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RESUMO
OLIVEIRA, Evelyn Jardim de, D.Sc., Universidade Federal de Viçosa, outubro de
2013. Embriogênese somática em Brachypodium distachyon (L.) Beauv. (Poaceae):
caracterização morfoanatômica, histoquímica e expressão de genes SERK.
Orientador: Wagner Campos Otoni. Coorientadora: Luzimar Campos da Silva.

Brachypodium distachyon (L.) P. Beauv. (Poaceae: Poideae) tem se destacado como
planta modelo para gramíneas de clima temperado e espécies usadas para a produção de
biocombustíveis. A linhagem Bd21 de Brachypodium distachyon tem um genoma
completamente seqüenciado e montado, além de protocolos de genômica e de
transformação bem estabelecidos com base em calos embriogênicos. No entanto, as
informações sobre a origem e as alterações celulares que ocorrem durante a
diferenciação de embriões somáticos nos estágios iniciais não foi documentada para B.
distachyon. Também não há relatos sobre o uso de abordagens moleculares para
investigar o processo de embriogênese somática nesta espécie. Portanto, os objetivos
deste trabalho foram: (1) caracterizar as alterações morfológicas, anatômicas e
histoquímicas que ocorrem durante a indução de embriogênese somática a partir de
embriões zigóticos imaturos (EZI) da B. distachyon linhagem de referência Bd21
usando microscopia de luz e de varredura em associação com testes histoquímicos e,
(2),

realizar

a

clonagem

e

caracterização

de

genes

SERK

(SOMATIC

EMBRYOGENESIS RECEPTOR-LIKE KINASE) e analisar sua expressão na indução de
embriogênese somática utilizando hibridização in situ para monitorar os processos
morfogenéticos in vitro. Culturas embriogênicas de B. distachyon (BD21) foram
estabelecidas usando EZI 15 dias após a antese, em meio Murashige e Skoog (1962)
contendo ácido 2,4- diclorofenoxiacético. A regeneração in vitro de plântulas derivadas
de embriões somáticos ocorreu pela embriogênese somática através da via indireta. Os
embriões somáticos tiveram uma origem multicelular e originaram-se de calo
embriogênico formado a partir de células da epiderme na região do nó escutelar que se
estenderam para a periferia do EZI. A ordem de acumulação de reservas nos embriões
somáticos foi semelhante a dos embriões zigóticos. Nas culturas embriogênicas,
proteínas e lipídios foram utilizados nos primeiros 2 dias em meio de indução. O teor
de amido aumentou nos primeiros 2 dias em meio de indução e diminuiu em seguida em
número de grânulos que se tornaram maiores e apareceram principalmente nas células
vacuoladas adjacentes às massas pró-embriogênicas. Pequenos grânulos de amido
vii

começaram a acumular nos pró-embrioides após 4 dias em meio de indução e tornaramse maior e mais abundantes em células do escutelo aos 12 dias em meio de indução. A
diferenciação do embrião somático seguiu a mesma sequência de desenvolvimento
verificado em outros membros da família Poaceae, ou seja, a passagem pelos estádios
globular, escutelar e coleoptilar. O gene SERK tem sido usado como um marcador para
as células competentes na embriogênese somática de várias espécies. Neste estudo,
utilizando iniciadores degenerados, uma sequência específica homóloga de um
fragmento do gene SERK foi amplificada de B. distachyon Bd21. A análise da sequência
do fragmento de SERK (766 bp) revelou altos níveis de similaridade com genes SERK
relatados em outras espécies. A análise de hibridização in situ mostrou que o gene
SERK estava presente nos tecidos embriogênicos de B. distachyon antes do
desenvolvimento de embriões somáticos e continuou sendo expresso nos estágios
globular e escutelar. Estes resultados sugerem que a expressão do gene SERK de B.
distachyon pode estar associada com a indução da embriogênese somática. Este estudo
faz a primeira descrição de mudanças morfoanatômicas e histoquímicas durante o
processo de embriogênese somática em B. distachyon linhagem Bd21. Este é também o
primeiro relato sobre a clonagem e expressão de um gene SERK para a espécie e sugere
que este gene pode servir como um marcador molecular para monitorar a transição de
células somáticas em células competentes e embriogênicas também em B. distachyon.
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ABSTRACT
OLIVEIRA, Evelyn Jardim de, D. Sc., Universidade Federal de Viçosa, October, 2013.
Somatic embryogenesis in Brachypodium distachyon (L.) Beauv. (Poaceae):
morphoanatomical and histochemical characterization and analysis of SERK gene
expression. Adviser: Wagner Campos Otoni. Co-adviser: Luzimar Campos da Silva.
Brachypodium distachyon (L.) P. Beauv. (Poaceae: Poideae) has been proposed as a
new model for temperate and biofuel grasses. Brachypodium distachyon inbred line
Bd21 has a fully sequenced and assembled genome, a series of genomics resources, and
well-established somatic embryogenesis-based transformation protocols. However,
information about origin and cellular changes occurring during the early differentiation
of somatic embryos has not been documented for B. distachyon. There are also no
reports on the use of molecular approaches to investigate somatic embryogenesis in B.
distachyon. Therefore, the objectives of this study were (1) to characterize the
morphological, anatomical and histochemical changes occurring during the induction of
somatic embryogenesis from immature zygotic embryos (IZE) of B. distachyon
community standard line Bd21 using light and scanning electron microscopy in
association with histochemical tests and, (2), to carry out the cloning and
characterization of SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK)
genes and analysis of its expression in somatic embryogenesis induction using in situ
hybridization for monitoring the morphogenetic processes in vitro. Somatic
embryogenic cultures of B. distachyon (Bd21) were established following culture of
IZE, 15 days post anthesis, on Murashige and Skoog (1962) medium containing 2,4dichlorophenoxyacetic acid. In vitro regeneration of plantlets derived from somatic
embryos occurred by the indirect somatic embryogenesis pathway. Somatic embryos
had a multicellular origin and originated from embryogenic callus formed from cells of
the epidermis in the region of the scutellar node and extended to the periphery of IZE.
The order in accumulation of storage reserves in somatic embryos was similar to that of
zygotic embryos. In the embryogenic cultures, storage proteins and lipids were used up
in the first 2 days after culture (DAC). The levels of starch increased in the first 2 DAC
and then decreased in number of granules that became larger and appeared mainly in the
vacuolated cells subtending the proembryonic masses. Small starch granules started
accumulating in proembryoids after 4 DAC and became larger and abundant in scutellar
cells 12 DAC. Somatic embryo differentiation in B. distachyon proceeded through
ix

globular, scutellar and coleoptilar stages, following the morphological pattern of
development of that reported in other members of the Poaceae. The SERK gene has
been used successfully as a marker for competent cells in somatic embryogenesis of
several species. In this study, using degenerate primers, it was possible to amplify a
specific homologous sequence of a SERK gene fragment from B. distachyon Bd21.
Sequence analysis of the SERK fragment (766 bp) revealed high levels of similarity to
other reported SERKs. In situ hybridization analysis showed that the SERK gene was
present in embryogenic tissues of B. distachyon before somatic embryo development
and continued expressing through globular and scutellar stages. These results suggest
that the expression of the B. distachyon SERK gene was associated with induction of
somatic embryogenesis. This study provides the first description of morphoanatomical
and histochemical changes underlying the embryogenic process in B. distachyon
reference line Bd21. It is also the first report on the cloning and expression of a SERK
gene for the species, suggesting that it could serve as a molecular marker to monitor the
transition of IZE cells into competent and embryogenic cells also in B. distachyon line
Bd21.
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GENERAL INTRODUCTION

Brachypodium distachyon (L.) P. Beauv. is a temperate wild grass native to the
Mediterranean region (Vogel et al., 2009; Catalán et al., 2012) and has successfully
invaded disturbed areas of central Europe, Australia, New Zealand, South Africa and
North and South America (Garvin et al., 2008; Bakker et al., 2009). It has little
agricultural importance and is of no major economic value except for its invasive habit
and some varieties that have been used to protect soils of olive orchards from erosion in
Spain (Bakker et al., 2009; Hammami et al., 2011).
Brachypodium distachyon is a member of the large grass family Poaceae that
provides most of human and domestic animal nutrition (Kellogg, 2001). Members of the
Poaceae subfamilies Ehrhartoideae (rice), Panicoideae (maize, sorghum) and Pooideae
(wheat, barley) are the main grain crops throughout the world (Febrer et al., 2010).
Furthermore, highly productive grasses of the Panicoideae subfamily (sugarcane,
switchgrass, Miscanthus sinensis) are promising sources of sustainable energy (Vogel et
al., 2009).
The Brachypodium genus comprises 12 to 15 species with most of them being
wide-spread in Mediterranean and Eurosiberian areas (Catalán and Olmstead, 2000).
The diploid B. distachyon is the only annual member within the genus, a selfcompatible species with chromosome base number x = 5 (Catalán and Olmstead, 2000).
Phylogenetic analyses based on plastid and nuclear genes from different Brachypodium
lineages indicated a close relationship of B. distachyon to the rhizomatous perennials B.
arbuscula, B. retusum, B. rupestre, B. phoenicoides, B. pinnatum, and B. sylvaticum
(Catalán and Olmstead, 2000; Wolny et al., 2011; Catalán et al., 2012). Most of the
perennial species are self-incompatible (except for B. sylvaticum) and have chromosome
base numbers ranging from 7 to 9 (Robertson, 1981; Khan and Stace, 1999; Catalán and
Olmstead, 2000).
Brachypodium distachyon was first characterized as having three different
ploidy levels (2n = 10, 20 and 30) that have been considered as part of a single species
or single autopolyploid series (Robertson, 1981). However, modern cytogenetic
analysesă usingă ﬂuorescence in situ hybridization (FISH) with total genomic DNA
(GISH) and multiple DNA sequences as probes, as well as comparative chromosome
painting (CCP) indicated that the 2n = 10 and 2n = 20 cytotypes actually represent two
1

different taxa, and the 2n = 30 cytotype represents their derived allotetraploid (Hasterok
et al., 2006; Idziak et al., 2011; Catalán et al., 2012). The name B. distachyon was kept
for the 2n = 10 cytotype and two novel species were described as B. stacei and B.
hybridum for, respectively, the 2n = 20 and 2n = 30 cytotypes (Catalán et al., 2012).
The phylogenetic relationship between the genus Brachypodium and the other
grasses has been firmly established (Vogel and Bragg, 2009). The genus Brachypodium
belongs to the Brachypodieae tribe, which has consistently been shown to be sister
group to the four economically important tribes Triticeae, Aveneae, Poeae, and
Bromeae and closely related to rice (Draper et al. 2001; Kellogg 2001; Vogel et al.
2006) (Fig. 1).

Figure 1. Phylogenetic relationship of Brachypodium distachyon to other Poaceae.
Figure derived from Hands and Drea (2012).
Brachypodium distachyon has been developed as a model system for the
genomic analysis of the grasses of temperate climates and biofuel grass crops since
2001 (Draper et al., 2001; Opanowicz et al., 2008). A comparison with other plants
shows that B. distachyon has the physical and genomic attributes (small stature, fast
generation time, simple growth conditions, small genome, self-fertile, diploid, annual
2

lifecycle) necessary to a model system (Table I). A model grass is needed to answer
questions that are specific of the grass biology such as cell wall composition, plant
architecture, grain properties,

yield, stress tolerance, intercalary meristems, root

architecture, development, and plant-pathogen interactions (Vogel and Bragg, 2009;
Brkljacic et al., 2011).
Many Pooideae species have large and complex genomes, which makes genome
comparisons and biotechnological approaches for crop improvement veryă difﬁcultă ină
these crops (Shang et al., 2011). B. distachyon has a genome size smaller than that of
rice and is closely related to wheat, barley, and oat, thus it can serve as a structural
genomic tool to assist the exploration of the large genomes of these crops (Huo et al.,
2009).

Table 1. Comparison of Brachypodium distachyon with other models and crops
Chromosome
Number
Genome size
(Mb)
Reproduction
Life cycle
(weeks)
Height (m)
Growth
Requirements
Density -2
(plants m )

B.
distachyon

Arabidopsis

Wheat

Maize

Rice

Barley

Switchgrass

Sorgum

M. sinensis

10 (2n)

10 (2n)

42 (2n)

20 (2n)

24 (2n)

14 (2n)

18-108 (2n)

20 (2n)

48 (2n)

272

119

16,000

2,300

382

5,000

2,400

700

5,000

Selfing

Selfing

Selfing

Outcrossing

Selfing

Selfing

Outcrossing

Selfing

Outcrossing

8-12

8-12

10-20

8-15

12-24

10-20

26

13-18

12

0.3

0.2

Up to 1

Up to 2

1.2

Up to 1.2

Up to 3

Up to 2.5

Up to 3

Very
simple

Very
simple

Simple

Demanding

Demanding

Simple

Demanding

Demanding

Demanding

1,000

2,000

50

4

36

80-120

6

50

3-4

Draft
genome

Finished
genome
sequence

Sequencing
in progress

Draft
genome

Finished
genome
sequence

Draft
genome
in progress

Sequencing
in progress

Draft
genome

No

10,000 lines
available

Extensive

None

Extensive

None

None

None

None

Transformation

Highly
efﬁcient

Extremely
easy

Inefﬁcient

Transposon
mutants
available
Efﬁcient,
but laborious

Highly
efﬁcient

Efﬁcient,
but laborious

Efﬁcient,
but slow

Inefﬁcient

Inefﬁcient

Cell wall type

Type 2

Type 1

Type 2

Type 2

Type 2

Type 2

Type 2

Type 2

Type 2

Photosynthesis

C3

C3

C3

C4

C3

C3

C4

C4

C4

Assembled genome
Sequence
T-DNA resources

Adapted from Opanowicz et al. (2008) and Brkljacic et al. (2011).

Brachypodium distachyon can also be used as a model system for the emerging
energy crops like maize, sugarcane, switchgrass and Miscanthus sinensis with which it
shares the typical cell wall of grasses (Opanowicz et al., 2008; Vogel et al., 2009). The
large size, large genomes and outcrossing breeding system of these species hinder their
use in experimental conditions. In addition, the close relationship within the genus of B.
distachyon with the core of perennial species can be explored to study the perennial life
cycle and self-incompatibility that are also common traits to wild grasses (e.g.
Miscanthus and switchgrass) that are being developed into biofuel crops (Vogel and
Bragg, 2009). However, B. distachyon uses the C3 photosynthetic pathway, while many
3

ofătheăenergyăcropsăuseăaăC4ăphotosyntheticăpathway,ăwhichăisămoreăefﬁcientăunderăhot,ă
dry conditions. But even though B. distachyon alone is not suitable to study C4
photosynthesis, it can be used as a model system to study the feasibility of engineering
the C4 mechanism into C3 crops such as rice and wheat (Brkljacic et al., 2011).
A remarkable progress has been made in the development of genomic resources
for B. distachyon, which include the whole nuclear and chloroplast genome sequences
(Bortiri et al., 2008; IBI, 2010); germplasm collections (Garvin et al., 2008; Filiz et al.,
2009; Vogel et al., 2009) , genetic markers (Vogel et al., 2009), a genetic linkage map
(Garvin et al., 2010), bacterial artificial chromosome (BAC) libraries (Huo et al., 2006;
Farrar and Donnison, 2007; Huo et al., 2008), physical maps (Gu et al., 2009; Febrer
et al., 2010), mutant collections (Thole et al., 2012), microarrays and databases
(comprehensive lists of Internet B. distachyon resources are found in Brkljacic et al.,
2011 and Vain, 2011).
Another important aspect considered a key technology for a model plant species
is the availability of an easy and efficient transformation system and B. distachyon has
proven to be very responsive to in vitro culture and current transformation techniques.
Methods for transformation using particle gun (Draper et al., 2001; Christiansen et al.,
2005) and Agrobacterium-mediated ( Vogel et al., 2006; P curară et al., 2008; Vain
et al., 2008) have been developed for several genotypes of B. distachyon. Average
transformation efficiencies have been reported to range from 30–80% ( P curară et al.,
2008; Vain et al., 2008; Vogel and Hill, 2008; Alves et al., 2009 ).ăTheăhighlyăefﬁcientă
transformation procedures established for B. distachyon allow the generation of large
collections of T-DNA mutant lines (http://www.brachytag.org/services.htm), the
characterization of gene function through over-expression or gene silencing (Olsen et
al., 2006; Pacak et al., 2010), and recently, a T-DNA mutation in B. distachyon has been
complemented

with

an

Arabidopsis

ortholog,

bridging

dicotyledonous

and

monocotyledonous models (Vain et al., 2011). In all cases, embryogenic calli were used
as the target tissue for transformation.
Bablak et al. (1995) developed, for the first time, a protocol for the induction of
embryogenic callus from mature seeds of B. distachyon and the regeneration of fertile
plants, making a breakthrough toward developing B. distachyon transformation. In this
study, optimum development of embryogenic callus of three diploid accessions of B.
distachyon (B200, B373, and B377) occurred on LS (Linsmaier and Skoog, 1965) and
N6 (Chu et al., 1975) media containing 3.0% w/v sucrose and 2.5 mg L-1 of 2,44

dichlorophenoxyacetic acid (2,4-D). Plant regeneration occurred on several common
media and the incidence of albino plantlets was around 10%.
However, the regeneration ability of mature seeds/embryos of most Poaceae
species, such as wheat, maize, sorghum and barley, is poor (Schulze, 2007), and the
success of the transformation techniques relies on the culture of highly embryogenic
callus (Hansen and Wright, 1999). The morphogenetic competence of immature
embryos in monocotyledonous species was first described in maize by Green and
Philipps (1975). Since then, for most of the important cereals and grasses, plant
regeneration systems have been developed based on immature embryos (Eudes et al.,
2003; Schulze, 2007).
A considerable improvement in embryogenic callus production and plant
regeneration of B. distachyon was achieved by using immature embryos as initial
explant. Draper et al. (2001) cultured immature embryos of the diploid ecotype ABR1
to induce callus. They observed that the immature embryos with the greatest potential
for plant regeneration via somatic embryogenesis were in the size range of 0.3 to 0.7
mm. When cultured on LS or N6 containing 2.5 mg L−ń 2,4-D the immature embryos
formed a mass of embryogenic callus around the edge and on the surface of the
scutellum, in general after 10 to 15 d. The level of albinism in plantlets regenerated
from the embryonic calli induced on LS medium (7% ) was much lower than from calli
formed on N6 medium (45%).
The induction and control of somatic embryogenesis are largely dependent upon
plant genotype, tissue-type, physiological conditions of the donor plant, type and level
of growth regulators supplemented to culture medium and varied cultural regimes
(Toonen and De Vries, 1996). Differences in response of B. distachyon genotypes to in
vitro culture have been reported indicating that the interaction between the genotype
explant source and the culture medium influences the development of B. distachyon in
terms of the callus induction and regeneration response (Bablak et al., 1995; Draper et
al., 2001; Vogel et al., 2006; Hammami et al., 2011).
Christiansen et al. (2005) tested the ability of immature embryos of diploid and
tetraploid B. distachyon accessions to form embryogenic callus on LS with 2.5 mg L−ń
2,4-D, 3% maltose. The two tetraploid accessions investigated, BDR017 and BDR030,
had higher percentage of embryos producing embryogenic callus (67% and 91%,
respectively) than the two diploid BDR001 and BDR018 (51% and 46%, respectively).
All four accessions showed 90–100% of regeneration in 3–6 week-old calli, but lower
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than 80% when cultured for 8 weeks. They found that longer duration of callus culture
resulted in lower regeneration efficiency, with regeneration percentages dropping to
30% and 55% in the accessions BDR017 and BDR030, respectively, when kept for 16
weeks in culture.
The tissue culture capacity of the community standard line Bd21 and its
variation line Bd21-3 for the production of embryogenic callus was compared by
culturing immature embryos (less than or equal to 0.3 mm in length) on an optimized
callus induction medium (Vain et al., 2008). The medium was based on MS salts
(Murashige and Skoog, 1962), M5 vitamins, 3% sucrose, 0.2% phytagel and
supplemented with 0.6 mgL-1 CuSO4. Embryogenic callus production for the diploid
lines Bd21 (68%) and Bd21-3 (94%) was higher than that of tetraploid genotypes (67%
for BRD017 and 91% for BRD030) reported by Christiansen et al. (2005). The addition
of CuSO4 toătheătissueăcultureămediumăpromotedăefﬁcientăcallusăinductionăandăhigherfrequency plant regeneration from Bd21 calli (Vain et al., 2008). CuSO4 was also
reported to decrease the regeneration of albino plants and increase the number of
regenerated shoots per embryo in barley (Dahleen, 1995; Bartlett et al., 2008). It has
been suggested that some copper enzymes might play important role in regeneration
since copper ions are components or activators of many important enzymes involved in
electron transport, protein, carbohydrate biosynthesis and polyphenol metabolism
(Purnhauser and Gyulai, 1993).
The variability of the in vitro culture response was studied in representatives of
the three Brachypodium distachyon cytotypes. Hammami et al. (2011) cultured
immature embryos of two commercial lines of B. distachyon, with 10 and 30
chromosomes, and 23 wild populations (2n=10, 2n=20 and 2n=30) on Murashige and
Skoog medium containing 1 mgL-1 2,4-D with 30 gL-1 of sucrose or maltose. Callus
induction was not affected by the different media and plant regeneration was very
variable depending on the induction medium. The diploid plants with 2n=10 showed the
greatest callus-forming ability, but the 2n=20 plants produced significantly more
compact embryogenic calli. The proportion of albinism was low in all cases, but the
plants with 20 or 30 chromosomes generated the higher proportions of albino plants
than plants with 10 chromosomes. It seems that callus induction, plant regeneration, and
green plantlet formation are probably differently controlled in the plants with different
chromosome numbers, which supports the idea that the three B. distachyon cytotypes
represent different species (Hammami et al., 2011).
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Somatic embryogenesis in vitro is an excellent model for studying the theory of
plant embryogenesis, determining gene expression and measure substance accumulation
at different stages of embryogenesis (Brukhin and Morozova, 2011).
In general, the process of somatic embryogenesis can be divided into two
phases: induction and expression. The induction of somatic embryogenesis consists of
the end of the current gene expression pattern in the explant tissue, and its replacement
with an embryogenic gene expression program, where the somatic cells regain their
totipotency (Pasternak et al., 2002; von Arnold et al. 2002). This process involves
changes in the morphology, physiology, metabolism and gene expression of the cells, in
which the cell must dedifferentiate, acquire embryonic competence, become
embryogenically induced and become determined (Namasivayam et al., 2007; Rose et
al., 2010). Plant growth regulators (PGRs) and stress factors (e.g. culture conditions and
culture medium) are recognized inducers that allow differentiated cells to develop into
competent dedifferentiated cells (Fehér, 2005; Potters et al., 2009; Zavattieri et al.,
2010). Morphological and anatomical observations indicate that somatic embryos may
arise from one cell or a group of embryogenic cells which, in turn, come from
cytoplasm-rich, meristematic cells (Kurczynska et al., 2012). However, the events
involved in the transition of a somatic cell to an embryogenic-competent cell capable of
forming an embryo are still unclear (Verdeil et al., 2007).
Analysis of histological and ultrastructural changes during SE has contributed to
a better understanding of the embryogenic process in dicot and monocot systems
(Taylor and Vasil, 1996; Verdeil et al., 2001; Namasivayam et al., 2006; Rocha et al.,
2012). During somatic embryogenesis, cells involved in proembryoid formation share
distinct features such as dense cytoplasm, increased endoplasmic reticulum, ribosomes
and dictyosomes, deep invaginations of the nuclear envelope, increase in cell wall
thickness, decreased vacuole size, few amyloplasts and numerous mitochondria,
evidencing increased metabolic activity (Fransz and Schel, 1991; Taylor and Vasil,
1996; Verdeil et al., 2001, 2007).
In the literature, there is a general agreement that reserves are essential to
morphogenetic processes. The histodifferentiation of somatic embryos is normally
associated with changes in the synthesis and mobilization of proteins, carbohydrates,
and lipids and histochemical tests have been used to monitor the levels of these
substances during the developmental stages of the embryogenic tissue (CangahualaInocente et al., 2009; Moura et al., 2010; Pinto et al., 2010; Correia et al., 2012; Rocha
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et al., 2012). Therefore, a change in the pattern of storage product metabolism can be a
good indicator of the acquisition of the embryogenic potential of the tissues
(Puigderrajols et al., 2001; Griga et al., 2007).
The morphological, physiological and biochemical changes which occur during
the vegetative-to-embryogenic transition in the embryogenic pathway involves
differential gene expression and various signal transduction pathways (Santos et al.,
2009). Studies have been conducted to identify the genes that have some role in the
acquisition of embryogenic competence. Most of the identified genes were structural
genes, early or late embryogenesis genes, hormone responsive genes and wound or
stress induced genes (Namasivayam and Hanke, 2008). Among the genes expressed in
early embryogenesis, Schmidt et al. (1997) identified, in carrot cell suspension cultures,
the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) gene, which was
speciﬁcallyăexpressedăinăcellsăthatădeveloped into somatic embryos. This gene encodes a
leucine-rich transmembrane receptor-like kinase that belongs to the large family of plant
receptor kinase genes with roles in signal transduction pathways in plant development,
metabolism and defense pathways (Hecht et al., 2001; Nolan et al., 2009).
The SERK gene was also found to be a good molecular marker of cells
competent to form somatic embryos in Dactylis glomerata (Somleva et al. 2000) and
Arabidopsis thaliana (Hecht et al. 2001). Since then, in several plant species the
acquisition of embryogenic competence have been correlated with an increase in SERK1
expression, including Medicago truncatula (Nolan et al., 2003), Ocotea catharinensis
(Santa-Catarina et al., 2004), Theobroma cacao (de Oliveira Santos et al., 2005),
Triticum aestivum (Singla et al., 2008), Musa acuminata (Huang et al., 2009) and
Brachiaria spp (Koehler, 2010).
Cytological, physiological, biochemical and molecular changes associated with
the transition of somatic cells into embryos have been widely studied in the carrot
system (Raghavan, 2006). Other model plants such as Arabidopsis thaliana and the
legume Medicago truncatula have also been used to investigate the molecular basis of
somatic embryogenesis using mutants and functional genomics (Rose and Nolan, 2006).
Brachypodium distachyon with its sequenced genome database and its large number of
mutant strains could also provide valuable insights into processes underlying
morphogenesis in the grass family.
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Theă useă ofă speciﬁcă markersă toă distinguishă betweenă competentă andă noncompetent cells and/or between embryogenic and non-embryogenic cells or tissues, can
help to elucidate the mechanism involved in the determination of cell type. Likewise, an
understanding of the origin of somatic embryogenesis, uni- or multicellular, is critical to
scientiﬁcăandăbiotechnologicalăapplicationsă(Quiroz-Figueroa et al., 2006).
Today, embryogenic callus is the most widely used target tissue for the genetic
transformation of B. distachyon (Brkljacic et al., 2011; Vain, 2011). Nevertheless,
information about origin and cellular changes occurring during the early differentiation
of somatic embryos has not been documented for B. distachyon. Similarly, molecular
studies to investigate the SERK gene expression as a potential marker for distinguishing
competent cells in early somatic embryogenesis have not been approached in B.
distachyon.
Therefore, the objectives of this study are: (1) the morphological, anatomical and
histochemical characterization of changes occurring during the induction of somatic
embryogenesis from immature zygotic embryos of B. distachyon community standard
line Bd21 using light and scanning electron microscopy in association with
histochemical tests; and (2) cloning and characterization of SERK genes and analysis of
its expression in somatic embryogenesis induction using in situ hybridization for
monitoring the morphogenetic processes in vitro.

9
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CHAPTER 1
SOMATIC EMBRYOGENESIS FROM IMMATURE ZYGOTIC EMBRYOS
OF Brachypodium distachyon (POACEAE): MORPHOLOGICAL,
HISTOLOGICAL AND HISTOCHEMICAL INVESTIGATIONS
ABSTRACT
This study provides the first description of morphological, histological and
histochemical changes underlying the embryogenic process in B. distachyon reference
line Bd21 using light and electron microscopic techniques. In vitro regeneration of
plantlets derived from somatic embryos occurred by indirect somatic embryogenesis
pathway. This process was initiated from zygotic embryo explants cultured 15 days post
anthesis. Embryogenic callus and somatic embryos originated from cells of the scutellar
epidermis and extended to the periphery of immature zygotic embryos of B. distachyon
Somatic embryo had a multicellular origin. The order in accumulation of storage
reserves in somatic embryos was similar to that of zygotic embryos. In the embryogenic
cultures, storage proteins and lipids were used up in the first 2 days after culture (DAC).
The levels of starch increased in the first 2 DAC and then decreased in number of
granules that became larger and appeared mainly in the vacuolated cells subtending the
proembryonic masses. Small starch granules started accumulating in proembryoids after
4 DAC and became larger and abundant in scutellar cells 12 DAC. Somatic embryo
differentiation in B. distachyon proceeded through globular, scutellar and coleoptilar
stages, following the morphological pattern of development of that reported in other
members of the Poaceae. These results provide important information for the
understanding of the developmental processes and the mechanisms that lead to cell
differentiation and transition from the somatic to the embryogenic stage that has been
lacking in B. distachyon.

Key words: Brachypodium distachyon,
histochemistry, reserve mobilization
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EMBRIOGÊNESE SOMÁTICA A PARTIR DE EMBRIÕES ZIGÓTICOS DE
SEMENTES IMATURAS DE Brachypodium distachyon (POACEAE):
INVESTIGAÇÕES MORFOLÓGICAS, HISTOLÓGICAS E HISTOQUÍMICAS.
RESUMO
Este estudo fornece a primeira descrição de alterações morfológicas, histológicas e
histoquímicas associadas ao processo de embriogenese somática em B. distachyon
linhagem BD21 usando técnicas de microscopia de luz e eletrônica. A regeneração in
vitro de plântulas derivadas de embriões somáticos ocorreu por embriogênese somática
através da via indireta. Os embriões somáticos tiveram uma origem multicelular e
originaram-se de calo embriogênico formado a partir de células da epiderme na região
do nó escutelar que se estenderam para a periferia do IZE. A ordem de acúmulo de
reservas nos embriões somáticos foi semelhante a dos embriões zigóticos. Nas culturas
embriogênicas, proteínas e lipídios de armazenamento foram mobilizados

nos

primeiros 2 dias em meio de indução (DAC). O teor de amido aumentou nos primeiros
2 DAC e diminuiu em seguida em número de grânulos que se tornaram maiores e
apareceram principalmente nas células vacuoladas adjacentes às massas próembriogênicas. Pequenos grânulos de amido começaram a acumular nos pró-embrióides
após 4 DAC e tornaram-se maior e mais abundantes em células do escutelo aos 12
DAC. A diferenciação do embrião somático seguiu a mesma sequência de
desenvolvimento verificado em outros membros da família Poaceae, ou seja, a
passagem pelos estádios globular, escutelar e coleoptilar. Estes resultados fornecem
informações importantes para a compreensão dos processos de desenvolvimento, e os
mecanismos que conduzem à diferenciação celular e da transição das células somáticas
para o estágio embriogênico que ainda não foram relatados em B. distachyon.

Palavras-chave: Brachypodium distachyon, embriogênese somática, histologia,
histoquímica, mobilização de reservas.
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INTRODUCTION
Over the past decade, Brachypodium distachyon has been proposed as a model
species for temperate grasses and cereals (Draper et al., 2001; Vogel and Bragg, 2009).
B. distachyon is an ideal system for functional genomic studies, because of its easy
growth requirements, small stature, and rapid life cycle, small genome and selfpollination (Opanowicz et al., 2008). In addition, important genomic resources have
been developed for using B. distachyon as a model for grass crops: transformation
protocols, large expressed sequence tag (EST) databases, tools for forward and reverse
genetic screens, highly refined cytogenetic probes, germplasm collections and, recently,
a complete genome sequence has been generated (Vain, 2011; Brkljacic et al., 2011).
Functional genomics studies require from any model plant efficient
transformation and regeneration systems. Efficient tissue culture protocols have been
established for B. distachyon (Ye and Tao, 2008), but there have been no reports on the
literature of basic histological and histochemical studies of the events taking place in the
explant cells during the regeneration process. This fundamental knowledge for the
understanding of the developmental processes occurring during plant growth and
development as well as the mechanisms that lead to cell differentiation and passage
from the somatic to the competent stage to form organs or embryos is lacking in B.
distachyon.
Somatic embryogenesis (SE) is the process by which somatic cells differentiate
into somatic embryos (von Arnold, 2002). 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 et al., 1993; Taylor and Vasil, 1996; Mariani et al., 1998;
Wrobel et al., 2011). When integrated with conventional breeding programs and
molecular and genetic engineering techniques, SE provides a valuable tool to enhance
genetic improvement of crop species (Quiroz-Figueroa et al., 2006). However, genetic
engineering or mutagenesis techniques cannot be successfully achieved if the processes
underlying morphogenesis are not well understood (Fortes and Pais, 2000).
The transition and induction of embryogenic competence is the most important,
step during SE, but, in spite of the accumulation of experimental data, the key events
underlying the transition of differentiated somatic cells to the totipotent and
embryogenic cell state is still not elucidated (Fehér et al., 2003). During this step,
competent cells are those which are in a transitional state and which still require some
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stimuli to become embryogenic (Namasivayam, 2007). It is not clear how the
embryogenic cells originate within the explants and what mechanisms control this
process. Cells will change fate and the direction of differentiation by erasing the genetic
developmental program and starting a new one. It is unknown how the explant cells do
so. Studies indicate that changes in the developmental program occur through the
physical isolation of a cell or a group of cells from the surroundings. It has been shown
that there are some features of the transition from the somatic to the embryogenic state
on the cellular and histological level which allows the recognition of this developmental
stage (Kurczynska et al., 2012).
In most embryogenic systems described until now, embryogenic cells show
characteristics common to meristematic cells, including a high nucleus:cytoplasm ratio,
a dense cytoplasm, and small fragmented vacuoles (Williams and Maheswaran 1986;
Fehér et al., 2003). However, meristematic cells have spherically shaped nuclei with
several small nucleoli and most of the chromatin exists as heterochromatin, whereas
embryogenic cells have irregularly shaped nuclei with invaginations of the nuclear
membrane, contain one large nucleolus and thick cell walls (Verdeil et al., 2007).
The morphological, histological and cytological analysis of SE is also an object
of studies leading to an understanding of the basis of the totipotency, differentiation,
dedifferentiation, transdifferentiation and changes in cell fate and can help in the
understanding of the developmental processes taking place during plant growth and
development (Quiroz-Figueroa et al., 2006; Sugimoto et al., 2011).
Descriptions of the changes occurring during the transition of somatic cells into
embryogenically competent cells and histodifferentiation of somatic embryos were
reported for Acrocomia aculeata (Moura et al., 2010), Hordeum vulgari (Wrobel et al.,
2011), Musa spp. (Pan et al., 2011) and Passiflora (Rocha et al.,2012). Histochemical
tests and ultrastructure analysis have also been used to monitor the synthesis and
mobilization of reserves during the embryogenic process (Taylor and Vasil, 1996;
Moura et al., 2010; Rocha et al., 2012).
Somatic embryogenesis of Brachypodium distachyon has not been characterized.
Particularly, early stages of embryogenic callus development have not been examined
by light and scanning electron microscopy to confirm somatic embryogenesis and to
understand the mechanisms underlying the changes occurring in the transition from the
somatic to the embryogenic stage. Therefore, the objectives of this study were to
characterize the morphological and anatomical changes involved in somatic embryo
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formation and monitor, using histochemical methods, reserve mobilization during the
induction of somatic embryogenesis from immature zygotic embryos (IZE) of B.
distachyon community standard line Bd21.

MATERIALS AND METHODS
Plant material
Selfed seeds of Brachipodium distachyon (L.) P.Beauv line Bd21 (2n = 10),
Poaceae, were provided by Prof. Fabio Tebaldi Silveira Nogueira, Dept of Genetics,
Unesp – Botucatu, Brazil, and stored at 4 oC (dark, low humidity), prior to use.
Seeds were sown in 8 cm plastic pots with a mixture (2:1) of compost and
vermiculite and fertilized every week with fertilizer containing micronutrients. To
encourage synchronous germination during growth-chamber experiments, seeds were
stratified at 4 ºC for 1 week after sowing. Plants were grown for 6 weeks in growth
chambers 20 h light:4 h dark photoperiod, 23 ºC with cool-white fluorescent lighting at
a level of 150 µE m-2 s-1.

Zygotic embryo morphology
The immature zygotic embryo, dissected 15 days post anthesis, is about 0.5 mm
wide with a large scutellum. The scutellar node or mesocotyl is the region between the
coleorhiza and the coleoptile where the scutellum is attached to the embryo axis (Fig.
1A). The coleoptile initiates from the adaxial surface of the scutellum at the mesocotyl
just below the plumule and surrounds the first two leaves (Figs. 1A, B). The coleorhiza,
a conical sheath-like structure, is formed at the proximal end of the primary root. Two
epiblasts arise just below the scutellar node, each at the two opposite sides of the
coleoptile base, and are continuous with the scutellar parenchyma (Fig. 1A).
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Figure 1. Brachypodium distachyon immature embryo 15 d post anthesis. (A) Light
micrograph of longitudinal section of immature seed showing the scutellum (white
arrow), scutellar node (asterisk), coleoptile enclosing the plumule (Cl), coleorhiza
enclosing the primary root (Cz), epiblast (Ep) and endosperm (En). (B) Scanning
electron micrograph of immature embryo showing the scutellum (Sc), coleoptile (Cl),
coleorhiza (Cz) and epiblast (Ep).
Production of compact embryogenic callus (CEC) 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 sterile Petri dish with a lid. Ethanol was drained and
seeds rinsed with sterile deionized water. Seeds were placed in 20 ml of 1.3% sodium
hypochlorite solution for 4 min and then rinsed three times with sterile deionized water.
Lamea (upper glume) was removed from immature seeds and immature embryos
removed from seeds with watery to milky endosperm, with a fine forceps under a
laminar flow hood using a stereo microscope. Twenty immature embryos were cultured
with the scutellum facing up in 9 cm Petri dishes containing 25 mL of induction
medium [Murashige andSkoog (MS) salts (Murashige and Skoog, 1962), 4 g L-1 Feethylenediaminetetraacetate (Fe-EDTA), 30 g L-1 sucrose, 2.5 mg L-1 2,4Dichlorophenoxyacetic acid, 0.6 mg L-1 CuSO4 and 2 g L-1 Phytagel (Sigma), pH 5.8] at
25 °C in the dark. Filter-sterilized vitamin M5 [2 mg L-1 glycine, 0.4 mg L-1 nicotinic
acid, 0.4 mg L-1 pyridoxine-HCl, 0.5 mg L-1 thiamine-HCl, 40 mg L-1 cysteine] was
added after autoclaving. The elongated coleoptiles were excised when they appeared,
during the first 2-3 days of culture. After 3-4 weeks, CECs with a creamy color and
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pearly surface were fragmented in 2-4 pieces and transferred (20 callus pieces per plate)
onto regeneration medium (MS salts, Fe-EDTA, 30 g L-1 sucrose, 0.2 mg L-1 kinetin,
vitamins M5, 2 g L-1 Phytagel - pH 5.8) for 2-3 weeks at 25 ºC under 16-h photoperiod.
Shoots (rooted or not) were transferred to jars containing germination medium (40%
MS salts, Fe-EDTA, 10 g L-1 sucrose, vitamins B5, 2 g L-1 l Phytagel, 6 g L-1 agar - pH
5.8). Shoots were cultured for 2-3 weeks at 23ºC 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 (CER)
at 23 °C with a 20-hour photoperiod for 5-6 weeks.

Microscopy sample preparation
For anatomical and histochemical characterization of the process of somatic
embryogenesis, immature seeds obtained around 15 days post anthesis (DPA), Day 0,
and immature embryos were collected every day from 1 to 6 days after culture in
induction medium (DAC), then at days 8, 12 and 21 DAC. The samples were fixed in
Karnovsky (1965) solution (glutaraldehyde [2.5%] and paraformaldehyde [4%] in 0.1M monobasic potassium phosphate buffer [pH 7.2], plus 5 mM of calcium chloride).
Mature seeds (35 DPA) were also prepared for histological and histochemical analyses.

Light microscopy and histochemical characterization
Pro-embryonică massesă wereă stainedă withă Evan‘să blueă (Ń.5%)ă foră 3ă mină andă
acetocarmine (0.1%) for 3 min, according to Durzan (1988). For the anatomical studies,
fixed samples of immature embryos collected from day 0 to day 21 were dehydrated in
a graded ethanol series and embedded in methacrylate (Historesin, Leica Instruments,
Germany). Longitudinal sections (7 μm thick) were obtained with an automated
advance rotary microtome (RM2155, Leica Microsystems Inc., USA) and stained with
toluidine blue at pH 4.4 (O‘Brienă and McCully, 1981) for structural characterization,
xylidine Ponceau for total protein (Vidal, 1977), periodic acid–Schiff's reagent (PAS)
for polysaccharides with vicinal glycol groups (Feder and O‘Brien,ă ń968)ă andă Sudană
black B (Pearse, 1980) for total lipids. Sections of mature seeds at 35 days post-anthesis
(DPA) were also examined by light microscopy and the same histochemical tests used
for the immature embryos were used to provide a picture of whether the analyzed store
reserves are present in the mature embryo and seed.
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Image capture was performed with 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). The analyses were conducted using a scanning
electron microscope (LEO 435-VP, Cambridge, England) at the Center for the Support
of Research in Electron Microscopy (NAP/MEPA) of the Luiz de Queiroz School of
Agriculture (ESALQ/USP) and all images were processed digitally.

RESULTS
General morphology
After 24 h in culture, the coleorhiza and coleoptile had begun to elongate and
epidermală hairsă hadă grownă onă theă coleorhiza.ă Duringă theă ﬁrstă 2-3 days in culture, a
progressive swelling of the scutellum was observed and the surface of the periphery and
scutellar node started to bulge (Figs. 2A, B). At day 4, nodular structures started to
develop on the surface of the scutellar node (Figs. 2C, D). After 6-8 days, embryos had
formed a mass of callus on the surface of the scutellum with areas of creamy-white
embryogenic tissue (denser, with a pale, translucent, nodular appearance, fast growing)
(Fig. 2E). The nonembryogenic callus was friable, pale yellow, soft, translucent and
slower growing (tissue indicated by arrow in Fig. 2E).
The embryogenic potential of the nodular calli produced in induction medium
was conﬁrmedă byă theă doubleă stainingă techniqueă withă Evan‘să blueă andă acetocarmine.ă
The embryogenic cells of the nodular structures at Day 8 (Fig. 2F) with large nuclei and
dense cytoplasms stained intense bright red with acetocarmine. The large and
vacuolated cells, with small nuclei, of the nonembryogenic callus stained blue with
Evan‘săblue.ăAt day 21 (Fig. 2G), these calli showed a deeply folded appearance with
formation of scutellar embryos.
After 21-28 days, the compact embryogenic calli (CEC) were transferred onto
the regeneration medium in the light and developed into well-formed creamy-white
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scutella (Figs. 3A, C, D). Localized chlorophyll also occurred in some zones of the
callus (Fig. 3D). Coleoptiles emerged from the coleoptilar pore in the scutellum of fully
developed somatic embryos (Figs. 3B, C, D). Coleoptiles were also creamy-white but
more translucent and had trichome hairs on the surface (Fig. 3D). Development of
coleorhiza and coleoptile was observed by SEM examination (Fig. 3E), indicating a bipolarity of somatic embryo development. Somatic embryos germinated (Fig. 4A) and
shoot-root axis growth occurred in regeneration medium and developed green plantlets
(Fig. 4B). Occasionally, root development was delayed and the plantlet remained
connected to the callus or produced small roots. These plantlets further developed
following subculture for 2-3 weeks on the germination medium (Fig. 4C). Rooted plants
were established successfully in compost mixture, produced fertile flowers and set
viable seeds (Fig. 4D).

Histological examination
Sections through immature embryos, at day 1 DAC, showed that the scutellar
tissue is composed of a single epidermal layer, consisting of richly cytoplasmic cells,
and the ground tissue consists of relatively large, compact parenchyma cells (Fig. 5A).
The abaxial epidermal scutellar cells were densely stained and markedly distinguishable
from scutellar ground cells (Fig. 5A). At day 3 DAC, after several mitotic divisions,
there was the differentiation of a region with embryogenic cells initiating nodular callus
(Fig. 5B). The cells in the scutellar ground layers increased in size (Figs. 5B, C).
From days 4-5 onwards, mitotic divisions were also observed in the ground
tissue, in cells associated with the vascular bundle in the mesocotyl of the zygotic
embryo (Fig. 5C). Meristematic cells were produced adjacent to the scutellar vascular
bundle, which is connected to the embryo provascular tissue in the scutellar node and
extend to the scutellum parenchyma (Fig. 5D). No proembryoids were observed arising
from these cells. Cells of the shoot and root meristems in the embryo axis remained
without modifications.
From 6-8 days, organized proembryonic cell masses (proembryoids) further
developed through a continued series of organized divisions (Fig. 5E), corresponding to
the nodular callus observed macroscopically (Fig. 2E. The proembryoids presented a
well-defined protodermis with a smooth surface and showed a fold or lateral notch that
marked the beginning of the new scutellum (Fig. 5E). They were attached to the callus
by a broad multicellular base (Figs. 5E, H). At this stage, the adaxial/abaxial polarity of
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the somatic embryo is established by the formation of the scutellum and zones of
cytoplasm-rich cells are clearly visible (Figs. 5F, G). Later (28 days in culture), in
regeneration medium, these zones developed into shoot and root meristems and formed
the shoot-root axis that established the apical/basal polarity of the somatic embryo (Fig.
3E).
While embryogenic cells were being produced in the surface layer, cells of the
scutellar ground tissue, coleorhiza, embryo axis and coleoptile became enlarged, highly
vacuolated and with small nucleus (Figs. 5B, C, F). The progressive vacuolation of
these cells and the formation of large inter-cellular spaces led to their degradation and
fragmentation, and the consequent detachment of the inner layers of the callus and, from
8 to 21 days of culture, the embryogenic tissue was separated from the original explant
(Figs. 5 F, G).
Embryogenic callus maintained in culture showed progressive growth and the
cells of the inner parts of these calli increased in size and also became vacuolated,
restarting the process of proembryoid separation. Staining with Lugol's iodine solution
indicated the presence of starch in these cells (Fig. 5H).

Histochemical analysis of storage compounds
The histochemical tests confirmed the presence of storage reserves in the
scutellum of the immature zygotic embryos used to initiate the embryogenic cultures.
The scutellum of the immature embryo (15 DPA) used to initiate the
embryogenic callus (Day 0) showed positive reaction to xylidine Ponceau, though rather
less intense (Fig. 6A). However, after 2 days in culture on somatic embryogenesis
induction medium, cells of the immature scutellum did not react to xylidine Ponceau
and the test was unable to detect storage proteins as the embryogenic callus developed
and the epidermal cells were actively dividing to form the proembryonic cell masses
(Figs. 6D, G, J, M, P).
The PAS staining revealed that scutellar cells of immature zygotic embryos at
Day 0 contained numerous starch granules (Fig. 6B), indicating that they are
accumulated as storage starch in the amyloplasts, while none were observed in cells of
the embryo axis. By Day 2 of culture on induction medium, the cells had enlarged and
there was a striking increase in accumulation of starch granules (Fig. 6E) in the layers of
the scutellum nearest to the embryo axis and coleorhiza. At this time, small starch
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granules were also present in the epidermal cells that were actively dividing. From Day
4, starch granules had increased in size and appeared more localized, but in smaller
numbers, in the vacuolated cells near the proembryonic cell masses (Figs. 6H, K, N).
This pattern of starch accumulation was observed until Day 21. From Day 4 to 8 in
culture, small starch granules became apparent scattered through the cells of the
proembryoids (Figs. 6H, K). From Day 12-21, these small granules enlarged and
became abundant in the cells of the proembryoids (Fig. 6Q).
The embryonic and scutellar cells of the dissected immature zygotic embryo (15
DPA) at Day 0 showed negative reaction with Sudan black for lipid bodies (Fig. 6C).
From 2-21 days of culture on somatic embryogenesis induction medium, there was also
no reaction of cells of the immature scutellum and embryo axis with Sudan black B
(Figs. 6F, I, L, O, R).
The histochemical tests confirmed the presence of protein, starch and lipids in
the mature seeds.
The storage endosperm of mature seeds of B. distachyon consists of vacuolated
cells with thick cell walls (Figs. 7B, D, F). At 35 days post-anthesis (DPA), small
protein bodies deeply stained with xylidine Ponceau appeared in large amounts in the
scutellar parenchyma cells, but none were found in embryo axis cells (Fig. 7A). In
endosperm cells, protein appeared coalesced into a single mass surrounded by small
starch granules (Fig. 7B).
Starch accumulation in the endosperm of mature seeds of B. distachyon was
conﬁrmedă byă lightă microscopyă usingă PASă stainingă (Fig.ă 7D). At 30 DPA, the
endospermăcellsăwereămainlyăoccupiedăbyălargeăvacuolesăﬁlledăwithăproteinsă(Fig.ă 7B)
and small even-sized starch granules concentrated in the free spaces (Fig. 7D). No
starch granules were detected with PAS staining in the embryonic and scutellar cells of
mature seeds (Fig. 7C).
The staining of the very small oil bodies of embryonic cells (e.g. the embryo
radicle) was darker than in the scutellum in mature seeds of B. distachyon (Fig. 7E),
using Sudan black B stain. The aleurone layer showed rich quantity of lipid bodies and
some groups of cells in the endosperm contained abundant oil bodies, but the central
part of the endosperm contained no lipids (Fig. 7F).
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Figure 2. Embryogenic callus initiation from Brachypodium distachyon immature
zygotic embryos. (A) Immature embryos on induction medium with scutellum facing
up. (B) At 3 days after culture (DAC) bulges started to form on the surface of the
periphery of the scutellum and scutellar node. (C) At 4 DAC nodular callus (Nc)
developed in the region of the scutellar node and trichome hairs on the coleorhiza. (D)
Scanning electron micrograph showing nodular callus (Nc) in the region of the scutellar
node at 4 DAC on induction medium. (E) At 8 DAC a mass of non-embryogenic callus
(Ne) with areas of proembryonic tissue (proembryoids) formed on the surface of the
scutellum (Ec). (F) Cells reacting both to acetocarmineăandăEvan‘să blue at 8 DAC. A
large portion of the embryogenic callus stained red and the non-embryogenic callus
stained blue. (G) Scanning electron micrograph showing scutellar embryos formed in
compact embryogenic callus at 21 DAC. Bars= A, B = 100 µm; C = 125 µm; D = 125
µm; E = 250 µm; F = 50 µm; G = 250µm.

32

33

Figure 3. Development of embryogenic callus from cultured Brachypodium distachyon
immature zygotic embryos. (A) CEC with early scutellar somatic embryos 1 week after
transfer to regeneration medium. Arrow indicates scutellar notch. (B) Scanning electron
micrograph showing somatic embryo at the coleoptilar stage showing the coleoptilar
pore (Cp) and scutellum (Sc). (C) CEC after 10-15 days on regeneration medium
showing somatic embryos at different stages of development. Arrow indicates scutellar
embryo with emerging coleoptile. White circles indicate semicircular scutella. (D) CEC
after 15 days on regeneration medium. Somatic embryo at the coleoptilar stage initiates
germination (white arrow). Somatic embryo at the early coleoptilar stage (black arrow).
Callus with localized chlorophyll (white circle). (E) Scanning electron micrograph
showing well-developed somatic embryo attached to the subtending callus after 2 weeks
on regeneration medium. Coleorhiza (Cz); Coleoptile (Cl); Scutellum (Sc). Bars: A =
250 µm; B = 100 µm; C, D = 250 µm; E = 100 µm.
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Figure 4. Plant regeneration from cultured Brachypodium distachyon immature zygotic
embryos. (A) Regenerating embryos with coleoptiles (Cl) directly coming from scutella
(Sc) after 15-21 days on regeneration medium. (B) Plantlet with well-defined shoot (Sh)
and root (Sr) bipolar structure at 21 days on regeneration medium. (C) Regenerated
plantlet developing roots 2 weeks after transfer to germination medium. (D)
Regenerated plants after 6 weeks in compost mixture producing viable seeds. Bars:
plastic pot = 10 mm; jar = 5 mm; A, B = 500 µm.
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Figure 5. Induction of embryogenic culture from immature zygotic embryos of
Brachypodium distachyon. Light micrographs of longitudinal sections. (A) Immature
embryo 1 day after culture (DAC). Activelly dividing cells of the protodermis of the
scutellum were densely stained. (B) Numerous divisions of protodermal cells 3 DAC
give rise to the site of somatic embryo origin (black arrow) initiating the nodular callus.
(C) Mitotic divisions of cells adjacent to the vascular bundle (Vb) in the ground tissue 5
DAC (white square). Cells of the abaxial side of the vascular bundle become enlarged
and vacuolated. Scutellum (Sc); embryo axis (Ea); coleoptile (CL); coleorhiza (Cz). (D)
The area covered is designated by the white square on picture (C). The enlargement
here shows densely stained mitotically active small cells with large nuclei close to the
vascular bundle (E) Proembryoids at 6 DAC with well-defined protodermis (Pt) and
smooth surface. The lateral notch is visible (black arrow). Proembryoids attached to the
callus by a broad multicellular base without vascular connection with the explant tissue
(asterisk). Large subepidermal cells divide slowly (white arrow). (F) Densely stained
compact embryogenic callus (Ec) deriving from the scutellum, whereas the region of
embryo axis (Ea), coleoptile (Cl) and coleorhiza (Cz) produce friable nonembryogenic
callus. (G) Densely stained compact embryogenic callus (Ec) completely separated
from the original explant at 12 DAC. (H) From 12 to 21 DAC, the embryogenic callus
continues to sector into embryogenic (Ec) and nonembryogenic callus-types. Staining
with Lugol's iodine solution shows starch granules (St) accumulated in the large
vacuolated cells of the subtending callus. Bars: A, E, F, G, H = 25 µm; B = 10 µm; C =
250 µm; D = 50 µm.
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Figure 6. Histochemical analysis of Brachypodium distachyon immature embryos (15
days post anthesis) cultured on somatic embryogenesis induction medium. Longitudinal
sections of immature scutellum from 0 to 21 days after culture (DAC) were subjected to
staining with xylidine Ponceau (A, D, G, J, M, P), PAS (B, E, H, K, N, Q) and Sudan
black (C, F, I, L, O, R). (A) Protein bodies stained red in cells of the immature
scutellum at Day 0. (B) A positive reaction for starch at Day 0. (C) A negative reaction
for lipids at Day 0. (D, G, J, M, P) Negative reaction for protein from 2-21 DAC. (E)
Increased accumulation of starch granules at Day 2. (H, K) Large starch granules within
vacuolated cells and deposition of small starch granules in cells of the proembryoids.
(N, Q) Large starch granules accumulate in cells of the proembryoids. (F, I, L, O, R)
Negative reaction for lipids from 2-21 DAC. (All bars = 25 μm).
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Figure 7. Histochemical analysis of Brachypodium distachyon mature seeds (35 days
post anthesis). Longitudinal sections subjected to xylidine Ponceau (A, B), PAS (C, D)
and Sudan black (E, F). (A) Small protein bodies stained deeply red in cells of the
scutellar parenchyma, protodermal layer and coleoptile, but none in the embryo axis.
(B) Protein is coalesced into a single mass surrounded by small starch granules in
endosperm cells. (C) Negative reaction for starch PAS staining in the embryonic and
scutellar cells. (D) Small even-sized starch granules concentrated around large vacuoles.
(E) Few small oil bodies in embryonic and scutellum cells. (F) A positive reaction to
Sudan black in aleurone cells (Ac) and some cells of the basal but not the central
endosperm. (All bars = 25 μm).
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DISCUSSION
This study provides morphological, histological and histochemical insights into
somatic embryogenesis from immature zygotic embryos of the model plant
Brachypodium distachyon line Bd21.
Proembryonic cells in B. distachyon initiated divisions at the scutellar node of
immature embryos cultured in induction medium containing 2.5 mg L-1 of 2,4Dichlorophenoxyacetic acid. Similarly, somatic embryos of several grass and cereal
species were also obtained directly or indirectly through the proliferation of cells in the
nodal region of immature embryo scutella, as reported on wheat, barley, pearl millet,
maize and palisade grass (Ozias-Akins and Vasil, 1982; Oka et al., 1995; Taylor and
Vasil, 1996; Al-Abed et al., 2006; Lenis‐Manzano et al., 2010). The cell growth in the
nodal region of B. distachyon immature embryo may be due to the presence of growth
regulators in this region, which is in proximity to the root meristem and the procambium
of the embryo axis, as it has also been suggested for pearl millet (Vasil and Vasil,
1982). In this study, the positive effect of 2,4-D in inducing meristematic cells in the
scutellar node of B. distachyon immature embryos to proliferate and form proembryonic
masses has been extensively reported for B. distachyon and other grass species (Vasil et
al., 1985; Maeda and Radi, 1991; Bablak et al., 1995; Draper et al., 2001; Vogel et al.,
2006; Hammami et al., 2011).

In grasses, the scutellar epidermis functions as a

haustorium for sugars and plant growth regulators dissolved in the endosperm and this
could be the reason for the high metabolic activity of these cells in B. distachyon and
the facility to dedifferentiate and give rise to embryogenic calli, as suggested by Maeda
and Radi (1991) for rice.
Proembryonic cells were clearly distinguished by the double staining technique.
The double staining technique was also successfully used to distinguish embryogenic
cells from nonembryogenic cells in passionfruit (Passiflora cincinnata), sainfoin
(Onobrychis sativa), mangosteen (Garcinia mangostana L.) and Byrsonima intermedia
A. Juss. (Silva et al., 2009; Mohajer et al., 2012; Rineksane et al., 2012; Silva et al.,
2012).
In the present study, somatic embryos were observed to develop from groups of
embryogenic cells in the proliferating protodermal layers in the abaxial side of the B.
distachyon immature scutellum. The proliferation of cell divisions and spread of a
continuous meristematic tissue throughout the abaxial scutellar epidermis were similar
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to previous reports for embryos of wheat, pearl millet, barley and durum wheat
(Magnusson and Bornman, 1985; Taylor and Vasil, 1996; Nonohay et al., 1999;
Fernandez et al., 1999). Williams and Maheswaran (1986) discussed the question of
single- or multiple-cell origin for somatic embryos. According to these authors, in
indirect somatic embryogenesis, embryoids develop from a compact clump of
embryogenic cells, the proembryonal complex. The authors also stated that, in general, a
unicellular origin produces embryoids attached to the parent tissue by a suspensor-like
structure, whereas a multicellular origin gives rise to embryoids fused with the parent
tissue over a broad area of the root pole or axis region. In this study, the B. distachyon
somatic embryos observed were attached to the subtending callus by a broad
multicellular base. The broad multicellular base connecting cells between somatic
embryos and callus has been reported in several grass species (Dunstan et al., 1979;
Vasil and Vasil, 1982; McCain and Hodges, 1986; Taylor and Vasil, 1996). Embryos
arising directly from single cells, indicating unicellular origin, were not observed.
Nevetheless, reports have shown that somatic embryos, in pearl millet for example, can
arise both from multiple cells of the scutellum and also from single cells (Vasil and
Vasil, 1982; Taylor and Vasil, 1996). Nonohay et al. (1999) also observed that in
barley, somatic embryo could originate from a superficial callus cell, possibly indicating
a unicellular origin, or from epidermal and subepidermal callus cells, representing a
multicellular origin. Because the response of B. distachyon immature embryos to the
stimulus provided by the conditions of the in vitro culture is very fast, it is possible that
the first events of cell division in the scutellar node taking place during the first hours in
culture have not been documented. The first divisions of single cells might also have led
to formation of proembryoids. If it is the case, samples should be taken for fixation in
smaller time intervals (e.g., 4-6 h) during the first 3 days of culture.
The pattern of somatic embryogenesis observed in this study such that an
embryogenic callus is formed across the tissue and subsequently proembryoids are
formed after the callus had developed into a typical compact callus can be considered
indirect somatic embryogenesis. The number of cells involved in the formation of the
nodular structures and the broad multicellular base connecting somatic embryos and
callus observed in the conditions of this study possibly indicate a multicellular origin of
the somatic embryos.
The chronology of the immature zygotic embryo response was similar to that
previously described in barley, durum wheat (Triticum durum Desf.) and maize (Oka et
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al., 1995; Fernandez et al., 1999; Jakubeková et al., 2011; Ślesak et al., 2013). B.
distachyon somatic embryos had the same morphological and histological features as
those of zygotic embryos described by Guillon et al. (2012). In monocots, both types of
embryos develop through typical developmental stages, such as globular, scutellar and
coleoptilar stages (Raghavan, 1986; Brisibe et al., 1993; Taylor and Vasil, 1996;
Mariani et al., 1998; Wrobel et al., 2011). The scutellar notch that was observed in the
initial scutellar stage of B. distachyon proembryoids was also described in pearl millet,
sugarcane, barley and rice (Vasil and Vasil, 1982; Rodriguez et al., 1995; Nonohay et
al., 1999; Mariani et al., 2002) as a marker of the beginning of proembryoid
differentiation.
The slow division rate of the large subepidermal cells and the vacuolated
scutellar ground cells indicates that region was developing into nonembryogenic callus.
It has been suggested that these nonembryogenic cells may serve as a suspensor, which
functions to provide nutrients to the proembryonic cell masses (Emons and Kieft, 1991;
Fransz and Schel, 1991). The presence of starch detected by staining with Lugol's iodine
solution and PAS reagent in these cells is in line with this hypothesis. High starch
accumulation in nonembryogenic cells later in culture possibly supports the continued
embryogenic callus growth and proembryoid differentiation in B. distachyon. Taylor
and Vasil (1996) reported that nonembryogenic cells formed in pearl millet immature
scutellum were ultrastructurally similar to zygotic suspensor cells and had a slower
division rate than embryogenic cells.
Guillon et al. (2012) reported that protein accumulation during grain
development of B. distachyon, Bd21-3 accession, was visible by 13 days after
fertilizationă(DAF)ăreﬂectingătheăbeginningăofăgrainămaturation, together with the initial
differentiation of the embryo epidermis and acquisition of apico-basal symmetry. They
observed storage proteins, both globulins and prolamins, by 15 days after fertilization
(DAF) and considered this stage as a change in direction in protein synthesis and
function from high metabolic activity to storage. Protein accumulation continue until
grain maturity in the form of small protein bodies mostly located at the periphery of the
endosperm cells and close to starch granules and, also,ă asă largeă vacuolesă ﬁllingă theă
endosperm cell lumen. In this study, storage protein appeared coalesced, probably
within the vacuole, and surrounded by starch granules in the storage endosperm of
mature seeds of B. distachyon, corroborating the results of Guillon et al. (2012). It was
also demonstrated that cells of the scutellar parenchyma of mature seeds were packed
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with small protein bodies that were also present in the epithelial layer of the scutellum
and the coleoptile, but in smaller amounts.
In B. distachyon, the weak reaction of cells of immature embryo scutellum (15
DPA) to xylidine Ponceau is in conformity with the findings of Guillon et al. (2012),
where it was found that storage protein deposition increases from this stage of grain
development until grain maturity. However, from 2 to 21 days of culture on induction
medium, when epidermal cells of the immature scutellum were actively dividing to
form the proembryonic cell masses, the test with xylidine Ponceau did not detect
storage proteins. In sugarcane, Brisibe et al. (1993) reported that embryonic cells at
early stages of somatic embryo differentiation also lacked storage proteins which began
to accumulate only at later stages of differentiation, in the coleoptilar stage and prior to
maturation. In both cases, it seems that rather than a failure of embryonic cells to
synthesize and accumulate storage proteins, it could be a result of their high synthetic
metabolism before maturation. This conclusion is in line with Müntz's (1987) finding
that, ină zygotică embryogenesis,ă ‗the tissue-specific formation of storage proteins is
under developmental control, since they are only synthesized and deposited after the
mitoticăactivityăofătheărespectiveăcellsăceased‘.
Storage proteins were also not detected during the early phases of proembryoid
formation in pearl millet, but proembryoid cells formed from the epidermal scutellar
cells had abundant Golgi bodies and endoplasmic reticulum (ER), demonstrating their
increased metabolic activity (Taylor and Vasil, 1996). Similarly, in maize, cells adjacent
to embryogenic masses developed large amounts of ER (Fransz and Schel, 1991).
Interestingly, in developing seeds of a number of cereal species, storage proteins are
known to accumulate within the ER lumen of endosperm cells (Herman and Larkins,
1999; Vitale and Ceriotti, 2004). Ultrastructural studies of embryogenic callus
formation in B. distachyon have already been initiated and will provide information on
cytological features of these tissues.
Lipid storage in embryo cells, during the maturation stage of zygotic embryo
development, is common in many species (Bewley and Black 1994). In B. distachyon,
the total fatty acid content and composition were measured in dry mature grains
(Guillon et al., 2012), but there is no available information on timing of oil deposition.
In this study, histochemical staining with Sudan black B confirmed lipid
accumulation in cells of the embryo and scutellum of mature seeds of B. distachyon.
Small oil bodies were also observed the aleurone layer and scattered groups of cells in
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the endosperm. This result is in consonance with the finding of Neuberger et al. (2008),
who used magnetic resonance-based lipid mapping to quantify lipid in barley grain.
During development of barley seed, lipid deposition occurred mainly in the embryo and
aleurone layer and, within the embryo, the scutellum and nodal region had a high lipid
concentration. Lipids of oat grains also accumulated in the embryo and scutellum and in
a lower percentage in the endosperm and the aleurone layer (Banas et al., 2007).
Light microscopic observations of sections of immature B. distachyon embryos
stained with Sudan black B showed that at Day 0 embryonic and scutellar cells did not
stain for lipids, probably because of their low concentrations. At 15 DPA, immature B.
distachyon seeds have only reached half of their final size and content was watery to
milk, which represents the first phase of grain development (Hong et al., 2011). At this
stage of development, it is likely that storage lipid accumulation was still very low.
Staining with Sudan black B did not detect storage lipids during the early stages of
induction phase, when actively dividing cells of the scutellar epidermis were forming
proembryonic masses, or later, when proembryoids were differentiating. It seems that
the storage lipids in the embryogenic tissue, probably at very low concentration in the
initial explant, were used up when the metabolic programs of the pro-embryogenic cells
switched to support the many divisions needed to form the globular structures. Decrease
in lipid content in metabolically active cells in early embryogenic callus development
has been reported in other species (Brisibe et al., 1993; Taylor and Vasil, 1996; Rocha
et al., 2012; Correia et al., 2012).
In seeds, lipids stored in oil bodies are converted to starch during germination.
This process involves the conversion of triacylglycerides into glycerol and free fatty
acids that are moved to the glyoxysome and converted into succinate and malate in the
glyoxylate cycle, and then reverse glycolysis to produce sucrose for use by the
developing embryo (Graham, 2008). The histochemical findings described in this study
seem to indicate that embryonic cells at early stages of somatic embryo differentiation
in B. distachyon lack storage lipids, which presumably begin to accumulate later in
embryoid development. Nevertheless, ultrastructural studies on embryogenic callus
cells of B. distachyon are in progress to give insight on the subcellular organization of
these tissues.
Starch is the most important storage material for energy and carbon source in
plants (Asatsuma et al., 2005). Guillon et al. (2012) reported that during grain
development of B. distachyon starch accumulation in the endosperm started about 14
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DAF and increased slowly until the completion of maturation. By contrast, in the
embryo, the concentration of starch decreased sharply between 10 and 14 DAF and then
slowly decreased to almost non-detectable levels at maturation. In this study, sections of
mature seeds of B. distachyon stained with periodic acid-Schiff (PAS) confirmed the
presence of starch granules in vacuolated cells of the storage endosperm and the lack of
starch in the embryonic tissues. The light microscopy examinations also showed that
cells of the mature endosperm have very thick cell walls. Recent reports have shown
that (1-3)(1-4)-b-D glucan, a cell wall polysaccharide, accumulates in the endosperm of
B. distachyon mature grains, accounting for most of the increase in cell wall thickness
(Opanowicz et al., 2011; Guillon et al., 2011).
Staining with PAS reagent revealed numerous starch granules in scutellar cells
of immature zygotic embryos at Day 0. This result is also in agreement with the report
of Guillon et al. (2012), in which starch grains were observed in zygotic embryo cells at
the early stages of grain development.
Ină theă endospermă ofă germinatingă cereală seeds,ă α-amylases secreted from the
scutellar epithelium and the aleurone layer degrade reserve starch by hydrolysis
producing glucose, maltose and limited dextrin (Smith et al., 2005). Embryogenesis is a
high-energy-requiring process and the catabolism of glycolytic intermediates produced
in the starch degradation yield high amounts of ATP (Martin et al., 2000) that can be
used by cellular metabolism during proembryoid development. The high accumulation
of starch in scutellar cells of B. distachyon observed in the first 2 days of culture was
followed by a decrease in number of granules in the vacuolated cells subtending the
proembryonic masses and, then, a subsequent de novo accumulation in the inner parts of
these masses later in culture. This repetitive cycle of starch accumulation/mobilization
reﬂectedă theă continuedă growthă ofă theă embryogenică callus and proembryoid
differentiation in the induction medium. It also suggests that starch is used both during
embryogenic callus initiation and later in its development into proembryoids. The starch
deposition observed in proembryoids of B. distachyon has also been reported for maize,
orchardgrass, sugarcane and pearl millet (Gray et al., 1984; Vasil et al., 1985; Fransz
and Schel, 1991; Brisibe et al., 1993; Taylor and Vasil, 1996).
Based on ultrastructural evidence, Rocha et al. (2012) proposed that the
synthesis of starch in the initial stages of somatic embryogenesis of Passiflora
cincinnata from mature zygotic embryos was directly linked to lipid mobilization via
the glyoxilate cycle because the appearance of starch granules coincided with the
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reduction in lipids, as well as the presence of lipid bodies close to glyoxysomes.
Otherwise, it has also been suggested that high levels of carbohydrate accumulation in
somatic embryos is due to the uptake and metabolism of carbon supplied in the culture
medium (Hara et al., 1985; Horbowicz et al., 1995; Santa Catarina et al., 2003; Pinto et
al., 2010). In this study, lipids were not detected during the stages of induction and
proembryoid formation, probably because of their low concentration, however,
ultrastructural examination will help identify if there is such an association occurring in
B. distachyon embryogenic cultures.
Brachypodium distachyon has a high potential as a small rapid cycling model for
investigating numerous aspects of grass biology. According to information available in
theă literature,ă thisă studyă isă theă ﬁrstă toă provideă aă morphological,ă histological and
histochemical description of Brachypodium distachyon somatic embryogenesis from
immature zygotic embryos in the reference line Bd21. The morphohistochemical
analysis presented in this study makes important contribution to the understanding of
the process of acquisition of embryogenic competence and development of somatic
embryos in B. distachyon.
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CHAPTER 2
SOMATIC EMBRYOGENESIS IN Brachypodium distachyon: DYNAMICS OF
SERK GENE EXPRESSION.
ABSTRACT
The wild grass species Brachypodium distachyon (L.) P. Beauv. has been proposed as a
new model for temperate grasses because of its small genome and its phylogenetic
position close to economically important cereal crops and several potential biofuel
grasses. It also has important attributes for a model plant such as a short life cycle, selffertility, many diploid accessions, and simple growth requirements. Increasing interest
in Brachypodium distachyon inbred line Bd21 has led to the development of a series of
genomics resources, including a fully sequenced and assembled genome and somatic
embryogenesis-based transformation protocols. Somatic embryogenesis plays a primary
role in plant regeneration, involving differential gene expression and various signal
transduction pathways. Oneă ofă theă genesă identiﬁedă ină earlyă somatică embryogenesisă isă
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK). In this study, using
degenerate primers, it was possible to amplify a specific homologous sequence of a
SERK gene fragment from B. distachyon Bd21. Sequence analysis of this fragment (766
bp) revealed high levels of similarity to other reported SERKs. Somatic embryogenic
cultures of B. distachyon (Bd21) were established following culture of immature
zygotic embryos (IZE) on Murashige and Skoog (1962) medium containing 2,4dichlorophenoxyacetic acid. In situ hybridization analysis showed that the amplified
SERK fragment was present in tissues of the endosperm and embryo axis of the
immature seed, in embryogenic tissues before somatic embryo development and
continued expressing through globular and scutellar stages. These results suggest that
SERK expression was associated with induction of somatic embryogenesis and could
serve as a molecular marker to monitor the transition of IZE tissues into competent and
embryogenic cells in B. distachyon line Bd21.
Key words: Brachypodium distachyon. SOMATIC EMBRYOGENESIS RECEPTORLIKE KINASE (SERK). In situ hybridization.
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EMBRIOGÊNESE SOMÁTICA EM Brachypodium distachyon: DINÂMICA DA
EXPRESSÃO DO GENE SERK.

RESUMO
A espécie Brachypodium distachyon (L.) P. Beauv. foi proposta como uma planta
modelo para gramíneas de clima temperado devido ao seu pequeno genoma e a sua
proximidade filogenética de cereais economicamente importantes e várias gramíneas
com potencial biocombustível. Além disso, B. distachyon tem um ciclo de vida curto,
autogamia, muitos acessos diplóides e requisitos de crescimento simples. O interesse
crescente na linhagem B. distachyon BD21 levou ao desenvolvimento de uma série de
recursos da genômica, incluindo um genoma completamente sequenciado e montado e
eficientes protocolos de transformação baseados em embriogénese somática. A
embriogênese somática desempenha um papel fundamental na regeneração de plantas,
envolvendo a expressão diferencial de genes e várias vias de transdução de sinal. Um
dos genes identificados no início de embriogênese somática é o gene SERK (Somatic
Embryogenesis

Receptor-Like

Kinase).

Neste

estudo,

utilizando

iniciadores

degenerados, uma sequência específica homóloga de um fragmento do gene SERK foi
amplificada de B. distachyon Bd21. A análise da seqüência do fragmento de SERK (766
bp) revelou altos níveis de similaridade com SERKs relatados em outras espécies.
Culturas embriogênicas de B. distachyon (BD21) foram estabelecidas usando IZE 15
dias após a antese, em meio Murashige e Skoog (1962) contendo ácido 2,4diclorofenoxiacético. A análise de hibridização in situ mostrou que o fragmento SERK
de B. distachyon estava presente nos tecidos embriogênicos antes do desenvolvimento
de embriões somáticos e continuou sendo expresso através dos estágios globular e
escutelar. Estes resultados sugerem que a expressão do fragmento SERK de B.
distachyon pode estar associada com a indução da embriogênese somática, podendo
servir como um marcador molecular para monitorar a transição de células somáticas em
células competentes e embriogênicas em B. distachyon linhagem BD21.

Palavras-chave: Brachypodium distachyon, gene Somatic Embryogenesis ReceptorLike Kinase, hibridação in situ.
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INTRODUCTION
Brachypodium distachyon (L.) Beauv is an annual temperate grass native to the
Mediterranean and Middle East and is a member of the Pooideae subfamily (Catalán et
al., 2012). This group also contains cereal and forage grasses including the
economically

important

species

Triticum

aestivum (bread

wheat), Hordeum

vulgare (barley), and Avena sativa (oats).
Brachypodium distachyon is self-fertile and has a short generation time, small
size and simple growth requirements (Draper et al., 2001; Bevan et al., 2010). B.
distachyon lineăBd2ńăisătheăﬁrstămemberăofătheăPooideaeăsubfamilyătoăhave its genome
sequenced and assembled, a compact 272 Mbp diploid genome (2n = 10) (Bevan et al.,
2010; IBI, 2010). These attributes and similarities in gene content and gene family
structure between B.distachyon, wheat, rice and sorghum have led to the rapid adoption
of B.distachyon as a model system to study functional genomics and speciﬁc traits for
crop improvement in all grasses, cereals, and biofuel monocotyledonous crops (Draper
et al., 2001; Brkljacic et al., 2011).
In the last decade, B. distachyon research programs have gathered an extensive
core of highly sophisticated genomic resources such as efficient transformation
methods, EST collections, BAC libraries, genetic linkage maps, and segregating
populations (Bevan et al., 2010). However, despite these considerable advances, there is
a surprising lack of studies on the molecular mechanisms that underlie the transition of
cells from somatic to embryogenic state and regeneration of plants.
During somatic embryogenesis, biochemical and morphological changes occur
throughout the development of induced tissues, which is closely related to alterations in
gene expression (Fehér, 2003). The Somatic Embryogenesis Receptor Kinase (SERK)
gene is among the genes involved in the induction of somatic embryogenesis and has
been used as a molecular marker to monitor the transition from tissue to callus and
embryogenic cells (Schmidt et al., 1997; Somleva et al., 2000). SERK is a leucine-rich
repeat (LRR) transmembrane protein kinase that enhances the ability of the apical
meristem in Arabidopsis to form somatic embryos (Hecht et al., 2001). LRR kinases
transmit their signal by forming homodimers or heterodimers with other receptor-like
kinases (RLKs), in response to binding by a ligand. This ligand-induced dimerization
causes phosphorylation of the intracellular kinase domains of the RLKs, which activates
the next stages of the signal transduction pathway (Nolan et al., 2009).
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Of all the genes that have been isolated during somatic embryogenesis, only
SERK has successfully been shown to be a specific marker distinguishing individual
embryo-forming cells in carrot suspension cultures (Schmidt et al. 1997). The SERK
gene was found to be expressed during proembryogenic mass formation and up to the
globular stage during carrot somatic embryogenesis (Schmidt et al. 1997). It could also
be detected in zygotic embryos up to the early globular stage, but not in unpollinated
flowers

or

any

other

tissue.

Cell

tracking

experiments

using

a

SERK

promoter::luciferase reporter construct verified that somatic embryos were indeed
derived from SERK expressing cells (Schmidt et al. 1997).
Later, an Arabidopsis thaliana homologue (AtSERK1) of the carrot SERK,
cDNA was cloned as one of the five members of a small gene family (Hecht et al.
2001). The AtSERK1 was shown to be expressed in developing ovules by in situ
hybridisation (Hecht et al. 2001). In mature ovules, expression was restricted to the
embryo sac where it was expressed in all cells. Following fertilization, AtSERK1 was
expressed in the endosperm and the zygote, and in embryos through the heart stage, at
which time expression ceased. A low level of expression was also detected in adult
vascular tissues.
AtSERK1 gene expression was also observed in the shoot apical meristem
(SAM) and cotyledons of Arabidopsis seedlings treated with auxin. These are the sites
at which embryogenic callus emerges in Arabidopsis (Mordhorst et al. 1998; von
Recklinghausen et al. 2000). These observations indicated that AtSERK1 expression was
not restricted to embryogenic cells, but was characteristic of those cells capable of
responding to hormone signals and competent to form somatic embryos or embryogenic
cell cultures (Hecht et al. 2001). Ectopic expression of AtSERK1 under control of the
strong constitutive 35S promoter (35S::AtSERK1) showed that the frequency of the
initiation of somatic embryos was increased by approximately 4-fold in transgenic
seedlings (Hecht et al. 2001), implying that AtSERK1 increases embryogenic
competence.
Homologues of the SERK gene were also isolated from Zea mays (Baudino et al.
2001), Poa pratensis (Albertini et al. 2005), Oryza sativa (Hu et al. 2005), Triticum
aestivum (Singla et al. 2008), Musa acuminata (Huang et al. 2009), Brachiaria spp
(Koehler, 2010) and Secale cereale L.(Gruszczy skaăetăal.,ă2Ńńń).
Great success has been achieved in B. distachyon transformation studies, in
which somatic embryogenesis is used for plant regeneration. However, although
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important, the investigation of SERK gene expression as a potential marker for
distinguishing competent cells to form somatic embryos in vitro has not been
approached to study somatic embryogenesis in B. distachyon.
In this study, for the first time a B. distachyon SERK gene fragment (SERK1)
was isolated and its expression in somatic embryogenesis induction was analyzed using
in situ hybridization for monitoring the morphogenetic processes in vitro. The findings
of this study will serve as a foundation for future research on the function of the SERK
gene family in B. distachyon. These results also show that B. distachyon provides a
useful model system for investigating the genetic regulation of somatic embryogenesis
in grass species.

MATERIALS AND METHODS
Production of compact embryogenic callus (CEC) and histological sections for
detailed observation of tissue development were obtained as described in the section
Materials and Methods of Chapter 1.

Extraction of RNA from embryogenic callus
Total RNA was extracted from 6-week-old embryogenic callus culture (CEC)
using the

TRIZOL®

Reagent

(Invitrogen)

according to

the

manufacturer's

recommendations. The samples (500 mg) were macerated with 500 µL TRIZOL® in 1.5
mL Eppendorf tubes. The mixture of chloroform and isoamyl alcohol (24:1 v/v) was
added to each microtube. Then, samples were homogenized in a vortex and incubated
on ice for 5 min and centrifuged at 12,000 rpm for 15 min at 4 °C. After centrifugation,
the aqueous phase was collected and placed into new tubes, an equal volume of
isopropanol was added to precipitate RNA, and incubated for two hours at -20 °C. The
material was centrifuged for 30 min at 13,000 rpm at 4 °C and the supernatant
discarded, the pellet was washed in 500 uL of 70% ethanol (RNAse free) and placed to
dry in a laminar flow hood. After drying the pellet was resuspended in 20 µL of water
treated with diethyl pyrocarbonate (DEPC, Sigma).

Synthesis of single-stranded cDNA
For the synthesis of single stranded cDNA, it was used 3.0 mg of total RNA and
500 ng of oligodT added with 11 µL of DEPC-treated water 0.1%, incubated at 70 °C
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for 5 min and then placed on ice for 2 min. The solution was added with 4 µL of buffer
synthesis of the first DNA strand, 2 µL of dNTP mix and 1 ul (200 U) of enzyme
reverse transcriptase (SuperScriptTM First-Strand Synthesis System, InvitrogenTM). The
reaction was incubated at 42 °C for 1 h, then 15 min at 70 °C to inactivate the enzyme.
The cDNA was stored at -20 °C.

Amplification of the SERK coding sequence
The cDNA from total RNA embryogenic callus was used as template for
amplification of the coding sequence of SERK in B. distachyon with degenerate primers
by Baudino et al. (2001). The combination of degenerate primers S1-S4 used was for
amplification. The sequence of the primers and their positioning within the domains of
the protein are shown in Table 1 and Figure 1.

Table 1. Degenerate primers used for amplification of SERK in Brachipodium
dystachyon and their location in the protein (Baudino et al., 2001)
Estructural

Primers

Sequence

S1

5‘TGTHACRTGGGTRTCCTTGTARTCCAT3‘

Kinase domain VII

S4

5‘CCMTGYCCIGGATCTCCCCITTT3‘

SPP

Domain

W = A or T; R = A or G; M = A or C; Y = C or T; H = A or C or T; S = C or G; S1
(reverse primer); S4 (forward primer).

The PCR reaction (25 µL) was performed in a solution containing 2.0 µL of
cDNA, 2.5 µL of 10x buffer, 0.5 µL dNTPs , 0.75 µL of MgCl2 (50 mM), 1 ul of each
primer, 0.2 µL of Taq DNA polymerase (Platinum ®, Invitrogen). The thermocycler
program was set to: denaturation at 95 °C for five minutes, followed by 35 cycles at 95
°C (1 minute), 50 °C (1 minute), 72 °C (1 minute) and a final extension at 72 °C for five
minutes. The amplification products were analyzed by electrophoresis on 1% agarose
gel.
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Figure 1. General Structure of SERK genes and degenerate primer position indicators
used in the amplification. PS = signal peptide; = ZIP leucine zipper; LRR = leucine-rich
repeats; = SPP region rich in proline, TM = transmembrane domain; Kinase domain;
Region C = C terminal. Modified from Baudino et al. (2001).
Purification of DNA after electrophoresis and cloning of fragments
The amplified fragments were cut from the agarose gel and purified with the Kit
Wizard® SV Gel and PCR Clean Up (Promega®) according to the manufacturer's
instructions.
After quantification, the fragments were ligated into vector pGEM ®-T Easy
Vector Systems (Promega®), in a 3:1 ratio of insert:vector with the enzyme T4 DNA
ligase (Promega®) following manufacturer's instructions. Transformation into
Escherichia coli (XL1 blue competent cells) by thermal shock, was carried out using 2
uL of ligation (insert) and 40 µL of competent cells (1 x 108). After incubation at 37 °C
for 1 hour, the cells were plated on selective LB solid medium (Sambrook and Russel,
2001) containing 100 µg/mL ampicillin, 20 µg/ml 5-bromo-4-chloro-3-indolyl -β-dgalactopyranoside (X-Gal) and then incubated at 37 °C for approximately 12 hours. To
confirm the presence of the insert in the vector, plasmid DNA from white colonies was
cleaved with the restriction enzyme EcoRI and fragments were separated by
electrophoresis on 1% agarose gel.

Sequence analysis
A single positive clone was sequenced. After analysis of chromatogram and
removal the edges of the vector the sequence obtained was compared with the
sequences already deposited in the non-redundant database (NR) of NCBI using the
BLAST

software

(Altschul

et

al.

1997).

The

software

ORF

Finder

(http://www.ncbi.nlm.nih.gov/projects/gorf/) was used to identify the open reading
frame.
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The predicted amino acid sequence was aligned using the Clustal W software
with other grass SERK proteins deposited in Genbank (http://www.ncbi.nih.nlm.gov),
including a partial sequence of B. distachyon, for identification of structural domains.
The phylogenetic tree was made using the aligned amino acid sequences to view the
evolutionary relationships predicted from the multiple sequence alignment. The
phylogenetic analysis was carried out using the Molecular Evolutionary Genetics
Analysis software, MEGA version 4.0 (Tamura et al. 2007), available at
http://www.megasoftware.net/mega4, using the Neighbor-Joining method (NJ) (Saitou
and Nei, 1987). The reliability of the branching pattern of the tree was estimated using
the bootstrap test (Felsenstein, 1985).

Collection and preparation of immature zygotic embryos and embryogenic calli
for the analysis of SERK gene expression
Immature seeds 15 days post anthesis (Day 0) and embryogenic calli were
collected from days 2, 6, 12, 14 and 21 of culture. The samples were immediately
immersed in the fixative solution containing 4% paraformaldehyde and 0.25%
glutaraldehyde in sodium phosphate buffer 0,01 M, pH 7.2. The samples were subjected
to vacuum for 1 h at room temperature and then the fixative solution was immediately
replaced and kept at 4 °C overnight. After this period the samples were rinsed in sodium
phosphate buffer 0.01 M and dehydrated in an ethanol series (10, 30, 50, 70, 80, 85, 90,
95 and 100%) for 1 hour each. The samples were infiltrated in a series of ethanol: BMM
(butyl-methyl-methacrylate, BMM) in the proportions 5:1, 5:2, 5:3, 5:4, 1:1, 1:2, 1:3,
1:4, 1:5 v/v and pure BMM (two changes), for at least 4 hours each step until the ratio
5:4, and for at least 24 hours in the following steps. The samples were placed in plastic
capsules containing BMM, and polymerized for 48 hours at 4 °C under ultraviolet light
815 2537 A° (15 watts) and then stored at -20 °C.
Sections of 4 µm were cut in an automated advance rotary microtome (RM2155,
Leica Microsystems Inc., USA) and placed in water droplets on glass slides treated with
RNAse free DEPC Probe On Plus TM (Fisher Scientific Science). The sections were
stretched with chloroform and the blades kept overnight in a heating plate at 60 °C. The
slides were stored at 4 °C until use. Prior to hybridization, the BMM was removed in
100% acetone (two changes from 10 to 15 minutes), acetone: DEPC-treated water (1:1,
v / v) for 10 minutes and twice in DEPC-treated water (10 minutes).
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Production of antisense gene probe SERK1
A cloned fragment of 766 bp encoding a conserved region that extends from part
of the transmembrane domain to approximately half of the kinase domain was used as
template. The probe was labeled with digoxigenin (DIG-UTP), using the DIG RNA
Labeling Kit (SP6/T7) according to manufacturer's (Roche Applied Science)
recommendations. The probe concentration was examined by electrophoresis on agarose
gel and marking confirmed by dot blot.

Hybridization reaction
Sixty ng of yeast tRNA (Gibco BRL®) and 60 ng probe were denatured at 80 °C
for 5 minutes and added to 100 mL of hybridization buffer (10 mM Tris-HCl pH 7.5,
300 mM NaCl, formamide 50%, 1 mM EDTA pH 8.0, 1X Denhardt's solution). For
hybridization, 100 µL of hybridization solution were placed on each slide and covered
with Parafilm®. The slides were incubated in a moist chamber at 42 °C in the dark for a
period of approximately 16 hours.

Reaction of post-hybridization and immunological detection
After hybridization the slides were washed in 4X, 2X, 0.5X and 1X SSC
solution (20X SSC = 3 M NaCl, 0.3 M Na3-citrate, pH 7.2), each solution for 30
minutes. The slides were maintained for 5 minutes in detection buffer 1 (0.1 M Tris HCl
- pH 7.5, 0.15 M NaCl) and incubated for 30 minutes in blocking buffer. The sections
were washed again in detection buffer sensing 1 for 5 minutes and incubated for 1 hour
with the antibody anti-Digoxigenin AP Fab Fragments (Roche®) diluted 1:1000 in
detection buffer 1. Following, two washes of 15 minutes each in detection buffer and
one wash of 5 minutes 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
µl of BCIP (5-bromo-4-chloro-3-indolyl-phosphate) (0.05 g / mL) and 4.5 µ of NBT
(nitrobluetetrazolium) (0.05 g mL) in 1 ml of buffer 3 for 45 minutes in the dark. The
sections were incubated in detection buffer 4 (0.01 M Tris HCl - pH 8.0, 1 mM EDTA)
for 10 minutes to stop the reaction, and the slides were mounted in water.
Image capture was performed with an Olympus AX70TRF light microscope
(Olympus Optical, Japan) with U-Photo system, coupled to a digital camera (AxioCam
HR, Zeiss) and a microcomputer with the software for image capturing Spot Basic.
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RESULTS
Analysis of the nucleotide sequence of the B. distachyon SERK fragment
Using the combination of degenerate primers S1/S4 designed to a conserved
region of the SERK gene (Table 1), a 766 bp fragment was amplified by PCR from
cDNA of embriogenic calli. A BLAST search with this fragment matched the
(predicted) Brachypodium distachyon somatic embryogenesis receptor kinase 1-like
(LOC100834508), accession no. XM_003571369.1 in the GenBank. The BLAST search
of this nucleotide sequence resulted in several SERK similarity hits from other monocot
species. The B. distachyon SERK fragment showed the highest identity (99%) with
SERK1 of B. distachyon and, between 89% and 93% (e-value 0.0), with SERK of wheat
(Triticum aestivum), foxtail millet (Setaria italica) and rice (Oryza sativa - Japonica
Group) (Table 2).

Table 2 - Comparison of the SERK nucleotide sequence resulting from a cDNA clone
of embryogenic callus of Brachypodium distachyon, amplified with degenerate primers
with sequences deposited in the non-redundant (NR) sequence database
Query

E

Max ident

cover (%)

value

(%)

XM_003571369.1 B. distachyon SERK1 NCBI

61

0.0

99

AK333677.1

NCBI

60

0.0

93

XM_004972669.1 S. italica SERK 2

NCBI

60

0.0

91

AB188247.1

NCBI

61

0.0

89

Accession

Description

T. aestivum SERK1

O. sativa SERK1

Database

Analysis of the deduced amino acid sequences of BdSERK
The nucleotide sequence analysis of the software ORF Finder (Open Reading
Frame Finder) (NCBI) confirmed the presence of an Open reading frame (ORF) of 639
bp in the B. distachyon SERK fragment. The multiple alignment of the deduced amino
acid sequence (213 amino acids) with the sequences that showed high identities by
BLASTp allowed the identification of highly conserved structural domains
characteristic of the SERK protein that included part of the transmembrane domain and
part of the kinase domain (Fig. 2).

68

Figure 2. Sequence alignments of SERK-like proteins of 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 = leucinerich repeats; SPP = proline-rich region; TM = transmembrane domain; Kinase =
protein-kinase domain; C = C-terminal domain. The accession numbers of the 7 other
plant SERKs in the GenBank database include BdSERK1 (Brachypodium distachyon –
XM_003571369.1), ZmSERK1 (Zea mays – AJ277702.1), ShSERK1 (Saccharum
hybrid cv. CP88-1762 – ACT22809.1), SbSERK1 (Sorghum bicolor –
XM_002447912.1), ZmSERK2 (Zea mays – AJ277703.1), SoSERK2 (Saccharum
officinarum – TC79010) and SbSERK2 (Sorghum bicolor – XM_002454009.1).
BdSERK LCT from the isolated B. distachyon SERK fragment .
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Phylogenetic analysis
The phylogenetic relationships between BdSERK and other SERK proteins were
assessed through a phylogenetic tree reconstruction with deduced amino acid sequences
that showed the highest similarities in Blast X. As shown in Fig. 4, two main branches
were generated from the SERK gene family phylogenetic analysis, the branch containing
the B. distachyon SERK fragment was only comprised of monocot sequences, which
included ZmSERK1, ShSERK1, SbSERK1 and SoSERK2 and SbSERK2. Taken together,
these alignments suggest that the cloned B. distachyon fragment is a SERK1-type gene.
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TmSERK
TaSERK1
ZmSERK1
ShSERK1
BdSERK LCT
BdSERK1
TuSERK1
TaSERK2
ZmSERK3
SiSERK1
ZmSERK2
SiSERK2
OsSERK1 Japonica Group
OsSERK1 Indica Group
CnSERK
AcSERK
AaSerk1
AtSERK1
TcSERK
CuSERK1
GmSERK1

Figure 4. Phylogenetic relationship of SERK proteins. The phylogenetic tree was
constructed using MEGA version50. Accession numbers of SERKs included in this
analysis are as follows: Ananas comosus SERK, AEC46975.1; Arabidopsis thaliana
SERK1, CAB38801.1; Araucaria angustifolia SERK1, ACY91853.1; B. distachyon
SERK1, XP_003571417.1; Citrus unshiu SERK1, BAD32780.1; Cocos nucifera
SERK, AAV58833.2; Glycine max SERK1, XP003556185.1; Oryza sativa Indica
Group SERK1, AAR26543.1; Oryza sativa SERK1 (Japonica Group), AAU88198.1;
Saccharum hybrid SERK1, ACT22809.1; Setaria italica SERK2,XP_004972726.1;
Setaria italica SERK, XP_004952868.1; Theobroma cacao SERK, AAU03482.1;
Triticum urartu SERK1, EMS66270.1; Triticum aestivum SERK1, AEP14551.1;
Triticum aestivum SERK2, AEP14552.1; Triticum monococcum SERK1, AGH18696.1;
Zea mays SERK1, NP 001105132.1; Zea mays SERK2, CAC37641.1; Zea mays
SERK3, CAC37642.1.
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Expression analysis of the B. distachyon SERK fragment
Immature zygotic embryos (Figs. 5A-C) dissected from seeds 15 days post
anthesis (Day 0) were cultured on somatic embryogenesis induction medium and
embryogenic calli were collected from days 2, 6, 12, 14 and 21 of culture for in situ
hybridization analysis. Results showed that the immature zygotic embryo used as initial
explant for somatic embryogenesis induction showed expression of the B. distachyon
SERK in all its extension as well as in cells of the endosperm of the immature seed (Fig.
5B).
The blue-purple staining indicated that the B. distachyon SERK transcript was
expressed during all the period of culture in somatic embryogenesis induction medium,
at 2, 6, 12, 14 and 21 days after culture (DAC).
After 2 DAC in induction medium, explant tissues remained with strong
hybridization signal in the embryo nodal region, where the scutellar parenchyma is
continuous with the embryo mesocotyl internode, and in the epidermal cells of the
scutellum, where mitotic divisions occurred (Figs. 5D-F). These divisions give rise to
the proembryogenic masses.
After 6 DAC, the immature zygotic embryo showed strong expression of the B.
distachyon SERK transcript in the embryo axis cells, nodal region, epidermal and
subepidermal cells of the abaxial scutellum, as well as in cells of the vascular tissue in
the scutellum and parenchyma cells adjacent to the vascular tissue (Figs. 5G-I). No
expression signal was detected in non embryogenic cells that were developing into
nonembryogenic callus.
After 12 DAC, results from in situ hybridization showed that spatial expression
of the B. distachyon SERK occurred mainly in regions of the calli that contained
meristematic zones (Figs. 6A, B). Histological sections stained with toluidine blue
showed that these cells were small, isodiametric, non-vacuolated, and cytoplasm-rich,
indicating a high metabolic activity (Figs. 6A, D). From 12 to 21 DAC, the
proembryoid masses formed in the periphery of the callus were separated from the
original explant. During this period, expression signals were also detected in embryoids
at globular and scutellar stages. Globular and early-scutellar embryoids observed from
12 to 14 DAC in induction medium showed SERK expression in all cells (Fig. 6B),
while further developed scutellar embryoids showed stronger signals localized in the
peripheral cell layers of the newly formed scutellum (Fig. 6C). At 21 DAC, B.
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distachyon SERK transcripts remained strongly present in the meristematic cells of the
compact embryogenic calli and scutellar cells of the embryoids (Figs. 6E, F).
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Figure 5. Spatial localization of SERK gene in Brachypodium distachyon line Bd21
during induction of somatic embryogenesis. (A) Immature zygotic embryo used as
initial explant (15 d post anthesis); (B) Longitudinal section of immature embryo at 0
DAC stained with toluidine blue (TB) showing the nodal region (asterik), scutellum
(arrowhead) and endosperm (En); (C) Embryo at 0 DAC with hybridization signal in all
its extension and in cells of the endosperm (arrow) of the immature seed; (D) Explant at
2 DAC showing scutellum cells divinding into a continuous meristematic tissue densely
stained with TB (arrows). Densely stained small cells appear at both sides of the
embryo mesocotyl internode (asterisk); (E) Cells of the scutellum epidermis at 2 DAC
com strong hybridization signal (arrows); (F) Strong hybridization signal appears in the
region where the scutellar parenchyma is connected with the embryo mesocotyl
internode; (G) Explant at 6 DAC showing initial embryogenic (Ec) and nonembryogenic (Nc) callus formation. Cl = coleoptile; (H) Strong signal appears in the
embryo axis (Ea), nodal region (Nr), epidermal and subepidermal cells of the abaxial
scutellum (arrow), cells of the vascular bundle and cells adjacent to the vascular tissue
(Vb). (I) Explant section stained with TB showing densely stained small, cytoplasmrich and prominent nuclei at 6 DAC (arrow). Meristematic cells in the ground tissue
undergoing high division rate (asterisk).
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Figure 6. Spatial localization of SERK gene in Brachypodium distachyon line Bd21
during induction of somatic embryogenesis. At 12 DAC: (A) Explant section showing
zones of cytoplasm-rich cells densely stained with TB (arrows). (B) Embryoids at
globular (arrowhead) and early-scutellar (asterisk) stages showing SERK expression in
all cells. Note the transcript expression in a newly-formed proembryoid (arrow). At 14
DAC: (C) Section of embryogenic callus showing strong hybridization signal in
meristematic zones (arrows). A strong signal in the periphery of the scutellum of the
early-stage somatic embryos (arrows); (D) TB stained section showing zones of densely
stained small meristematic cells (arrows) in embryoids at early scutellar stage. At 21
DAC: (E) Compact embryogenic callus subcultured on new induction medium; (F)
Longitudinal section of compact callus showing strong hybridization signal in zones of
meristematic cells (arrows).
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DISCUSSION
Somatic embryogenesis is considered a model system for the study of plant
regeneration. It also has great potential for biotechnological applications especially in
transgenic plants. Since the first report of B. distachyon somatic embryogenesis by
Bablak et al. (1995), many protocols for transformation systems in B. distachyon via
somatic embryogenesis have been described (Vogel and Hill, 2008; Alves et al., 2009).
However, no reports on the molecular mechanisms of somatic embryogenesis in B.
distachyon are available. An understanding of somatic embryogenesis regulation in B.
distachyon during tissue culture will assist in the development of more effective
regeneration protocols and also be useful as a model system for investigating the genetic
regulation of somatic embryogenesis in other grass species.
The SERK gene encodes a leucine-rich repeat receptor kinase, a family of genes
with roles in signal transduction pathways in plant development and metabolism. In this
work using degenerate primers, a fragment correspondent of the SERK gene was
amplified by PCR from cDNA of embryogenic culture of B. distachyon. Among the
SERK genes reported to date, the amplified SERK fragment showed the highest
nucleotide sequence identity with the predicted B. distachyon SERK1-like (99%,
XM_003571369.1) and Triticum aestivum SERK1 (93%, AK333677.1). The high
sequence similarity found with other Poaceae species in amino acid sequence and
protein structure indicates that the B. distachyon SERK gene can represent a possible
ortholog. This is also supported by the relationships suggested by the phylogenetic
analysis. The deduced ORF of 213 amino acids showed characteristic domains of the
SERK gene, part of the transmembrane domain and part of the kinase domain, that are
highly conserved in the SERK family. Although the forward primer (S4) is located at
the SPP domain, the SPP motif is missing in the in the BLAST alignment of protein
sequences with other species. The reason for this is that the longest reading frame
obtained in the ORF finder program is located in the +2 frame and starts at nucleotide
128 not including the beginning of the sequence, whereas the other reading frame that
includes the beginning of the sequence was detected at position -2, but in that position
no conserved domain of the SERK gene was detected.
The B. distachyon SERK gene was expressed in the immature zygotic embryo
(0.3–0.7 mm wide), which is the size commonly used to induce somatic embryos with a
high efficiency in B. distachyon (Draper et al. 2001; Vogel and Hill, 2008). This size
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corresponds to the early stages of zygotic embryo development in B. distachyon
(Guillon et al., 2012). Expression of SERK1 was also demonstrated in immature zygotic
embryos of barrel medic (Medicago truncatula), maize (Zea mays), soybean (Glycine
max (L.) Merr.) and rye (Secale cereale L.) by in situ RT-PCR analysis (Nolan et al.,
2009; Zhang et al., 2011; Yang et al., 2011; Gruszczy ska et al., 2011). In the case of
maize and soybean, the expression patterns of ZmSERK1 and GmSERK1 revealed a
close relation to embryo size, in which as the size of the immature embryo increased,
the expression of SERK decreased. In both species, immature embryos with a strong
expression of the SERK genes were those suitable for embryogenesis (Zhang et al.,
2011; Yang et al., 2011). Variations in the endogenous hormone levels in immature
zygotic embryos used as initial explants may explain the difference in the ability to
induce somatic embryogenesis (Jiménez, 2001). In maize, positive correlation was
found between induction rate of embryogenic calli and content of abscisic acid and
indole-3 acetic acid in immature embryos, while a negative correlation was found
between increased level of gibberellin A3 and induction rate of embryogenic calli (Fu et
al., 2006). Similarly, the expression of the SERK gene in the immature zygotic embryo
indicates that the physiological condition and developmental stage of the zygotic
embryo play an important role in somatic embryogenesis of B. distachyon.
The expression of the B. distachyon SERK gene was detected in the cellular
endosperm of the immature B. distachyon seed. SERK1 expression was also reported in
the endosperm of Arabidopsis and M. truncatula (Hecht et al., 2001; Nolan et al., 2009).
The process of endosperm cellularization is highly conserved in the dicot Arabidopsis
and cereals at both the cytological and molecular levels (Olsen, 2004). Approximately
3% of the genes in angiosperm genomes that are transcribed during seed development
areă expressedă exclusivelyă ină speciﬁcă seedă tissuesă andă foră aboută halfă ofă them,ă cleară
orthologs were found during seed development in both dicots (e.g. Arabidopsis) and
monocots (e.g. barley) (Sreenivasulu and Wobus, 2013). Berger et al. (2006) suggested
that as well as supplying nutrients to the developing seed, the endosperm functions as an
integrator and mediator of signaling pathways and genetic programs that takes a central
part in the control of seed growth and development. In Arabidopsis, two closely
related LRR-RLKs were found expressing in the endosperm of seeds, HAIKU2 (IKU2)
and EXTRA SPOROGENOUS CELLS (EXS), with role in controlling seed size
(Canales et al., 2002; Luo et al., 2005). These findings led Nolan et al. (2009) to suggest
that SERK1 may have a similar function of these LRR-RLKs in the control of seed
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development in M. truncatula, which could also be the case of this study with the
expression of SERK1 in the endosperm of the immature B. distachyon seed. Previous
studies have shown that the SERK genes in different plant species have functions not
only involved with somatic embryogenesis and are expressed at variable levels in
different tissues. ZmSERK1 in maize (Baudino et al. 2001), MtSERK1 in Medicago
truncatula (Nolan et al. 2003), AtSERK1 in Arabidopsis (Colcombet et al. 2005;
Kwaaitaal and de Vries, 2007), PpSERK1 in Poa pratensis (Albertini et al. 2005),
TaSERK in T. aestivum (Singla et al. 2008), GhSERK1 in cotton (Shi et al., 2012) and
AcSERK1 in Ananas comosus (Ma et al., 2012) were expressed during induction of
somatic embryogenesis as well as in somatic, zygotic and reproductive tissues.
OsSERK1 in rice (Hu et al. 2005; Song et al. 2008), MaSERK1 in banana (Huang et al.
2010) and GmSERK1 in soybean (Yang et al., 2011) were associated with somatic
embryogenic competence and involved in disease resistance responses and mediating
defense signal transduction.
In this study, expression of the B. distachyon SERK gene was analyzed during
the in vitro culture of immature embryos for induction of somatic embryogenesis.
According to the pattern of somatic embryos formation observed in B. distachyon, the
meristematic tissues formed from scutellar epidermal cells expressing the SERK gene
are the same which give rise to the nodular callus, indicating that the embryogenesis
process takes place right at the beginning of culture on induction medium. Meristematic
cells associated with the vascular bundle in the mesocotyl and cells of the zygotic
embryo axis also showed expression signals, but somatic embryos of B. distachyon
were obtained indirectly through the proliferation of meristematic cells present in the
epidermis and nodal region of the immature embryo scutellum. Similarly, in
Arabidopsis, AtSerk1 was not only expressed in embryogenic cells, but was also found
in cells capable of responding to hormone signals and competent to form somatic
embryos or embryogenic cell cultures (Hecht et al. 2001).
The expression pattern of B. distachyon SERK gene detected in the regions of
meristematic cells within the callus are consistent with previous studies in Dactylis
glomerata (Somleva et al., 2000), Triticum aestivum (Singla et al., 2008), Cocos
nucifera (Pérez-Núňez et al., 2009) and Ananas comosus (Ma et al., 2012), all
monocotyledonous species, where high SERK1 expression signals were also detected in
meristematic zones. In B. distachyon these cells formed proembryogenic structures and
these structures eventually formed the somatic embryos.
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During somatic embryogenesis induction, the SERK gene was detected in
meristematic zones, globular and early scutellar embryoids, indicating that in this
species this gene is expressed in embryogenically competent cells from the beginning of
somatic embryo formation to beyond the globular stage. At 21 DAC, SERK mRNA still
remained strongly present in cells of meristematic zones subtending the embryoids and
in the peripheral cell layers of scutellar embryoids, indicating continuity of embryogenic
competence in these cells. This pattern of SERK expression was also observed in other
species. In the monocot Dactylis glomerata, SERK expression was observed in somatic
embryos at different stages of development with continued expression in the apical
meristem and transient expression in the protoderm, coleoptile and coleorhiza of
somatic embryos (Somleva et al., 2000). StSERK expression in embryogenic cultures of
Solanum tuberosum was detected during transition stages of embryos and fullydeveloped embryos (Sharma et al., 2008). In M. truncatula, somatic embryos exhibited
strong expression of a prSERK1::GUS reporter construct from the early globular stage
through to the cotyledonary stage of development (Nolan et al., 2009). In contrast,
expression signals of DcSERK in Daucus carota (Schmidt et al., 1997) and CnSERK in
Cocos nucifera (Pérez-Núñez et al., 2009) ceased after the globular stage.
The high sequence similarity of the predicted B. distachyon SERK amino acid
sequences with those of other Poaceae species indicates that it could function as a LRRRLK, and the histological results of this study suggest that the corresponding regions in
BdSERK may play a functional role in somatic embryogenesis of B. distachyon.
Although further research is needed to provide a greater understanding of the
molecular mechanisms controlling the tissue culture response of B. distachyon, the
findings of his study are relevant information about the role of the SERK gene in the
process of somatic embryogenesis.
Isolation and characterization of complete B. distachyon SERK sequences and
expression analysis using Real-time RT-PCR on different tissues may provide
fundamental information about these genes. Isolation and characterization of their
promoters, the making of constructs (such as BdSERK-GUS) and overexpression and
loss-of-function studies will be useful for better understanding the role of SERK genes
in development and somatic embryogenesis of B. distachyon and its related cereal and
biofuel grasses.
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89

GENERAL CONCLUSIONS
Somatic embryos of Brachypodium distachyon arised from embryogenic callus
formed from cells of the protodermis in the region of the scutellar node and extended to
the periphery of immature zygotic embryos. This pattern of somatic embryogenesis can
be considered indirect somatic embryogenesis, while the number of cells involved in
embryoid formation and the broad multicellular base connecting somatic embryos and
callus possibly indicate a multicellular origin of the somatic embryos. Somatic embryo
differentiation followed the same morphological pattern of development of other
members of the Poaceae. The pattern of accumulation and mobilization of storage
reserves in somatic embryos was similar to that of zygotic embryos. Storage proteins
and lipids were used up in the initial embryogenic process, supporting the idea that
reserves are essential to morphogenetic processes. The high accumulation of starch in
the first 2 days of culture followed by a decrease in number of granules and a late de
novo accumulation in proembryonic masses suggest that starch is used both during
embryogenic callus initiation and later in its development into proembryoids.
The in silico analysis confirmed the presence of characteristic SERK domains in
the amplified B. distachyon SERK gene fragment, which can mean that the functions are
conserved in B. distachyon. The in situ hybridization analysis showed that the SERK
gene was present in embryogenic tissues before somatic embryo development and
continued expressing through globular and scutellar stages, suggesting that the
expression of the B. distachyon SERK1 gene was associated with induction of somatic
embryogenesis.
The results reported in this study convey important information about the
morphogenetic events in the embryogenic pathway which has been lacking in B.
distachyon. This study also demonstrates that B. distachyon provides a useful model
system for investigating the genetic regulation of somatic embryogenesis in grass
species.
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