603

Ashkenazy H, Erez E, Martz E, Pupko T, Ben-Tal N (2010) ConSurf
2010: calculating evolutionary conservation in sequence and
structure of proteins and nucleic acids. Nucleic Acids Res
38:W529-W533

Baudino S, Hansen S, Brettshneider R, Hecht VFG, Dresselhaus T,
Lors H, Dumas C, Rogowsky PM (2001) Molecular character-
ization of two novel maize LRR receptor-like kinase, which
belong to the SERK gene family. Planta 213:1-10

Cutri L, Dornelas MC (2012) PASSIOMA: exploring expressed
sequence tags during flower development in Passiflora spp.
Comp Funct Genomics 2012:510549

Dias LLC, Santa-Catarina C, Ribeiro DM, Barros RS, Floh EIS, Otoni
WC (2009) Ethylene and polyamine production patterns during
in vitro shoot organogenesis of two passion fruit species as
affected by polyamines and their inhibitor. Plant Cell Tissue
Organ Cult 99:199-208

Dornelas MC, Vieira MLC (1994) Tissue culture of species of
Passiflora. Plant Cell Tissue Organ Cult 36:211-217

Dornelas MC, Tsai SM, Rodriguez APM (2006) Expressed
sequence tags of genes involved in the flowering process of
Passiflora spp. In: da Silva JAT (ed) Floriculture ornamental
and plant biotechnology. Global Science Books, London,
pp 483-488

Duclercq J, Sangwan-Norreel B, Catterou M, Sangwan RS (2011) De
novo shoot organogenesis: from art to science. Trends Plant Sci
16:597-606

Faria JLC, Segura J (1997) Micropropagation of yellow passionfruit
by axillary bud proliferation. Hortscience 32:1276-1277

Finn RD, Mistry J, Tate J, Coggill P, Heger A, Pollington JE, Gavin
OL, Gunasekaran P, Ceric G, Forslund K, Holm L, Sonnhammer
EL, Eddy SR, Bateman A (2010) The Pfam protein families
database. Nucleic Acids Res 38:D211-D222

Frank K, Sippl MJ (2008) High-performance signal peptide prediction
based on sequence alignment techniques. Bioinformatics
24:2172-2176

@ Springer



116

Plant Cell Tiss Organ Cult (2016) 125:107-117

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirement of
suspension cultures of soybean root cells. Exp Cell Res
50:151-158

Garcia R, Pacheco G, Falcao E, Borges G, Mansur E (2011) Influence
of type of explant, plant growth regeneration, salt composition of
basal medium, and light on callogenesis and regeneration in
Passiflora suberosa (Passifloraceae). Plant Cell Tissue Organ
Cult 106:47-54

Glaser F, Pupko T, Paz I, Bell RE, Bechor-Shental D, Martz E, Ben-
Tal N (2003) ConSurf: identification of functional regions in
proteins by surface-mapping of phylogenetic information.
Bioinformatics 19:163-164

Hecht V, Vielle-Calzada JP, Hartog MV, Schmidt EDL, Boutilier K,
Grossniklaus U, de Vries SC (2001) The Arabidopsis SOMATIC
EMBRYOGENESIS RECEPTOR KINASEI gene is expressed in
developing ovules and embryos and enhances embryogenic
competence in culture. Plant Physiol 127:803-816

Hu H, Xiong L, Yang Y (2005) Rice SERKI gene positively regulates
somatic embryogenesis of cultured cell and host defense
response against fungal infection. Planta 222:107-117

Huang X, Madan A (1999) CAP3: a DNA sequence assembly
program. Genome Res 9:868-877

Huang X, Lu XY, Zhao JT, Chen JK (2010) MaSERKI gene
expression associated with somatic embryogenic competence
and disease resistance response in banana (Musa spp.). Plant Mol
Biol Rep 28:309-316

Kwaaitaal MAC]J, de Vries SC (2007) The SERKI gene is expressed
in procambium and immature vascular cells. J Exp Bot
58:2887-2896

Landau M, Mayrose I, Rosenberg Y, Glaser F, Martz E, Pupko T,
Ben-Tal N (2005) ConSurf 2005: the projection of evolutionary
conservation scores of residues on protein structures. Nucleic
Acids Res 33:W299-W302

Lewis MW, Leslie ME, Fulcher EH, Darnielle L, Healy PN, YounJY,
Liljegren SJ (2010) The SERKI receptor-like kinase regulates
organ separation in Arabidopsis flowers. Plant J 62:817-828

Li X, Fang YH, Han JD, Bai SN, Rao GY (2015) Isolation and
characterization of a novel SOMATIC EMBRYOGENESIS
RECEPTOR KINASE gene expressed in the fern Adiantum
capillus-veneris during shoot regeneration in vitro. Plant Mol
Biol Rep 33:638-647

Motte H, Vereecke D, Geelen D, Werbrouck S (2014) The molecular
path to in vitro shoot regeneration. Biotechnol Adv 32:107-121

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

Nolan KE, Irwanto RR, Rose RJ (2003) Auxin up-regulates MtSERKI
expression in both Medicago truncatula root-forming and
embryogenic cultures. Plant Physiol 133:218-230

Nolan KE, Kurdyukov S, Rose RIJ (2009) Expression of the
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASEI
(SERK1) gene is associated with developmental change in the
life cycle of the model legume Medicago truncatula. J Exp Bot
60:1759-1771

Otoni WC, Paim Pinto DL, Rocha DI, Vieira LM, Dias LLC, Silva
ML, Silva CV, Lani ERG, Silva LC, Tanaka FAO (2013)
Organogenesis and somatic embryogenesis in passionfruit (Pas-
siflora sps.). In: Aslam J, Srivastava OS, Sharma MP (eds)
Somatic embryogenesis and gene expression. Narosa Publishing
House, New Delhi, pp 1-17

Page RDM (1996) Treeview: an application to display phylogenetic
trees on personal computers. Comp Appl Biosci 12:357-358

Paim-Pinto DL, Almeida AMR, Régo MM, Silva ML, Oliveira EJ,
Otoni WC (2011) Somatic embryogenesis from mature zygotic
embryos of commercial passionfruit (Passiflora edulis Sims)
genotypes. Plant Cell Tissue Organ Cult 107:521-530

@ Springer

Pérez-Nuiiez MT, Souza R, Sdenz L, Chan JL, Zifiga-Aguilar JJ,
Oropeza C (2009) Detection of a SERK-like gene in coconut and
analysis of its expression during the formation of embryogenic
callus and somatic embryos. Plant Cell Rep 28:11-19

Petersen T, Brunak S, von Heijne G, Nielsen H (2011) Signall 4.01
discriminating signal peptides from transmembrane regions. Nat
Methods 8:785-786

Pilarska M, Malec P, Salaj J, Bartnicki F, Konieczny R (2015) High
expression of SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
KINASE coincides with initiation of various developmental
pathways in in vitro culture of Trifolium nigrescens. Proto-
plasma. doi:10.1007/s00709-015-0814-5

Rocha DI, Vieira LM, Tanaka FAO, Silva LC, Otoni WC (2012)
Anatomical and ultrastructural analyses of in vitro organogenesis
from root explants of commercial passion fruit (Passiflora edulis
Sims). Plant Cell Tissue Organ Cult 111:69-78

Rocha DI, Pinto DLP, Vieira LM, Tanaka FAO, Dornelas MC, Otoni
WC (2015) Cellular and molecular changes associated with
competence acquisition during passion fruit somatic embryoge-
nesis: ultrastructural characterization and analysis of SERK gene
expression. Protoplasma. doi:10.1007/s00709-015-0837-y

Rosa YBJ, Aizza LCB, Armanhi JSL, Dornelas MC (2013a) A
Passiflora homolog of a D-type cyclin gene is differentially
expressed in response to sucrose, auxin, and cytokinin. Plant Cell
Tissue Organ Cult 115:233-242

Rosa YBIJ, Aizza LCB, Bello CCM, Dornelas MC (2013b) The
PmNACI gene is induced by auxin and expressed in differen-
tiating vascular cells in callus cultures of Passiflora. Plant Cell
Tissue Organ Cult 115:275-283

Rosa YBCJ, Monte-Bello CC, Dornelas MC (2015) Species-depen-
dent divergent responses to in vitro somatic embryo induction in
Passiflora spp. Plant Cell Tissue Organ Cult 120:69-77

Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton
N, Malinovsky FG, Tor M, de Vries S, Zipfel C (2011) The
Arabidopsis leucine-rich repeat receptor-like kinases BAKI1/
SERK3 and BKK1/SERK4 are required for innate immunity to
hemibiotrophic and biotrophic pathogens. Plant Cell 23:2440-
2455

Saitou M, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4:406-425

Santiago J, Henzler C, Hothorn M (2013) Molecular mechanism for
plant steroid receptor activation by somatic embryogenesis co-
receptor kinases. Science 341:889-892

Santos MO, Romano E, Yotoko KSC, Tinoco MLP, Dias BBA,
Aragdo FJL (2005) Characterisation of the cacao SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) gene
expressed during somatic embryogenesis. Plant Sci 168:723-729

Savona M, Mattioli R, Nigro S, Falasca G, Della Rovere F,
Costantino P, De Vries S, Ruffoni B, Trovato M, Altamura
MM (2012) Two SERK genes are markers of pluripotency in
Cyclamen persicum Mill. J Exp Bot 63:471-488

Schellenbaum P, Jacques A, Maillot P, Bertsch C, Mazet F, Farine S,
Walter B (2008) Characterization of VvSERKI, VvSERK2,
VWSERK3 and VvLIL genes and their expression during somatic
embryogenesis of grapevine (Vitis vinifera L.). Plant Cell Rep
27:1799-1809

Schmidt EDL, Guzzo F, Toonen MAJ, de Vries SC (1997) A leucine
rich repeat containing receptor-like kinase marks somatic plant
cells competent to form embryos. Development 124:2049-2062

Sharma SK, Millam S, Hein I, Bryan GJ (2008) Cloning and
molecular characterisation of a potato SERK gene transcription-
ally induced during initiation of somatic embryogenesis. Planta
228:319-330

Shimada T, Hirabayashi T, Endo T, Fujii H, Kita M, Omura M (2005)
Isolation and characterization of the somatic embryogenesis


http://dx.doi.org/10.1007/s00709-015-0814-5
http://dx.doi.org/10.1007/s00709-015-0837-y

Plant Cell Tiss Organ Cult (2016) 125:107-117

117

receptor-like kinase gene homologue (CitSERKI) from Citrus
unshui Marc. Sci Hortic 103:233-238

Silva ML, Pinto DLP, Guerra MP, Floh EIS, Bruckner CH, Otoni WC
(2009) A novel regeneration system for a wild passion fruit
species (Passiflora cincinnata Mast.) based on somatic embryo-
genesis from mature zygotic embryos. Plant Cell Tissue Organ
Cult 99:47-54

Silva CV, Oliveira LS, Loriato VAP, Silva LC, Campos JMS, Viccini
LF, Oliveira EJ, Otoni WC (2011) Organogenesis from root
explants of commercial populations of Passiflora edulis Sims
and a wild passionfruit species, P. cincinnata Masters. Plant Cell
Tissue Organ Cult 107:407-416

Silva AT, Barduche D, Livramento KG, Ligterink W, Paiva LV
(2014) Characterization of a putative Serk-Like ortholog in
embryogenic cell suspension cultures of Coffea Arabica L. Plant
Mol Biol Rep 32:176-184

Skoog F, Miller CO (1957) Chemical regulation of growth and organ
formation in plant tissues cultured in vitro. Symp Soc Exp Biol
54:118-130

Steiner N, Santa-Catarina C, Guerra MP, Cutri L, Dornelas MC, Floh
EIS (2012) A gymnosperm homolog of SOMATIC EMBRY-
OGENESIS RECEPTOR-LIKE KINASE-1 (SERK]1) is expressed
during somatic embryogenesis. Plant Cell Tissue Organ Cult
109:41-50

Talapatra S, Ghoshal N, Raychaudhuri SS (2013) Molecular charac-
terization, modeling and expression analysis of a somatic
embryogenesis receptor kinase (SERK) gene in Momordica

charantia L. during somatic embryogenesis. Plant Cell Tissue
Organ Cult 116:271-283

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0.
Mol Biol Evol 24:1596-1599

Thomas C, Meyer D, Himber C, Steinmetz A (2004) Spatial
expression of a sunflower SERK gene during induction of
somatic embryogenesis and shoot organogenesis. Plant Physiol
Biochem 42:35-42

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res
22:4673-4680

Vieira LM, Rocha DI, Taquetti MF, Silva LC, Campos JMS, Viccini
LF, Otoni WC (2014) In vitro plant regeneration of Passiflora
setacea D.C. (Passifloraceae): the influence of explant type,
growth regulators, and incubation conditions. In Vitro Cell Dev
Biol Plant 50:738-745

Wareing PF (1982) Determination and related aspects of plant
development. In: Smith H, Grierson D (eds) The molecular
biology of plant development. Blackwell Scientific Publications,
Oxford, pp 517-541

Xu L, Huang H (2014) Genetic and epigenetic controls of plant
regeneration. Curr Top Dev Biol 108:1-33

Yang X, Zhang X (2010) Regulation of somatic embryogenesis in
higher plants. Crit Rev Plant Sci 29:36-57

@ Springer



	A passion fruit putative ortholog of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE1 gene is expressed throughout the in vitro de novo shoot organogenesis developmental program
	Abstract
	Introduction
	Materials and methods
	Plant material
	Induction of de novo shoot organogenesis
	Scanning electron microscopy (SEM)
	Gene cloning and sequence analyses
	In situ hybridization

	Results
	De novo shoot organogenesis from hypocotyl and root explants
	PeSERK1 encodes a putative passion fruit SERK1 homolog
	PeSERK1 is expressed in P. edulis during in vitro organogenesis program

	Discussion
	Acknowledgments
	References




