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Abstract The wild grass species Brachypodium distachyon
(L.) has been proposed as a new model for temperate grasses.
Among the biotechnological tools already developed for the
species, an efficient induction protocol of somatic embryogen-
esis (SE) using immature zygotic embryos has provided the
basis for genetic transformation studies. However, a system-
atic work to better understanding the basic cellular and mo-
lecular mechanisms that underlie the SE process of this grass
species is still missing. Here, we present new insights at the
morpho-histological, histochemical, and molecular aspects of
B. distachyon SE pathway. Somatic embryos arose from em-
bryogenic callus formed by cells derived from the
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protodermal-dividing cells of the scutellum. These
protodermal cells showed typical meristematic features and
high protein accumulation which were interpreted as the first
observable steps towards the acquisition of a competent state.
Starch content decreased along embryogenic callus differenti-
ation supporting the idea that carbohydrate reserves are essen-
tial to morphogenetic processes. Interestingly, starch accumu-
lation was also observed at late stages of SE process. Searches
in databanks revealed three sequences available annotated as
BdSERK, being two copies corresponding to SERK/ and one
showing greater identity to SERK?2. In silico analysis con-
firmed the presence of characteristic domains in a
B. distachyon Somatic Embryogenesis Receptor Kinase genes
candidates (BdSERKs), which suggests SERK functions are
conserved in B. distachyon. In situ hybridization demonstrated
the presence of transcripts of BASERK]1 in all development
since globular until scutellar stages. The results reported in
this study convey important information about the morphoge-
netic events in the embryogenic pathway which has been lack-
ing in B. distachyon. This study also demonstrates that
B. distachyon provides a useful model system for investigat-
ing the genetic regulation of SE in grass species.

Keywords Cellular competency - Grass - Histology - In situ
hybridization - SERK genes - Somatic embryogenesis

Introduction
Over the past decade, Brachypodium distachyon has been

proposed as a model species for molecular genetics researches
of temperate grasses and cereals (Draper et al. 2001; Vogel and
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Bragg 2009; Brkljacic et al. 2011; Girin et al. 2014; Fitzgerald
et al. 2015; Kellogg 2015; Vogel 2016). B. distachyon is an
ideal species for functional genomic studies of grass, because
of its easy growth requirements, small stature, rapid life cycle,
small genome, and self-pollination (Opanowicz et al. 2008;
Kellogg 2015; Vogel 2016). In addition, important genomic
resources have been developed for B. distachyon as transfor-
mation protocols, large expressed sequence tag (EST) data-
bases, tools for forward and reverse genetic screens, highly
refined cytogenetic probes, germplasm collections, and re-
cently, a complete genome sequence has been generated
(Vain 2011; Brkljacic et al. 2011; Vogel 2016).

Functional genomics studies require from any model plant
species appropriated transformation and in vitro regeneration
systems. An efficient tissue culture protocol to induce somatic
embryogenesis (SE) from immature zygotic embryos has been
established for B. distachyon (Ye and Tao 2008). SE is the
development program by which somatic cells develop into
differentiated somatic embryos under appropriate conditions.
These somatic embryos differentiate into whole plants by
passing through the zygotic embryo stages of sexual fertiliza-
tion (Zimmerman 1993; Von Armold et al. 2002; Yang and
Zhang 2010; Rocha and Dornelas 2013; De Fillipis 2014;
Smertenko and Bozhkov 2014). SE plays a very important
role in in vitro plant regeneration of various cereal and grass
species (Ozias-Akins and Vasil 1982; Vasil et al. 1985; Brisibe
etal. 1993; Taylor and Vasil 1996; Mariani et al. 1998; Wrobel
etal. 2011). When integrated with conventional breeding pro-
grams and molecular and genetic engineering techniques, SE
provides a valuable tool to enhance genetic improvement of
crop species (Quiroz-Figueroa et al. 2006; De Fillipis 2014).
However, genetic engineering or mutagenesis techniques can-
not be successfully achieved if the basic knowledge underly-
ing the morphogenesis processes is not well understood
(Fortes and Pais 2000; Verdeil et al. 2007; Yang and Zhang
2010).

During early stages of SE induction, a given somatic cell
responds to the environmental conditions and growth regula-
tors supplement acquiring competence to assume a new
developmental fate. After that, the competent cell or tissue
become determined (committed) to form the somatic embryos
(Yang and Zhang 2010). Descriptions of the cellular changes
occurring during the transition SE pathway and
histodifferentiation of somatic embryos have been reported
for many eudicot species (Moura et al. 2010; Wrobel et al.
2011; Pan et al. 2011; Rocha et al. 2012, 2016). It has been
shown for eudicots that there are particular cellular and
histological features which allow the recognition of the
transition from the somatic to the embryogenic state during
this developmental process (Verdeil et al. 2007; Kurczynska
et al. 2012; Betekhtin et al. 2016; Rocha et al. 2016). On the
other hand, in monocots the cellular events underlying the
acquisition of competence and the transition of somatic cells
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to the embryogenic cell state are poorly elucidated
(Lenis-Manzano et al. 2010; Delporte et al. 2014; Cabral
et al. 2015).

The cellular reprogramming that occurs throughout the SE
developmental program is closely related to alterations in gene
expression (Karami et al. 2009; Yang and Zhang 2010; Rocha
and Dornelas 2013; De Fillipis 2014). The Somatic
Embryogenesis Receptor Kinase (SERK) gene is among the
genes involved in the induction of SE and has been used to
monitor the transition from somatic cells to callus proliferation
and embryogenic cells formation (Schmidt et al. 1997; Hecht
et al. 2001; Somleva et al. 2000; Nolan et al. 2003; Santa-
Catarina et al. 2004; Singla et al. 2008; Pérez-Nuiiéz et al.
2009; Nolan et al. 2009; Savona et al. 2012; Steiner et al.
2012; Pilarska et al. 2016; Rocha et al. 2016). SERK is a
leucine-rich repeat (LRR) transmembrane protein kinase that
enhances the ability of the apical meristem in Arabidopsis to
form somatic embryos when SERK genes are overexpressed
(Hecht et al. 2001). SERK gene was found to be expressed
during callus differentiation, and expressed from
proembryogenic mass formation to the globular stage during
SE of many eudicot species (see review aan den Toorn et al.
2015). Homologs of the SERK genes were also isolated from
some monocots species as Zea mays (Baudino et al. 2001),
Oryza sativa (Hu et al. 2005), Triticum aestivum (Singla et al.
2008), and Secale cereale (Gruszczynska and Rakoczy-
Trojanowska 2011). However, in contrast to the knowledge
available regarding molecular mechanisms involved in the
control of eudicots-SE, the expression pattern of SERK genes
has not been extensively studied in monocots-SE.

In this work, we described in great details at the cellular and
molecular levels the mechanisms related to SE induction of
the grass model B. distachyon. We characterized the histolog-
ical and histochemical changes involved in SE induction and
verify the dynamics of expression of SERK gene throughout
the embryogenic pathway obtained from immature zygotic
embryos of B. distachyon. The findings of this study provide
a useful model system for investigating the genetic regulation
of SE in grass species.

Materials and methods
Plant material

B. distachyon (line Bd21) was provided by Dr. John Vogel
from the US Department of Agriculture. Selfed seeds of
B. distachyon (line Bd21) were sown in 8-cm plastic pots
containing a compost:vermiculite mixture (2:1) and stratified
at 4 °C for 1 week after sowing. Plants were grown in con-
trolled growth chambers under 20 h light:4 h dark photoperiod
at 23 °C with cool-white fluorescent lighting at a level of
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150 uE m 2 s~ ", until maturation to generate a seed stock to
initiate experiments.

Production of embryogenic callus and plant regeneration

Immature seeds obtained around 8—12 weeks after potting
were sterilized for 30 s with 20 mL of 70% ethanol in a capped
sterile Petri dish. Ethanol was drained and seeds were rinsed
with sterilized deionized water. Seeds were placed in 20 mL of
1.3% sodium hypochlorite solution for 4 min and then rinsed
three times with sterilized deionized water. Lemma (upper
glume) was removed from immature seeds and immature em-
bryos were dissected out from seeds with watery to milky
endosperm with a fine forceps under aseptic conditions in a
laminar flow hood using a stereo microscope.

Twenty immature embryos were cultured with the scutel-
lum facing up in 9-cm-diameter Petri dishes containing 25 mL
of induction medium [Murashige and Skoog (MS) salts
(Murashige and Skoog 1962), 4 g L™' of Fe-
ethylenediaminetetraacetate (Fe-EDTA), 30 g L' of sucrose,
2.5mg L' of 2,4-dichlorophenoxyacetic acid, 0.6 mg L™ of
CuSO,, and 2 g L' of Phytagel (Sigma Aldrich®); pH 5.8] at
25 °C in the dark. Filter-sterilized vitamin M5 [2 mg L' of
glycine, 0.4 mg L' of nicotinic acid, 0.4 mg L ™" of pyridox-
ine-HCI, 0.5 mg L' of thiamine-HCI, and 40 mg L™ of cys-
teine] was added after autoclaving. The elongated coleoptiles
were excised when they appeared, during the first 2-3 days of
culture. After 34 weeks, embryogenic calli with a creamy
color and pearly surface were fragmented in 2—4 pieces and
transferred (20 callus pieces per plate) onto regeneration me-
dium (MS salts, Fe-EDTA, 30 g L ! of sucrose, 0.2 mg L 'of
kinetin, vitamins M5, 2 g L™ of Phytagel; pH 5.8) for 2—
3 weeks at 25 °C under 16-h photoperiod. Shoots (rooted or
not) were transferred to jars containing germination medium
(40% MS salts, Fe-EDTA, 10 g L' of sucrose, vitamins B35,
2 g L! of Phytagel, 6 g L' of agar; pH 5.8). Shoots were
cultured for 2-3 weeks at 23 °C under 16-h photoperiod.
Regenerated plantlets were potted in plastic pots containing
a wet compost mixture (3:1 Plantmax®:vermiculite). Plants
were grown in a Controlled Environment Room (Forma
Scientific) at 23 °C with a 20-h light photoperiod for 5—
6 weeks.

Microscopy sample preparation

For anatomical and histochemical characterizations of the SE
process, immature seeds obtained around 15 days after anthe-
sis and immature zygotic embryos were collected every day
from 1 to 6 days after culture in induction medium, then at
days 8, 12, and 21. Samples were fixed in Karnovsky’s solu-
tion (Karnovsky 1965).

Light microscopy and histochemical characterization

For the anatomical studies, fixed immature embryo samples
were dehydrated in a graded ethanol series and embedded in
methacrylate (Historesin, Leica Instruments, Germany).
Longitudinal sections (5 pm in thickness) were obtained with
an automated advance rotary microtome (RM2155, Leica
Microsystems Inc., USA) and stained with toluidine blue at
pH 4.4 (O’Brien and McCully 1981) for structural character-
ization, Xylidine Ponceau (XP) for total protein quantification
(Vidal 1977), periodic acid—Schiff’s reagent (PAS) for the
quantification of polysaccharides with vicinal glycol groups
(Feder and O’Brien 1968), and Sudan black B (Pearse 1980)
for total lipid quantification. Images were captured on a light
and fluorescence microscope (Olympus AX70TRF, Olympus
Optical, Japan) coupled with a digital camera (AxioCam HR,
Zeiss).

Scanning electron microscopy

Fixed samples were dehydrated with an increasing acetone
series, subjected to critical point drying (CPD 030, Bal-Tec,
Balzers, Germany), and coated with gold (SCD 050, Bal-Tec,
Balzers, Germany). Samples were analyzed on a scanning
electron microscope (LEO 435-VP, Cambridge, England)
and all images were processed digitally.

Transmission electron microscopy

Fixed samples were post fixed with 1% of osmium tetroxide in
0.05-M phosphate buffer, dehydrated in an increasing acetone
series of acetone, and embedded in epoxy resin (Spurr 1969).
Ultrathin sections (70 nm in thickness) were obtained with an
ultramicrotome (Leica UC6, Leica Microsystems Inc., USA)
and contrasted with uranyl acetate and lead citrate (Reynolds
1963). Research and documentation were performed with a
transmission electron microscope (EM900, Zeiss, Germany)
at 50 kV.

Identification and characterization of SERK genes
in B. distachyon

To identify homologs of SERK genes of B. distachyon and
other species used in this study, research was carried out in
Phytozome (https://phytozome.jgi.doe.gov) and NCBI
(https://www.ncbi.nlm.nih.gov/) databases. The sequences
obtained were compared with members of the SERK family
of other species using the BLASTP tool against the non-
redundant databank of NCBI.

Information on the position and conservation of the struc-
tural domains were searched from CDD Conserved Domain
database (NCBI) and Pfam 30.0 (pfam.xfam.org), and
demonstrated through multiple sequence alignment (MSA)
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of the predicted amino acid sequences with other grass SERK
protein sequences, available at the Genbank. The MSA was
obtained by ClustalW in the Bioedit 7.2 software. The signal
peptide prediction was performed by SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP) (Petersen et al.
2011). The phylogenetics relationship of the BASERK se-
quences was investigated by building a rooted phylogenetics
tree with other 65 homologs from different taxonomic plant
groups and 4 non-SERK kinase proteins used as external
group (aan den Toorn et al. 2015), using MEGA (Molecular
Evolutionary Genetics Analysis) software version 7.0 (Kumar
etal. 2016) by Neighbor-Joining method (NJ) (Saitou and Nei
1987) and bootstrap test with 1000 replicates.

Additionally, a score of conservation for each amino acids
was determined using the Consurf Server (http://consurf.tau.
ac.il/). The results were plotted onto crystal structures (PDB:4
LSC) for SERK1 extracellular domain (Santiago et al. 2013;
aan den Toorn et al. 2015) available at PDB (Protein Data
Bank - www.wwpdb.org). The analysis was performed from
alignment of the aforementioned 65 SERK protein homologs
(aan den Toorn et al. 2015) using BASERK1 (Bradi5g12227)
and BdASERK2 (Bradi3gl5660) as query sequences. The mo-
lecular graphics and analysis were performed with PyMOL
Viewer software version 0.99rc6.

Spatial and temporal localization of SERK transcripts
by situ hybridization

Samples were collected at 0, 2, 12, 14, and 21 days in induc-
tion medium and immediately immersed into fixing solution
(4% of paraformaldehyde and 0.25% of glutaraldehyde in
sodium phosphate buffer at 0.01 M; pH 7.2). Samples were
subjected to vacuum for 1 h at room temperature and then kept
at 4 °C for 16 h. Next, samples were dehydrated in an ethanol
series, embedded in BMM (butyl-methyl-methacrylate,
Sigma Aldrich®) resin, polymerized for 48 h at 4 °C under
ultraviolet light 815 2537 A° (15 W), and stored at —20 °C.

Sections of 4 um were produced using an automated ad-
vance rotary microtome (RM2155, Leica Microsystems Inc.,
USA) and placed in water droplets on RNase-free
Fisherbrand® silane-treated slides microscope (Fisher
Scientific). The sections were dried in a heating plate at
60 °C and stored at 4 °C until used. Prior to hybridization,
the BMM was removed from the sections by consecutive 10-
min washes in 100% acetone, acetone:DEPC-treated water
(1:1, v/v), and twice in DEPC-treated water.

A fragment of 766 bp of BASERK1 obtained from cDNA
amplification of embryogenic callus with 21 days of culture
was cloned into pPGEM T Easy vector (Promega), and used as
a template for constructing antisense and sense probes. The
probes were labeled with digoxigenin (DIG-UTP) using the
DIG RNA Labeling Kit (SP6/T7) according to manufacturer’s
(Roche Applied Science) recommendations.
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For hybridization reaction, 60 ng of probe and 60 ng of
yeast tRNA (Gibco BRL®) were denatured at 80 °C for
5 min and added to 100 mL of hybridization buffer (10 mM
of Tris-HCI at pH 7.5, 300 mM of NaCl, formamide 50%,
1 mM of EDTA at pH 8.0, 1X Denhardt’s solution). For hy-
bridization, 100 uL of hybridization solution was placed onto
each slide, which was covered with Parafilm®. The slides
were incubated in a moist chamber at 42 °C in the dark for
approximately 16 h. After hybridization, the slides were
washed in 4X, 2X, 0.5X, and 1X SSC solutions (20X
SSC = 3 M of NaCl and 0.3 M of Nas-citrate; pH 7.2) for
30 min each. The slides were maintained in detection buffer 1
(0.1 M of Tris-HCI at pH 7.5 and 0.15 M of NaCl) for 5 min
and then incubated in blocking buffer for 30 min. The sections
were washed again in detection buffer sensing 1 for 5 min and
incubated for 1 h with the antibody anti-Digoxigenin AP Fab
Fragments (Roche®) diluted 1:1000 in detection buffer 1.
Subsequently, two 15-min washes in detection buffer and a
5-min wash in detection buffer 3 (0.1 M Tris-HCl—pH 7.5,
0.1 M NaCl; 0.05 M MgCl2) were carried out. Sections were
incubated in staining solution containing 4.5 pL of BCIP (5-
bromo-4-chloro-3-indolyl-phosphate) (0.05 g mL™") and
4.5 uL of NBT (nitrobluetetrazolium) (0.05 g mL ") in
1 mL of buffer 3 for 45 min in the dark. The sections were
incubated in detection buffer 4 (0.01 M of Tris-HCl at pH 8.0
and 1 mM of EDTA) for 10 min to stop the reaction, and the
slides were mounted in water. Images was captured by an
Olympus AX70TRF light microscope (Olympus Optical,
Japan) equipped with a U-Photo system and coupled to a
Zeiss AxioCam HRc digital camera.

Results

Development of embryogenic callus from immature
zygotic embryo explant

To initially characterize the time course of the development
of embryogenic callus in B. distachyon, we evaluated dis-
tinct phases of embryogenic development (Fig. 1). Immature
zygotic embryo dissected 15 days after anthesis and used as
explants was about 0.5 mm in width and consisted of large
scutellum, coleoptile, and coleorhiza. The scutellum was at-
tached to the embryo axis by the region between the coleo-
rhiza and the coleoptile denominated scutellar node or
mesocotyl. The coleoptile initiated from the adaxial surface
of the scutellum and surrounded the first leaves. The coleo-
rhiza, a conical sheath-like structure, was formed at the
proximal end of the primary root. Two epiblasts arised just
below the mesocotyl, each at the two opposite sides of the
coleoptile base, and were continuous along with the scutel-
lum (Fig. 1a, b).
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Fig. 1 Morphological view of the Brachypodium distachyon somatic
embryogenesis process from immature zygotic embryo explants
cultured on auxin-rich induction medium. a, b Micrographs of
immature embryo 15 days post anthesis obtained from stereo
microscope (a) and scanning electron microscopy (b). ¢ Immature
embryo at 3 days after culture. Bulges started to form on the surface of
the edge of the scutellum (asterisk). d Callus formation (arrowheads). e
Zygotic explants after 8 days of culture. A callus showing the differences
between embryogenic (ec) and non-embryogenic callus (ne) areas. f
Embryogenic callus after 10 days on regeneration medium showing
somatic embryos at different developmental stages. Arrow indicates an
aerial part of a somatic embryogenesis-derived shoot. g Embryogenic
callus after 15 days on regeneration medium. Somatic embryo at the

During the first 2—4 days of culture, a progressive swell-
ing of the scutellum and mesocotyl was observed. The
coleorhiza and coleoptile started to elongate and epidermal
hairs grew on the coleorhiza (Fig. 1c, d). After 68 days, a
callus mass was formed on the scutellum surface (Fig. 1d).
Proembryogenic clusters showed different morphological
aspects in the non-embryogenic regions (Fig. le).
Proembryogenic clusters presented a creamy-white color,
a smooth surface, and a nodular appearance. In contrast,
the non-embryogenic callus was friable and translucent
with a rough surface (Fig. le).

The callus mass continued to proliferate and after
4 weeks of culture compact embryogenic calli were trans-
ferred onto the regeneration medium in the light and de-
veloped into well-formed, creamy-white scutella (Fig. 1f,

coleoptilar stage initiates germination (white circle). h Scanning electron
micrograph showing well-developed somatic embryo attached
to the subtending callus after 2 weeks on regeneration medium. i
Regenerating embryos with coleoptiles directly coming from scutella
after 15-21 days on regeneration medium. j Plantlet with well-defined
shoot (Sh) and root (r) bipolar structure at 21 days on regeneration
medium. k Regenerated plantlet developing roots 2 weeks after transfer
to germination medium. 1 Regenerated plants after 6 weeks in compost
mixture producing viable seeds. ¢/ coleoptile, ¢z coleorhiza, ec
embryogenic callus, ep epiblast, ne non-embryogenic callus, sc scutel-
lum, s shoot, » root. Bars: a 200 um; b, ¢, h 100 um; d, e 125 um; f, g
250 pm; i, j 500 pm; k 5 mm; 1 10 mm

g). Localized chlorophyll also occurred in some green re-
gions of the callus (Fig. 1g). Coleoptiles emerged from the
coleoptilar pore in the scutellum of fully developed somat-
ic embryos (Fig. 1f, g). The developments of both coleo-
rhiza and coleoptile were observed by SEM, indicating a
bi-polarity of somatic embryo development (Fig. 1h).
Somatic embryos germinated (Fig. 11) and shoot-root axis
grew in regeneration medium and developed green plant-
lets (Fig. 1j). Occasionally, root development was delayed
and the plantlet remained connected to the callus or pro-
duced small roots. These plantlets further developed fol-
lowing subculture for 2-3 weeks on the germination me-
dium (Fig. 1k). Rooted plants were successfully
established in compost mixture, produced fertile flowers,
and set viable seeds (Fig. 11).
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Histological and histochemical changes
during embryogenic callus development

Next, we characterized histological changes in B. distachyon
embryogenic calli. Given that the development of embryogen-
ic calli started on scutellum surface, we performed longitudi-
nal sections of embryos explants prior to in vitro culture.
These sections revealed that the scutellar tissue is composed
of a single protodermal layer, which in turn consists of dense
cytoplasmic cells as well as a compact ground meristem tissue
comprising relatively large parenchyma cells with dense cel-
lular content (Fig. 2a). At the 3rd day of culture, the coleorhiza
and coleoptile begun to elongate and clear anatomic modifi-
cations in the explants could be detected (Fig. 2b). Intense

periclinal divisions were observed in the protodermal and
subprotodermal cell layers in the scutellum (Fig. 2b, c¢).
These edge cells were intensely stained and kept the cytolog-
ical features that had been previously observed, such as dense
cytoplasm and evident nucleus. On the other hand, ground
meristem cells of inner layers begun to expand and exhibited
a hyaline cytoplasm content and vacuolization (Fig. 2c¢).
Further mitotic proliferation activity of scutellum protodermal
cells led to callus-like structures in some regions of this tissue
(Fig. 2d).

From 6 to 8 days, proembryogenic cell zones further de-
veloped through a continued series of complex cellular divi-
sion pattern in the region corresponding to the embryogenic
callus (Fig. 2e). The proembryogenic zones were attached to

Fig. 2 Histological characterization of Brachypodium distachyon
somatic embryogenesis process from immature zygotic embryo
explants cultured on auxin-rich induction medium. Longitudinal
sections. a Histological organization of initial zygotic embryo explant.
b, ¢ Explant after 3 days in SE induction medium. Note the dense
cytoplasm of protodermal-dividing cells in comparison to hyaline
cytoplasm of inner cell layers of the scutellum. d, e Early (d) and late
(e) embryogenic callus (ec) formation. f Explant after 10 days of culture.
Further development of the embryogenic callus lead to somatic embryo
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(se) formation that grew irregularly. g Somatic embryos (se) at different
development stages showing the presence of shoot and root apical
meristem, scutellum, and closed vascular system. h Densely stained
compact embryogenic callus (ec) and embryo-like structures (e/)
completely separated from the original explant at 12 days of culture. ¢/
coleoptile, ¢z coleorhiza, ec embryogenic callus, e/ embryo-like
structures, ep epiblast, RAM root apical meristem, SAM shoot apical
meristem, sc scutellum, se somatic embryo. Bars: a—¢ 200 um; d, e
100 pum; £500 pm; g, h 250 pm
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the callus by a broad multicellular base (Fig. 2e). From 8 to
21 days of culture, the proembryogenic zones formed embryo-
like structures composed of meristematic cell aggregates with
closed vascular system. These structures showed a well-
defined protoderm and were therefore identified as somatic
embryos (Fig. 2f, g). At this stage, the establishment of the
apical/basal polarity was observed by the development of
shoot and root apical meristems in the somatic embryos
(Fig. 2g). The establishment of adaxial/abaxial polarity axis
of the somatic embryo was also possible, being recognized by
scutellum formation (Fig. 2g). After 28 days of culture, em-
bryogenic callus and embryogenic-like structures that were
maintained in culture showed progressive growth and were
completely separated from the original explant (Fig. 2h).

Histochemical tests were performed in the scutellum tissue
region during SE induction (Fig. 3a-h). Starch grains were
evidenced in the immature zygotic embryos used as initial
explants by the positive reaction to PAS. Starch grains ap-
peared uniformly distributed within the scutellum cells
(Fig. 3a). No protein bodies were identified in the scutellum,
even though a weak, uniform positive reaction to Xylidine
Ponceau (XP) was observed in the scutellum tissue, evidenc-
ing the presence of structural proteins (Fig. 3b).

After 4 days in the SE induction medium, starch granules
were less abundant than those at the initial stage. The formers
were mostly present in the inner cell layers of the scutellum,
region which was not involved in the regeneration process.
Starch granules were not evident throughout the division of
embryogenic callus cells (Fig. 3¢). A different response reac-
tion to XP was observed between the scutellum regions that
were involved and not-involved in callus formation.
Protodermal cells that actively divided to form the embryo-
genic callus showed a more intense stain in comparison to
inner cell layers (Fig. 3d).

After 12 days of culture, similar stain pattern was observed
during the development of embryogenic-like structures
(Fig. 3e, f). However, after 21 days, small starch granules
became abundant and appeared scattered throughout the cells
of embryogenic clusters (Fig. 3g). In addition, an intense XP
stain was observed in this embryogenic zone (Fig. 3h).

The Sudan Black test was negative for lipids in the initial
explant as well as throughout the SE pattern (data not shown).

Cytological changes during embryogenic callus
differentiation

The scutellum tissue of immature zygotic embryos explants
were originally composed by cells with numerous starch gran-
ules and a dense cytoplasm, but some of these became pro-
gressively vacuolated (Fig. 4a, b). The nucleus was overall
centrally located, possessing a nucleolus (Fig. 4a, b).
Mitochondria and rough endoplasmic reticulum were already
evident and differentiated (Fig. 4b).

After 4 days of culture, mitotic activity was observed first
in periphery scutellum cells (Fig. 4c). The protoplasm of scu-
tellum periphery cells retained the same cytological features
that had been previously observed. Mitochondria, Golgi ap-
paratus, rough endoplasmic reticulum, and free ribosomes
were distributed within the cytoplasm (Fig. 4c, d).
Amyloplasts with starch granules accumulation were also ob-
served. However, starch granules became fewer and smaller
(Fig. 4d) when compared to the initial stage (Fig. 4a, b).

After 12 days of culture, proembryogenic zones of outer
callus cells origin were observed (Fig. 4e). These
proembryogenic cells were in an intense mitotic activity. The
cell walls that were formed between daughter cells were rela-
tively thin (Fig. 4e—g). Usually, proembryos cells presented
meristematic characteristics, being composed by a central, ev-
ident nucleus as well as a dense cytoplasm that primarily
contained free ribosomes, a Golgi apparatus, mitochondria,
and rough endoplasmic reticulum, which was randomly dis-
tributed (Fig. 4f, g). The nucleus of each embryogenic cell
contained only one prominent nucleolus and small hetero-
chromatin regions (Fig. 4f). In the cytoplasm, the Golgi appa-
ratus was randomly distributed throughout the cytoplasm and
was composed of cisterns that actively produced dictyosomal
vesicles (Fig. 4g). In these cells, the vacuole component was
reduced and starch granules were practically absent.
Plasmodesmata could be observed between the walls of neigh-
boring cells of the newly divided embryogenic cells (Fig. 4g).

Identification and characterization of B. distachyon SERK
genes

The search for results concerning the latest release of
B. distachyon genome (v3) on the Phytozome database
revelead the presence of at least three putative SERK homo-
logs: two annotated as BASERK1 (Bradi3g46747 and
Bradi5g12227) and one Bradi3gl5660 available on
Phytozome as a putative leucine-rich repeat protein kinase,
subfamily LRRII, but showing 100% of identity with a se-
quence named as BASERK?2 (LOC100834508) in NCBI.
Bradi3g46747 was located in chromosome 3 with a predicted
mRNA (Bradi3g46747.1) of 2754 bp and ORF of 627 amino
acids (pI/Mw 5.49/68.8 KDa). The Bradi5g12227 sequence
was identified as part of chromosome 5, with mRNA se-
quence of 2471 bp encoding an ORF of 630 amino acids
(pI/Mw 5.78/69.7 KDa). The comparison of the predicted
amino acid sequences of both ORFS related to SERK/ gene
demonstrated 91% of identity and 93% of similarity.

BdSERK? corresponded to locus Bradi3g15660 present on
chromosome 3. The mRNA sequence (Bradi3gl5660.2) has
2458 bp and a predicted amino acid sequence of 625 amino
acids (pI/Mw 5.65/68.7 KDa). All sequences shared a con-
served exon-intron structure composed of 11 exons and 10
introns.
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Fig. 3 Histochemical
characterization of Brachypodium

distachyon somatic
embryogenesis process from
immature zygotic embryo
explants. Longitudinal sections of
immature scutellum from 0 to

21 days after culture were
subjected to staining with PAS (a,
¢, e, g) and Xylidine Ponceau (b,
d, f, h). a, b Scutellum of
immature zygotic embryo. a
Positive reaction for starch (white
arrowheads). b A faint positive
reaction for total proteins. ¢, d
Scutellum after 4 days in
induction media. ¢ Starch content
only in the inner cell layers (white
arrowheads). d A strong positive
XP-staining in protodermis-
dividing cells (p?). e, f
Embryogenic callus after 12 days
in induction media. g, h
Embryogenic callus after 21 days
in induction media. g Positive
reaction for starch (g) and total
proteins (h) in embryo-like
structures. ec embryogenic callus,
pt protodermal cells. Bars 25 um

DAY 12 DAY 4 DAY 0

DAY 21

Analysis of BlastN and BlastP of the three homologs men-
tioned against Non-redundant databank of NCBI revealed
identities ranging between 83and 94% with SERK1/SERK2
homologs of other grasses, namely 7. aestivum, O. sativa,
Sorghum bicolor, Setaria italica, and Z. mays.

CDD and Pfam analyses revealed the presence of structural
domains that are characteristic of SERK protein, being an ex-
tracellular domain that contains a signal peptide followed by a
leucine Zipper motif, 5 leucine-rich repeat (LRR1-LRRS), a
rich proline motif (SPP), a transmembrane domain, and the
intracellular kinase domain followed by C-terminal. Putative
signal peptides were predicted from amino acid sequences for
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the three BASERK homologs. For Bradi3g46747.1, it was
detected a cleavage site between positions 29 and 30.
However, for BradiSg12227.1, no cleavage site was detected
within the signal peptide region. For BASERK?2
(Bradi3g15660.2), a cleavage site was detected between posi-
tions 25 and 26 (Fig. S1). The multiple sequence alignments
(MSA) showed that the functional domains were overall well-
conserved in relation to SERK1/SERK2 homologs of other
monocots. Substitutions of amino acids and a few gaps were
observed in all sequences, being the signal peptide and region
between the SPP motif and transmembrane domain, the less
conserved.
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Fig. 4 Cytological changes involved in embryogenic callus
differentiation from scutellum of Brachypodium distachyon zygotic
embryo explants. a, b Scutellum cells of the initial explant. Note the
cellular organization with an evident nucleus (») and starch granules (s).
¢, d Four days of culture. Note anticlinal division pattern (c), the dense
cytoplasm and the small starch granules (d). e—g At 12 days of culture. e
General view of proembryogenic zone. f Detail of the large nucleus ()

The rooted phylogenetic summary constructed from the
alignment of deduced amino acid using NJ method showed a
close relationship between the predicted protein of B. distachyon
and members of SERK family of other grasses, including
S. italica, S. bicolor, Z. mays, and T. aestivum (Fig. 6). A more
complete alignment analysis involving 65 SERK proteins of

showing with a conspicuous nucleolus (nu) and small regions of
heterochromatin. g Dense cytoplasm with well-differentiated organelles
as mitochondria (m), Golgi apparatus (g) producing dictyosomal vesicles
(white arrowheads) and plasmodesmata (arrows) distributed throughout
the newly formed cell walls (w). g Golgi apparatus, r endoplasmic
reticulum, m mitochondria, n nucleus, nu nucleolus, v vacuole, w cell
wall, s starch. Bars: a, e 5 pm; ¢ 2 um; b, d, f, g | pm

different taxa, including eudicots, monocots, and non-vascular
plants as well as four non-SERKSs kinase proteins used as exter-
nal group showed BdSERK homologs grouped together to the
class of SERK1/2 of monocots (Fig. S2).

Furthermore, the conservation score, determined by
Consurf algorithm for both BASERK1 (BradiSg12227.1) and
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<« Fig. 5 Sequence alignments of SERK-like proteins with other monocot

species with B. distachyon SERK, showing the high similarity of the
SERK protein structural domains. The deduced amino acid sequences
of SERK proteins were aligned, and amino acids differing from the
consensus are colorless. Below the sequences, the protein domains are
indicated by rectangles: SP signal peptide, ZIP leucine zipper, LRR
leucine-rich repeats, SPP proline-rich region, 7M transmembrane
domain, Kinase protein-kinase domain, C C-terminal domain

BdSERK2 (Bradi3g15660.2), and plotted onto 3D structure of
the LRR-extracellular domain, demonstrated a high conserva-
tion state of the concave side of interaction ligand receptor
(Fig. 7a, b), in comparison to the convex side (solvent ex-
posed) (Fig. 7c, d). However, some amino acid positions of
BAdSERK-LIKE 2, marked in light yellow, denoted a conser-
vation level with low confidence due to insufficient data for
analysis (Landau et al. 2005).

Localization of B. distachyon BASERK-1 transcripts
during the somatic embryogenesis

Transcripts of BASERKI were present in all tissues of the
immature zygotic embryos used as initial explants (Fig. 8a)
and throughout the whole culture period in somatic em-
bryogenesis induction medium (Fig. 8b—d). After 2 days
in induction medium, a hybridization signal was observed
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TaSERK1
_99:0 BASERK1 (Bradi5g12227.1) ]

—
100 |_71|:

— AtSERK1
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100

—— AtNIK1
100l AtNIK2

— At LRRI-RLK1

in the entire embryo axis and in the scutellum. A stronger
signal was detected in the scutellum periphery, where mi-
totic divisions occurred (Fig. 8b). After 12 days of culture,
results from in situ hybridization showed that spatial ex-
pression of B. distachyon SERK occurred mainly in callus
regions that contained meristematic zones (Fig. 8c). From
12 to 21 days of culture, expression signals were also de-
tected in embryos at different developmental stages. At
21 days of culture, SERK transcripts were kept in the mer-
istematic cells of the compact embryogenic calli and so-
matic embryos (Fig. 8d). Sense probe did not generate
characteristic hybridization signal (Fig. 8e).

Discussion

We showed that immature B. distachyon zygotic embryos cul-
tured on auxin-rich induced medium were sufficient to deter-
mine the reprogramming process required for cell-fate transi-
tion involved in SE. Although SE has been previously report-
ed for B. distachyon (Ye and Tao 2008), we provided here new
insights to better understand the basic cellular and molecular
mechanisms that underlie the SE process of grass species. The
main developmental features presented in this paper are
discussed below.

ZmSERK2
SIiSERK 14ike
SbSERK3
ZmSERK3

TaSERK2
@ BASERK1 (Bradi3g46747.1) ]
SbSERK2
ZmSERK1

SERK Monocots

4 BdSERK2 (Bradi3g15660.2) ]
SbSERK1
SiSERK2-like

aseris | SERK Eudicots

AtSERK4
AtSERKS

LRRII-RLK non-SERKs

100 L At LRRIFRLK2

Fig. 6 Phylogenetic relationship of SERK proteins. The evolutionary
history was inferred using the neighbor-joining method (Saitou and Nei,
1987). The optimal tree with the sum of branch length = 4.23739800 is
shown. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next
to the branches (Felsenstein 1985). The evolutionary distances were

computed using the Dayhoff matrix based method and are in the units
of the number of amino acid substitutions per site (Schwarz and Dayhoff,
1979). The analysis involved 21 amino acid sequences, available at
Genbank. All positions containing gaps and missing data were
eliminated. There were a total of 692 positions in the final dataset.
Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016)
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Fig. 7 Conservation score of the
amino acids sequences in the
LRR-extracellular domain in
BdSERK!1 and BASERK2. The
analysis was performed using
ConSurf algorithm (Ashkenazy
et al. 2010) from multiple
alignment of the BASERK
sequences with other 65 SERK
homologs and plotted onto the
reported structure of the SERK 1
ectodomain (PDB: 4LSC;
Santiago et al. 2013). Scores
plotted as red-violet onto the
structure, represent residues of
higher conservation, whereas that
less conserved residues are
indicated by cyan. Scores in light
yellow denoted a conservation
level with low confidence. a, ¢
Concave side (interaction site
with ligand receptors) in
BdSERKI (a) and BASERK2 (¢).
b, d Convex side (solvent
exposed) in both BASERK
proteins

8 B

Conserved

Scutellum protodermis is intrinsically prone to undertake
morphogenic pathways in grass

Morpho-histological observations during SE developmental
process of B. distachyon showed the formation of embryogen-
ic callus initiated at the scutellum (Figs. 1 and 2). Interestingly,
the morphogenic responses obtained from zygotic embryo
explants started from cotyledons in eudicots (Canhoto and
Cruz 1996; Moura et al. 2008; Pinto et al. 2010; Rocha et al.
2012, 2016) or scutellum in monocots (Taylor and Vasil 1996;
Nonohay et al. 1999; Lenis-Manzano et al. 2010; Delporte
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etal. 2014; Liu et al. 2015) in almost all developmental studies
reported in literature. Scutellum is a unique structure in grass
embryos and is considered by many to be a single cotyledon
that does not emerge above ground (Chandler 2008). The
grass scutellum and eudicot cotyledon play equivalent reserve
roles in lipid, protein, and starch storage organs (Vernoud et al.
2005; Chandler 2008). Considering the homology between
monocot and eudicot cotyledons, it seems that cotyledon is
intrinsically prone to undertake morphogenic pathways and
this feature is conserved between eudicots and monocots.
However, the reason why cotyledon is a responsiveness organ
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Fig. 8 Spatial localization of SERK gene in Brachypodium distachyon
line Bd21 during somatic embryogenesis. a Initial zygotic embryo
explant with hybridization signal in all its extension and in cells of the
endosperm (arrowheads) of the immature seed. b Cells of the scutellum
protodermis at 2 days of culture com strong hybridization signal (arrows).
¢ Section of embryogenic callus showing strong hybridization signal in
meristematic zones (arrows). A strong signal in the periphery of the

is still poorly understood. Recent data suggest that reserve
compounds stored in cotyledons may have an important func-
tion during in vitro morphogenesis (Cangahuala-Inocente
et al. 2004, 2009; Rocha et al. 2012; Moura et al. 2010;
Silva et al. 2015). Furthermore, the large size difference be-
tween the cotyledon and the embryo axis as well as the closer
contact between scutellum and the induction medium, make
this structure more prone to perceive hormonal signaling that
trigger regeneration, especially at its peripheral cell layers.
These observations are consistent with recent reports on the
molecular regulation during somatic embryogenesis in
Arabidopsis, a model eudicot species, which showed the es-
tablishment of auxin gradients and the formation of morpho-
genetic responses in explant edge regions (Kurczynska et al.
2007; Su et al. 2009). Auxin is known to play a key role in SE
induction (Fehér et al. 2003; Yang and Zhang 2010; Rocha
and Dornelas 2013). An accumulation of this plant growth
regulator was identified in cotyledons dividing protodermal
cells of Arabidopsis zygotic embryo explants during the first
days of SE induction (Kurczynska et al. 2007). These authors
defined this features, auxin accumulation and population of
protodermal-dividing cells, as the first signs of competence
acquisition, stage at which a given cell or tissue assumes a
new developmental fate.

Similarly, we interpreted the initial mitotic activity ob-
served in the edge cells of the B. distachyon scutellum that
could be formed by similar auxin-dependent mechanism

scutellum of the proembryogenic zone (arrows). d Longitudinal section
of compact callus showing strong hybridization signal in zones of
meristematic cells and somatic embryos (arrows). e Section hybridized
with the sense probe. No signal above background was detected. cz
coleorhiza, ec embryogenic callus, sc scutellum, se somatic embryo.
Bars: a—¢ 100 pm; d, e 200 pm

(Fig. 2b, c¢). The meristematic features that we described in
edge cells during the initial stages of B. distachyon SE, such as
high division cell rate, dense cytoplasm, small vacuoles, and
numerous mitochondria (Fig. 4¢, d) also corroborate our hy-
pothesis that dividing protodermal cells may represent a histo-
cytological marker of competence acquisition in this regener-
ation system. Competence acquisition has been attributed to
cells showing meristematic traits during the induction phase of
the SE pathway (Fehér et al. 2003; Quiroz-Figueroa et al.
2006; Namasivayam 2007). Those anatomical and ultrastruc-
tural characteristics suggested their potential to proliferate and
differentiate; as we have observed here the meristematic pro-
liferation of protodermal cells gave rise to the embryogenic
callus.

The differentiation of embryogenic calli
from B. distachyon zygotic embryo explants is associated
with the mobilization of starch storage reserve

B. distachyon scutellum cells exhibited a starch-rich content
(Fig. 3a) that is consistent with the common reserve storage
pattern described for monocot species (Bewley and Black
1994; Tomlinson et al. 2003; Guillon et al. 2011; Opanowicz
et al. 2011). Starch forms the major storage product of grass
and cereals (Bewley and Black 1994). It has been considered a
primary source of energy for cell growth and proliferation
during plant morphogenetic events (Martin et al. 2000;
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Bewley and Black 1994). In this context, the reduction of
starch granules observed in dividing protodermal cells at the
initial developmental stages of B. distachyon SE pathway
(Figs. 3c and 4d) suggests that these were required for em-
bryogenic callus development. This hypothesis is also sup-
ported by the results obtained from XP-staining (Fig. 3d),
which indicated a high protein content in protodermal cells
involved in callus formation, at the same developmental stage.
Starch grainules were no longer evident in those cells, sug-
gesting an incidence of RNA synthesis and high metabolic
activity in protodermal cells related to embryogenic callus
formation.

At late stages, an increase in starch granules was observed
in embryogenic-like structures (Fig. 3g), indicating an accu-
mulation of this reserve compound in somatic embryos, as
observed in B. distachyon zygotic embryos. It might be a
result of cellular metabolism modification as a consequence
of high sucrose levels used in the culture medium (Pinto et al.
2010). A high starch amount has been observed during the
formation of somatic embryos in different species (Verdeil
et al. 2001; Quiroz-Figueroa et al. 2002; Moura et al. 2008,
Pinto et al. 2010). Although some studies have focused on the
association between starch accumulation/consumption and so-
matic embryos formation, the possible function of this reserve
compound in SE process remains unclear.

Differentiation and development of B. distachyon somatic
embryos

The periphery of the proliferating callus tissue was more prone
to give rise to regenerating structures. The formation of so-
matic embryos and embryo-like structures was preceded by
the differentiation of proembryogenic clusters that were com-
posed by clumps of small cells with dense cytoplasm. These
observations agree with previous histological characteriza-
tions of grass regeneration systems (Nonohay et al. 1999;
Lenis-Manzano et al. 2010; Delporte et al. 2014). The
proembryogenic stem-like cells (Fig. 4e—g) had an evident
nucleus with a single large, proeminent nucleolus with most
of the chromatin as eurochromatin. These cytological features
are typical of embryogenic cells (Verdeil et al. 2007,
Kurczynska et al. 2012; Rocha et al. 2016). According to
Verdeil et al. (2007), these features might be used to distin-
guish between meristematic and embryogenic stem-like cells.
Other ultrastructural characteristics evident in B. distachyon
proembryogenic stem-like cells were the presence of Golgi
apparatus—which was active in the production of
dictyosomal vesicles —high division cell rate and absence
of reserve compounds. These observations indicate the high
metabolic activity that characterize proembryogenic stem-like
cell clusters (Canhoto and Cruz 1996; Namasivayam 2007,
Rocha et al. 2016).
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Although we have not strictly recognized the embryogenic
developmental stages of monocot zygotic embryogenesis, the
mature B. distachyon somatic embryos resembled morpho-
histologically the zygotic embryos. They exhibited apical—
basal and radial polarity as well as a distinct scutellum
(Fig. 2g). Histologically, somatic embryos also showed closed
provascular system and fissures (Fig. 2g, h) that indicated
regions of embryo detachment. This is consistent with the
SE regeneration pattern (Namasivayam 2007).

Characterization of BASERK genes

Despite all the genomic resources available in the databases
and the importance of this species as a model plant, so far
there is little information on the molecular aspects that drive
the expression of somatic embryogenesis in B. distachyon. In
this work, we have characterized three putative homologs of
the SERK family available at Phytozome and NCBI
databanks, two of which corresponded to SERKI gene and
one annotated as SERK?2 gene. The sequences were character-
ized as to gene structure, conservation degree of the se-
quences, and phylogenetic positioning regarding to different
taxa. The comparison of the deduced amino acid sequences
against non-redundant protein databank revealed a high iden-
tity of sequences with BASERK1/SERK2 homologs of other
grasses like 7. aestivum, Z. mays, S. italica, S. bicolor, and
O. sativa, to mention a few. These sequences have conserved
characteristic structural domains of SERK family members
(Fig. 5). The deduced amino acid sequence extracellular do-
main consists of a variable signal peptide N-terminal, follow-
ed by 5 leucine-rich repeat motifs, and a typical SPP motif that
is absent in other LRR kinases (Fig. 5). Nonetheless,
concerning signal peptide prediction, no cleavage site has
been detected on the N-terminal portion of protein sequence
in Bradi5g12227.1. The absence of the signal peptide sug-
gested the occurrence of mutations in this region, possibly
affecting post-translational processing and protein distribu-
tion. However, further studies are necessary to confirm these
mutations and the transcriptional pattern of these genes as
well. Nevertheless, both BASERK1 proteins identified here
are isoforms, being gene products localized in different
Cromossomes.

Based on the genomic information available in the
databank, no sequence showing identity with SERK3/BAK1
or other member of the SERK family has been identified in
B. distachyon, suggesting that these are the only homologs
present in this species. Conversely, in other species of
Poales—including S. bicolor, Ananas comosus, Z. mays, and
T’ aestivum—the presence of this gene has been reported. On
the other hand, species within eudicots showing a variable
number of members in this family have been reported:
Arabidopsis thaliana with 5 members (SERKI-SERKY),
Medicago truncatula (SERKI1-SERKG6), Vitis vinifera
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(SERKI-SERK3), Glycine max (SERK I-SERK?2), and Populus
trichocarpa (SERK 1-SERK4) (Hecht et al. 2001; Nolan et al.
2011; aan den Toorn et al. 2015), among others.

The phylogenetic analysis based on rooted trees construct-
ed with other SERK homologs and non-SERK proteins
showed a close relationship of BASERK sequences with
SERKS of other monocots, especially grasses (Fig. 6 and
Fig. S2). The rooted phylogenetic three constructed with other
65 sequences annotated as SERK and also4 non-SERK pro-
teins was consistent with results of aan den Toorn et al. (2015)
and comprised five classes: SERK1/SERK?2 Eudicots; SERK
Monocots; SERK non-vascular plants; SERK3/SERK4
Eudicots; and LRRII-LRK non-SERKSs. These results suggest
that BASERK genes can have their conserved functions
throughout the development of this species and that differ-
ences on sequences between BASERK members can be asso-
ciated to divergent functions in B. distachyon (aan den Toorn
etal. 2015).

Additionally, the conservation score obtained by Consurf
Software and plotted on 3D structure of extracellular domain
for both BASERK1 (Bradi5gl12227.1) and BASERK?2
(Bradi3g15660.2) demonstrated that the concave side (red-
violet colored), described as a site of interaction between
SERK -Brassinolide-BRI1 (Santiago et al. 2013) and other
possible ligands, was more conserved in relation to the convex
side (exposed to solvent). The solvent-exposed convex side
(cyan colored) was more variable, as observed for SERK pro-
tein belonging to monocot and eudicot classes (aan den Toorn
et al. 2015; Rocha et al. 2016) (Fig. 7).

BdSERKs are expressed throughout the B. distachyon SE
developmental program

The in situ hybridization results indicated that BASERK1 tran-
scripts were observed throughout the B. distachyon embryo-
genic pathway. Before the establishment of the embryogenic
culture, BASERK ] transcripts were detected in all tissues of
the immature zygotic embryo used as initial explant (Fig. 8a).
The expression of SERK genes has been historically associat-
ed to embryogenic pathways (both somatic and zygotic em-
bryogenesis). Some reports have also demonstrated, by in situ
RT-PCR analysis, the expression of SERKI in immature zy-
gotic embryos of other monocot species such as Z. mays
(Zhang et al. 2011) and S. cereale (Gruszczynska and
Rakoczy-Trojanowska 2011). After 12 days of culture, the
hybridization signal was intensified in dividing cells commit-
ted to form the initial callus tissue in scutellum edge regions
(Fig. 8c), which may denote a difference on the morphogenet-
ic potential of the tissues. Interestingly, this strong hybridiza-
tion signal was observed in protodermal cells at the same
developmental stage as those that acquired meristematic fea-
tures. Competent cells typically originate from cells

expressing SERK (Kwaaitaal and De Vries 2007;
Namasivayam 2007; Yang and Zhang 2010).

BdSERK1 expression continued throughout the
B. distachyon SE developmental program in regions undergo-
ing cellular proliferation activity (Fig. 8c) prior to the differ-
entiation of somatic embryos. The positive relationship be-
tween the expression of SERK genes and cellular proliferation
activity seems to be conserved in different plant species
(Nolan et al. 2009; Pérez-Nunéz et al. 2009; Savona et al.
2012; Li et al. 2015). These results are in accordance with a
more broad view of the actual SERK! role, which would be
associated to cellular reprogramming for cell-fate switches
(Nolan et al. 2009; Savona et al. 2012). According to
Savona et al. (2012), SERK genes might be associated with
the specification of pluripotent cells.

At late stages of B. distachyon SE developmental program,
BAdSERKI transcripts remained strongly present in
proembryogenic zones subtending and somatic embryos at
different developmental stages (Fig. 8d). This SERK expres-
sion pattern corroborates the results observed in immature
zygotic embryo explant of B. distachyon and has also been
observed in other species like Dactylis glomerata (Somleva
et al. 2000), Solanum tuberosum (Sharma et al. 2008), Citrus
(Ge et al. 2010), Z. mays (Zhang et al. 2011), and Trifolium
nigrescens (Pilarska et al. 2016). Conversely, expression sig-
nals in SERK gene expression in Daucus carota (Schmidt
et al. 1997) and Cocos nucifera (Pérez-Nuiiéz et al. 2009)
ceased after the globular stage. Apparently, at late stages of
somatic embryos differentiation, SERK genes expression does
not have a conservative expression pattern during embryo
developmental stages among the species.

In this work, we present the first report of SERK gene
expression during somatic embryogenesis in B. distachyon.
Because of limited material, quantitative gene expression as-
says were not possible. Further studies are needed for better
understanding of BASERK functions during induction and so-
matic embryo development, as well other physiological
responses.

In summary, we showed new insights on morpho-histolog-
ical, histochemical and molecular aspects into somatic em-
bryogenesis from immature zygotic embryos of the model
plant B. distachyon line Bd21. This study is the first to provide
an integration of cellular and molecular data to describe the SE
developmental program in this important model grass species.
We believe that the results presented here might contribute to
the understanding of the competence acquisition process as
well as the development of somatic embryos in B. distachyon.
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