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Abstract Somatic embryogenesis in scutella of wheat
(Triticum aestivum L.) is a well documented phenomenon
and it has been shown through transcriptome analysis that
genes involved in antioxidant responses, particularly in
glutathione (GSH) biosynthesis, participate in the process.
Thus, we investigated the influence of post-transcriptional
silencing (PTGS) of the glutathione biosynthesis genes
GSHI and GSH?2 on somatic embryogenesis in wheat. We
found that PTGS of either of the target genes drastically
inhibits callus regeneration and overall efficiency of
transformation, in a similar manner as the GSH biosyn-
thetic inhibitor buthionine sulfoximine. Supplementing the
medium with glutathione did not overcome the observed
low efficiency of wheat transformation. Furthermore, of the
small number of obtained transformants, none exhibited
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altered GSHI and GSH2 levels of transcription. Thus, it is
concluded that GSH is essential for somatic embryogenesis
and, as a consequence, it is difficult to regenerate wheat
plants with silenced GSHI and GSH2 genes.
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Abbreviations

PTGS  post-transcriptional gene silencing
GSH Glutathione

BSO Buthionine sulfoximine

GST Glutathione S-transferase

MS Murashige and Skoog

2,4-D  2.4-Dichlorophenoxyacetic acid
PPT DL-Phosphinothricin

PCR Polymerase Chain Reaction
Introduction

Somatic embryogenesis is a form of asexual reproduction
whereby somatic cells under favorable in vitro conditions
are induced to form an embryo. The process consists of two
phases, an initial induction phase, during which differen-
tiated somatic cells acquire embryogenic competence and
proliferate as embryogenic cells, and an expression phase,
when the embryogenic cells differentiate to form somatic
embryos (Namasivayam 2007). The process of acquisition
of embryogenic competence by somatic cells involves
reprogramming of gene expression patterns as well as
changes in cell morphology, physiology, and metabolism
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(Sun et al. 2012). In wheat (Triticum aestivum L.) plant
regeneration from immature embryos has been described in
several reports (Ahloowalia 1982; Ozias-akins and Vasil
1982; Nehra et al. 1994; Pellegrineschi et al. 2002). Even
though the molecular basis of somatic embryogenesis,
particularly the transition of somatic cells into embryonic
cells, is poorly understood, under specific in vitro culture
conditions, the formation of new wheat plants occurs only
in the upper epidermal layers of the scutella (He et al.
1990; Nehra et al. 1994). Also, the unicellular origin of
somatic embryos has been widely accepted under these
same specific conditions (He et al. 1990; Nehra et al.
1994). These attributes, together with the reproducible and
high frequency regeneration of plants, have made the
somatic embryogenesis of wheat scutella the in vitro
morphogenesis procedure of preference for genetic trans-
formation mediated by Agrobacterium or biolistics.

The factors that influence somatic embryogenesis of scu-
tella and other wheat tissues have been extensively studied.
The morphological description of the changes that take place
during the new formation of somatic embryos (He et al. 1990)
was followed by gene expression analysis. Several genes
whose expression vary during wheat somatic embryogenesis
encode proteins expected to participate in the process, while
others encode products whose biological functions could not
be so obviously related to the known morphological events
that outline embryogenesis. This second group of genes
includes enzymes and non-enzymatic components that are
involved in antioxidant mechanisms. In particular, the tri-
peptide thiol glutathione (GSH) was suggested as a key player
in the establishment of cell totipotency during wheat somatic
embryogenesis through the action of glutathione-S-transfer-
ase (GST) (Singla et al. 2007).

As an antioxidant, GSH participates in the regeneration
of reduced ascorbate in the Halliwell-Asada cycle, main-
taining cell redox homeostasis, and is essential for the
turnover of the cell cycle and root and nodule meristem
activity. Glutathione can interact in multiple ways with
proteins through thiol-disulphide exchange and related
processes (Rouhier et al. 2008, Foyer and Noctor 2011,
Noctor et al. 2012).

GSH biosynthesis is catalysed in plants by two ATP
dependent enzymes: y-Glutamylcysteine Synthase (y-ECS,
NCBI: EC 6.3.2.2) and Glutathione Synthase (GS, NCBI: EC
6.3.2.3), encoded by the GSHI and GSH2 genes, respectively
(Tyburski and Tretyn 2010). These are both single copy genes
which have been described in Arabidopsis (NCBI: Y09944.1
and AJ243813.1), rice (NCBI: AJ508916.2 and AY453405.1)
and maize (NCBI: NM_001111672.1 and AJ302784.1),
among other species. In allohexaploid wheat the cDNA
sequences of the GSH2 genes present in the A, B and D
genomes and a version of the GSHI gene have been reported
(NCBI: AJ579380.1, NCBI: AJ579381.1, NCBI: AJ579382.1
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and NCBIL: AY864064.1, respectively). In Arabidopsis, all
the mutations that lower the levels of glutathione map to the
GSHI gene. The cad2 mutant is almost indistinguishable
from the wild type except for its sensitivity to cadmium
(Howden et al. 1995). A second mutant, root meristemless 1
(rmll), also very sensitive to cadmium, fails to initiate cell
division during germination and is therefore unable to orga-
nize an active postembryonic root meristem, but the shoot
apex is not affected (Vernoux et al. 2000). Both mutants differ
in their intracellular GSH content: cad2 has 15-30 % of the
GSH present in the wild type (Cobbett et al. 1998) whereas
rmll only has 2.7 % (Vernoux et al. 2000). According to
Vernoux et al. (2000), there is a critical threshold GSH con-
centration below which developmental effects are observed
in the roots of the rml1 genotype. A third mutant in the GSH!
gene, raxl, was isolated from Arabidopsis as a regulator that
constitutively expresses photooxidative stress-inducible
Ascorbate Peroxidase 2 (Ball et al. 2004). Despite the
apparent simplicity of the GSH biosynthetic pathway there
are few reports on the engineering of GSH levels through the
reduction of enzyme levels, particularly in non-model plants.
Transgenic Arabidopsis plants expressing y-Glutamylcys-
teine Synthetase (GSHI) in both sense and antisense orien-
tations and containing glutathione levels ranging between 3
and 200 % of those of the wild type were used to describe the
role of GSH during stress protection and its contribution to
normal metabolic activities. Interestingly, plants that carried
the GSHI gene in antisense orientation and had low GSH
levels were smaller but developed at the same rate as wild
type plants. Although other plants contained GSH levels
similar to the rmll mutant, no developmental aberrations
were described in roots or shoots besides the already men-
tioned difference in plant height (Xiang et al. 2001).

The aim of the present work was to evaluate the effect of
the interruption of glutathione biosynthesis on wheat
somatic embryogenesis by triggering PTGS to target the
GSHI and GSH2 genes.

Materials and methods
Plant material

Wheat (Triticum aestivum L.) cv. SH9856 and barley
(Hordeum vulgare L.) cv. Golden Promise were used in
this investigation.

Buthionine sulfoximine and glutathione treatments

Immature scutella of 1 mm size were dissected and cul-
tured in Murashige and Skoog (MS) induction medium
(Murashige and Skoog 1962) containing 2 mg/L 2.4-
Dichlorophenoxyacetic acid (2, 4-D) and buthionine



Plant Cell Tiss Organ Cult (2013) 112:239-248

241

sulfoximine (BSO) at a final concentration of 0.5 and
1 mM. The scutella were transferred every 2 weeks to new
Petri dishes with fresh medium. Glutathione in filtered
water solution at a 125, 250, 500 and 1,000 uM final
concentration was added to the scutellum culture medium
before dispensing into the Petri dishes.

Plasmid vectors for biolistic transformation

When these experiments were performed, no GSHI gene
sequence was available from wheat. With the rationale that
the unique sequences of each the GSH/ and GHS?2 genes of
(diploid) barley would have enough similarity to the three
variants of the GSHI and GSH2 target genes in allohexa-
ploid wheat as to be functional in silencing, barley cv.
Golden Promise was used to isolate the cDNA sequences of
the GSHI and GSH2 genes. cDNA of the barley GSHI
transcript was obtained using primers designed on con-
served sequences between the homologous rice (NCBI:
AK103315.1) and maize (NCBI: AY105308.1) genes.
Sequences of the three GSH2 homologous genes present in
wheat were published before starting the GSH2 silencing
construction. This sequence was not by then available in
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Fig. 1 Vectors used in wheat transformation experiments. Schematic
representations of the plasmids, I: pPKECS-UBN, II: pKGS-UBN, III:
pKS8. SiECS and SiGS regions, containing silencing cassettes present
in pKECS-UBN plasmid (I) and pKGS-UBN plasmid (II) respec-
tively. The BAR selection cassette is present in I, II and III (see
“Buthionine sulfoximine and glutathione treatments” section). Vec-
tors were constructed on the pBLUEScrit KS+ plasmid backbone.
The 346 nucleotide probe used in Southern blot analysis is indicated
as a box below the BAR sequence. The indicated EcoRV restriction

T3'0CS Tnos  bar

barley. So a cDNA of the barley GSH2 was obtained
(NCBI: DQ291128) using primers designed on conserved
sequences on the GSH2 genes of wheat.

The fragments of the barley genes GSHI or GSH2 were
subcloned in inverted repeat orientation in two plasmids to
transcribe double stranded RNA in a hairpin structure
(Wesley et al. 2001). The GSHI gene fragment used, that
included 341 bp corresponding to the GSHI wheat sequence
(NCBI: AY864064.1) between positions 625 and 965, was
amplified with the gshl-forw (5'-ggtagatggttctcccagtcatt-3")
and gshl-rev (5'-aggaagttccgtactggtctage-3') primers. Simi-
larly, a 469 bp fragment from position 866 to 1,334 of the
GSH?2 barley gene (NCBI: DQ291128) and amplified with
the gsh2-forw (5'-gaatggagtgcaaggcttttgat-3') and gsh2-rev
(5'-ccttatetttgttccgeaggtagg-3') primers was used for the
silencing construct. Each of these sequence fragments with
the corresponding inverted repeats separated by the second
intron of the PYRUVATE ORTOPHOSPHATE DIKINASE
gene of Flaveria trinervia (Rosche et al. 1998) were sub-
cloned under the control of the rice ACTINI gene promoter
(McEllroy et al. 1990) and the OCS terminator sequence
(Barker et al. 1983) giving rise to the SiECS or SiGS
silencing cassettes (Fig. 1). Each silencing cassette was
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site was used to estimate number of insertion sites of SiECS and SiGS
in the transgenic wheat plants. Actl: rice ACTINI gene promoter, pdk
int: second intron of the PYRUVATE ORTOPHOSPHATE DIKINASE
gene of Flaveria trinervia, OCS: OCS terminator sequence of
Agrobacterium tumefaciens, Tnos: NOS terminator sequence of
Agrobacterium tumefaciens, GSH2: GSH2 gene fragment, GSHI:
GSH]I gene fragment, bar: complete BAR gene sequence, Ubil: maize
UBIQUITINI gene promoter
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placed adjacent to a selection cassette named UBN which
consisted of the coding sequences of the BAR gene confer-
ring phosphinothricin resistance (Thompson et al. 1987),
under the control of the maize UBIQUITIN promoter
(Christensen et al. 1992) and the Agrobacterium tumefaciens
NOS terminator sequence (Depicker et al. 1982). The plas-
mids that included either SiECS or SiGS along with UBN
were respectively named pKECS-UBN and pKGS-UBN
(Fig. 1). Another vector, named pKS8, containing the bar
selection cassette (UBN) and an “empty” cassette with the
same regulatory elements as in the silencing constructions
but without any additional DNA sequences was used as a
transformation control vector (Fig. 1).

Wheat genetic transformation

Wheat plants of the genotype SH9856 (Pellegrineschi et al.
2002) were grown in a growth chamber at 18/15 °C ther-
moperiod and 16/8 h photoperiod to be used as scutellum
donors. Scutella of approximately 1 mm in size, separated
from dissected immature embryos, were used as targets for
gene transfer following the biolistic procedure described by
Pellegrineschi et al. (1999) using the Particle Inflow Gun,
PIG, as a microprojectile accelerator (Vain et al. 1993).
In vitro selection was applied to cultures 20 days after gene
transfer by adding 5 mg/LL DL-Phosphinothricin (PPT,
Duchefa, The Netherlands). Surviving rooted plantlets
were transferred to pots with a soil mixture and placed in a
growth chamber under the conditions already described.

Molecular characterization of transgenic plants

Plant genomic DNA was extracted from leaf tissue as
described by Dellaporta et al. (1983). All the plants
regenerated from in vitro culture were analyzed by poly-
merase chain reaction (PCR) for the presence or absence of
BAR and SiECS or SiGS silencing cassettes. The specific
primers used for DNA amplification were bar-for (5'-
tgcaccatcgtcaaccacta-3’), bar-rev (5'-acagcgaccacgctcttgaa-
3, IntH-forW (5'-cgaacatgaataaacaaggtaac-3’) and tOCS-
rev (5'-agaatgaaccgaaaccggeg-3'). IntH-forw and tOCS-rev
annealed to specific regions of the intron and ocs termi-
nator sequences of the silencing cassettes, respectively.
The PCR reaction was carried out in a final volume of
25 ul with 20-50 ng wheat genomic DNA as a template.

RT-PCR and RT-qPCR

For quantitative RT-PCR, total RNA was extracted from leaf
tissues with Trizol (Invitrogen, USA) following the manu-
facturer’s instructions and quantified with a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, USA).
Total RNAs were treated with RQ1 RNase-free DNase
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(Promega, USA) to remove contaminating DNA. The
absence of DNA in RNA samples was confirmed by PCR
analysis. First strand cDNA was synthesized with oligo
(dT),g as primer and SuperScript III Reverse Transcriptase
(Invitrogen, USA) following the manufacturer’s recommen-
dations. An Icycler IQ Real-Time Detection System (BioRad,
USA) was used. The wheat TaCCF gene, which encodes a
putative chromosomal condensation factor, was used as an
internal reference gene (Stephenson et al. 2007). The
endogenous gene transcripts GSHI and GSH2 were amplified
using IQ SuperMix PCR kit (BioRad, USA) with the primers:
qgshl-for (5'-tgcggaggtcaattcacatc-3'), qgshl-rev (5'-tgcgga
acatcatatcaaggc-3'), qgsh2-for (5'-gctcaacaccatctcaacatc-3'),
qgsh2-rev (5'-cgcttccattattatactcaacc-3"). The PCR cycling
conditions comprised one cycle at 95 °C for 5 min, followed
by 45 cycles at 95 °C for 20 s and 60 °C for 40 s. A melting
curve was generated to confirm the specificity of the ampli-
fication reaction. For each sample the reactions were carried
out in three replicates. Statistical analyses of the results were
performed with the Relative Expression Software Tool
REST® (Pfaffl et al. 2002).

RT-PCR was performed to detect hairpin transcripts
encoded by the SiECS or SiGS cassettes in transgenic
plants. For the GSH2 gene the target sequence was located
downstream of the intron position, whereas for the GSH/
gene it was located upstream of the intron (Fig. 2).

Southern blot analysis

For Southern blot analyses 20 pg of DNA extracted from
leaf samples of each transgenic plant (Saghai-Maroof et al.
1984) were digested overnight with EcoRV and separated
by agarose (1 %) gel electrophoresis. DNA was transferred
to a positively charged nylon membrane and hybridized to
digoxigenin (DIG)-dUTP labeled probes, following man-
ufacturer’s instructions (F. Hoffmann & La Roche, Swit-
zerland). DIG-labeled probes were generated by PCR
amplification of the coding region of the BAR gene with the
previously mentioned bar-for and bar-rev primers.

IntH-forw
_’
I ; \'\ gsh2-rev
N \
5 b 4 — 3
) gsh2-forw
1 gshi-forw 7
. < i
5 4 : b3
_>
gshi-rev

Fig. 2 Schematic representation of primer annealing sites on silenc-
ing hairpin RNA from the SiGS (I) and SiECS (II) cassettes
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Table 1 Effect of BSO on wheat somatic embryogenesis

Assay Induction medium Total Embryogenic
additives scutella scutella (%)
tested
A 1 mM BSO 385 0
A Without BSO 362 99
B 0.5 mM BSO 350 0
B Without BSO 350 96
C 1 mM BSO + 500 pM GSH 300 0
C Without BSO and GSH 250 97

In all treatments the culture medium consisted of MS salts and vita-
mins (Murashige and Skoog 1962), 2 mg/L 2,4-dichlorophenoxy-
acetic acid (2,4-D), 30 g/L sucrose, and 8 g/L agar. Assays A, B, C
were conducted along a period of 6 months. The 1 mm immature
scutella were dissected according to the availability of wheat spikes
collected from plants grown in chambers. Scutella were screened
30 days after dissection for the presence of somatic embryos

Results

Effect of a competitive inhibitor of y-ECS on wheat
somatic embryogenesis

In order to assess if y-ECS plays a significant role on wheat
somatic embryogenesis, we evaluated the regeneration of
wheat plants from immature scutella by adding BSO, a
competitive inhibitor of y-ECS (Hiratake et al. 2002), to the
culture medium of developing somatic embryos. BSO has
been accepted as a way of depleting intracellular GSH in
many plant experimental systems (Xiang and Oliver 1998;
Yanagida et al. 2004) including cell cultures (Sanita di
Toppi et al. 1998), although its use has never been reported
in morphogenic calli. After 30 days of treatment, there was
no in vitro somatic embryogenesis on the calli derived from
scutella cultured in induction media supplied with either

Fig. 3 Scutella development on
culture media with BSO.
Scutella were photographed

4 weeks after dissection in
media with 0.5 mM BSO (1),

1 mM BSO (II), | mM

BSO + 500 uM glutathione
(III) or no BSO as a negative
control (IV)

0.5 or 1 mM BSO (Table 1; Fig. 3). Conversely, devel-
opment of somatic embryos was normal on the control
induction medium without BSO. The addition of 500 pM
GSH could not restore embryogenesis on scutella cultured
on BSO (Table 1), therefore, the experimental approach
could not demonstrate that the absence of embryogenesis
was due to GSH depletion. It is important to note that the
addition of GSH to the culture media in the absence of
BSO did not affect normal embryo regeneration (Table 2).

Effect of GSHI and GSH?2 silencing on in vitro wheat
plant regeneration

We then tested whether GSH depletion could be achieved
by direct operation on its biosynthetic pathway by the
silencing of GSHI or GSH2. To silence these endogenous
wheat genes, embryogenic cells were genetically trans-
formed with the pKECS-UBN or pGS-UBN vectors that
were able to express hairpin RNA with fragments of the
barley GSHI and GSH2 genes, respectively. The 341 and
469 bp fragments derived from the GSHI and GSH2 barley
genes showed 94.7 and 100 % sequence identity as com-
pared to the already published GSHI and GSH2 (genome
B) wheat genes, respectively.

The pKECS-UBN plasmid vector was bombarded to
6,750 scutella in two independent assays. Although 85
plantlets were regenerated, only four of them were con-
firmed as independent SiECS transgenic T, events by PCR
(Table 3). Similarly, while 30 regenerated plantlets were
obtained from 1,821 scutella bombarded with pKGS-UBN
vector, only two were confirmed as transgenic independent
Ty SiGS plants. Taken together, four SiECS and two SiGS
primary transgenic plants were obtained out of 8,571 scu-
tella. However, it is worth noting that while the overall
transformation efficiency with pKECS-UBN and pKGS-
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Table 2 Effect of GSH on wheat somatic embryogenesis

Assay GSH (uM) Total scutella Embryogenic
tested scutella (%)
A 125 210 99
A 0 200 98
B 250 220 99
B 0 215 99
C 500 220 98
C 0 200 97
D 1,000 210 99
D 0 200 98

In all treatments the culture medium consisted of MS salts and vita-
mins (Murashige and Skoog 1962), 2 mg/L 2,4-dichlorophenoxy-
acetic acid (2,4-D), 30 g/L sucrose, and 8 g/L agar. Assays A, B, C, D
were conducted along a period of 6 weeks. The 1 mm immature
scutella were dissected according to the availability of wheat spikes
collected from plants grown in chambers. Scutella were screened
35 days after dissection for the presence of somatic embryos

UBN vectors was 0.07 %, the efficiency of plant trans-
formation with the control plasmid pK8 was 1.3 %
(approximately 18 times higher). No transgenic plants
could be regenerated from scutella bombarded with the
pKECS-UBN and pKGS-UBN vectors and cultured on
medium supplied with glutathione, in accordance with the
results shown in the BSO experiments (Table 1). Plant
escapes are usually obtained at a frequency that could reach
49 % of the total plants regenerated under the selection
protocol routinely applied. In this investigation 109 plant
escapes were detected, representing 1.27 % of the total
scutella bombarded.

Molecular analyses of transgenic plants
Like the two SiGS primary transformants, only one out of the
four SiECS primary transformants expressed a normal phe-

notype when compared to wild type plants. The three other

Table 3 Transformation experiments by biolistic bombardment

plants remained dwarf, had severe developmental problems
and died approximately 45 days after being transferred to pots.

When analyzed by PCR, all the T, plants gave rise to the
expected 345 bp amplification fragment of the BAR gene
and to the 476 and 604 bp amplification fragments of
SiECS and SiGS hairpins, respectively.

The entire progenies of the three transgenic T, plants
that set seeds were also analyzed by PCR. Surprisingly, all
the 180 T, plants carried the BAR selection and silencing
cassette sequences and no segregant non-transgenic T,
plant could be detected, indicating none of the three T,
progenies segregated normally, even though they derived
from primary transformants.

Southern blot analysis revealed two insertion sites in all
the SiECS T, plants derived from the surviving T, trans-
genic plant. The two T, progenies derived from the SiGS
independent events had 2 and 1 insertion sites each
(Fig. 4). These results further confirm the lack of segre-
gation in the 3 T progenies analyzed.

RT-gPCR assay showed that the transcription levels of the
GSH]I or GSH2 target genes in the T, transgenic progenies
were not significantly different from those in the control non-
transgenic plants, indicating that GSHI or GSH2 gene
expression was not silenced in the transgenic plants.

To investigate whether the inability of the transgenic
plants to trigger PTGS on the target genes was due to lack of
transcriptional activity of the silencing cassettes, RT-PCR
was performed on the transgenic SiECS and SiGS plants
(Fig. 5). The fact that all the T; plants analyzed expressed
the hairpin RNA structure demonstrated that the absence of
silencing on the target genes was not due to the lack of
transcription either of the transgenic cassettes (Fig. 5).

Discussion

In this investigation, we attempted to post-transcriptionally
silence two genes coding for enzymes of the GSH

Assay Vector GSH (uM) Total number Total number Total number Transformation
of bombarded of regenerated of transgenic efficiency®
scutella plants® regenerated plants

D pKECS-UBN 0 4,228 51 4 0.09

D pKGS-UBN 0 1,821 30 2 0.1

D pk8 (control) 0 1,077 38 14 1.3

E pKECS-UBN 0 1,560 20 0 -

E pKECS-UBN 500 962 14 0

Transformation experiments were carried out using the PIG device following the protocol of Pellegrineschi et al. (1999)

2 Taken together no statistical differences were found in the regenerated plants (y*4df = 8.15) of assays D and E

® Differences among the frequency of transgenic plants (Total transgenic regenerated plants/Total bombarded scutella * 100) obtained with the
pKECS-UBN, pKGS-UBN and pk8 (control) plasmids were highly significant (y*2df = 46.4, P < 0.01)
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Fig. 4 Southern blot analysis of SiECS and SiGS T, transgenic
plants. Chemiluminescent detection of digoxigenin-labeled DNA
probes prepared by PCR amplification of a 346 nucleotide BAR gene
fragment (see also Fig. 1). The probes were hybridized to genomic
DNA digested with EcoRV. Lane 1 a T1 transgenic SiECS plant. Lane
2, 5 and 7: three of the T1 transgenic plants corresponding to the
progeny of the first of two SiGS events obtained. Lane 4: a T1
transgenic plant corresponding to the second SiGS event. Lane 3 and
6: wild type wheat. Lane 8: MWM (DNA Molecular-Weight Marker
III, Dig-labeled, Roche Diagnostics)

biosynthetic pathway, in order to determine the contribu-
tion of GSH to wheat somatic embryo development. Wheat
scutella were bombarded with vectors that transcribed

Fig. 5 Agarose gel
electrophoresis of the
amplification products of the
RT-PCR using as templates the
hairpins dsRNA corresponding
to: a the SiECS transgene, b the
SiGS transgene. a Lane 1-4: T,
transgenic SiECS plants. Lane 5:
wild type wheat. Lane 6: MWM
(100 bp ladder, Invitrogen). The
cDNA was synthesized with the
gshl-forw primer. PCR
amplification was performed with
gshl-forw and gshl-rev primers.
b Lanes 1-4 and 5-8 correspond
to two T plants derived from the
two SiGS Ty plants. Lane 9-13:
wild type control plant. Lane
11-12: cDNA was synthesized
using [dT]g as primer. Lane 13:
genomic DNA. Lane 14: Control
mix without template DNA. Lane
15: MWM (100 bp ladder,
Invitrogen). IT: PCR
amplification with gsh2-forw and
gsh2-rev primers (see “Wheat
genetic transformation”). Q: PCR
amplification with gsh2-forw and
IntH-forw

43-4 T1-32
43-4 T1-34

62-3AT1-8
62-3A T1-9

&
=
<<
o2
o
w

62-3A T1-9

hairpin RNA, so that PTGS could be induced on either of
the GSHI and GSH2 genes. Traditionally, transformation
efficiency in our laboratory averages 1.3 %, which is in
agreement with the transformation efficiency determined
with the control plasmid pK8 in this work. Theoretically, if
this transformation efficiency is calculated over the 8,571
scutella used in this investigation, 111 primary transgenic
plants would have been expected instead of the six that we
obtained. The difference in transformation efficiency
obtained by using the silencing and control vectors sug-
gests that the lack of GSH had a strong negative effect on
the development of somatic embryos from scutella. As a
comparison, no development of somatic embryos was
observed on callus induction medium supplemented with
BSO, a competitive inhibitor of y-ECS enzyme, in which
no new embryogenic structures, usually distinguished as
green islands by the naked eye (Table 1; Fig. 3). The fact
that the silencing of either GSHI or GSH2 induces a similar
inhibitory effect on wheat somatic embryogenesis as the
addition of BSO suggests that the lack of intracellular GSH
itself, instead of the absence of active transcripts or of the
y-ECS and GS enzymes themselves, could be the cause of
the observed inhibition of somatic embryogenesis.

The three morphologically normal SiECS and SiGS
transgenic T, plants set seeds as did the transformed con-
trol plants carrying pK8 and the non transgenic wild type
plants. Unexpectedly, the self progenies of the three plants

43-4 T1-35

2072

600

62-3A2 T1-3
62-3A2 T1-3
62-3A2 T1-5
62-3A2 T1-5
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exhibited an anomalous segregation pattern, because non-
transgenic T, plants could not be recovered, in spite of the
fact that only one or two transgene insertion sites were
confirmed. Positive RT-PCRs on the hairpin transcripts
demonstrated the functionality of silencing cassettes. RT-
gPCR on the transcripts of the endogenous target GSHI
and GSH2 wheat genes showed neither total nor partial
PTGS. The T, progenies of SiECS and SiGS transgenic
plants were morphologically similar to wild type plants and
they equally failed in establishing PTGS of the GSHI or
GSH?2 genes, respectively.

It has been reported that not every hairpin RNA tran-
scription leads to RNA silencing. Parameters such as the
integration locus of the transgene, the inherent character-
istics of the transcript, its intermediate processing and
product interaction with various proteins of competing
machineries may be critical in determining the fate of
hairpin transcripts and efficient triggering of RNA silenc-
ing (Dalakouras et al. 2011). Our study demonstrates that
regenerated transgenic plants harbored silencing cassettes
that were transcriptionally active (Fig. 5), ruling out the
occurrence of positional effects. Interestingly, even though
the level of expression of these cassettes was not deter-
mined, the selection cassette, located close to the silencing
one, exhibited an expression level high enough to allow for
in vitro callus cells development under the pressure of the
selective agent.

Transcription of stable hairpin RNA structures in the
three fertile SiECS and SiGS plants stand as new examples
that demonstrate that the presence of dsSRNA is not always
enough to induce gene silencing (Dalakouras et al. 2011)
and further research is needed to explain the reason why
PTGS was not established in these plants although they
were expressing the hairpin constructs. The obstacle in the
formation of transgenic wheat somatic embryos derived
from bombarded scutella supports the idea that PTGS
mechanisms are active very early in wheat somatic embryo
development.

The three transgenic SiECS T, plants that died were
dwarf and very poorly developed. However, PCR and RT-
PCR applied on genomic and cDNA samples of these three
genotypes indicated that SiECS was present and that
endogenous GSH1 gene was transcribed. No further exper-
iments could be performed with the leaf material available,
so the molecular results are not conclusive. We find likely
that the surviving SiECS T, plant was not silenced consid-
ering the strong band detected on gel of the RT-PCR prod-
ucts of the endogenous GSHI transcript (Fig. 5).

Glutathione is at the hub of the complex antioxidant
networks of plant and animal cells, participating in cellular
redox signalling networks that influence growth, develop-
ment and defence (Diaz Vivancos et al. 2010a, b).
Knockout Arabidopsis mutants for y-ECS are embryo
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lethal (Cairns et al. 2006) and morphological abnormalities
have been observed in Arabidopsis genotypes with very
low levels of GSH (Vernoux et al. 2000; Reichheld et al.
2007). More relevant for the interpretation of the present
results is the rm//mutant, in which the low levels of glu-
tathione are associated with an inhibition of cell division in
root meristems after embryo formation (Reichheld et al.
2007). As demonstrated by Vernoux et al. (2000), the
mutant phenotype is largely due to the low intracellular
GSH concentration but not through the lack of antioxidant
capacity, because shoot development is basically not
affected. In the authors’ interpretation, the GSH reduction
in the rmll mutant primarily affected root meristem
through developmental pathways that would need mini-
mum GSH concentrations, below which these pathways
would not be activated. Following this rationale, we can
speculate that in the in vitro embryogenic scutellum cells
of wheat transcribing SiECS and SiGS cassettes, GSH
would not reach a threshold concentration beyond which
embryogenesis is possible.

Results from several gene expression studies suggest
that the induction of somatic embryogenesis is the result of
oxidative stress (Dron et al. 1988; Kitamiya et al. 2000;
Davletova et al. 2001; Galland et al. 2001). At the same
time, there is increasing evidence in favor of an interaction
of GSH and auxin in embryo development and mainte-
nance of meristem function (Pasternak et al. 2005; Noctor
et al. 2012). In Arabidopsis, it has been suggested that thiol
reduction pathways interfere with developmental processes
through modulation of auxin signaling at the meristem
level (Bashandy et al. 2010). Therefore, considering that
auxin is the major hormonal inducer of somatic embryo-
genesis (Namasivayam 2007), the observed effect of PTGS
of the GSHI and GSH2 genes reported here could be due to
a disruption of the interaction between the protein thiol/
disulfide status of the cell and auxin signaling. In line with
our results, treatment of Arabidopsis root tips with BSO led
to an abnormal auxin response and altered expression of
quiescent center genes (Koprivova et al. 2010). Clearly,
more research is needed to elucidate the role of the inter-
play between GSH and auxin in the control of somatic
embryogenesis.

Genotypes with loss-of-function phenotypes have tradi-
tionally been used to settle the role of key compounds in
biology. So far, this has not been the case for glutathione,
since neither null glutathione mutants nor the complete
silencing of its biosynthetic pathway has ever been reported.
To better understand the molecular and metabolic events
downstream of glutathione which determine somatic
embryogenesis in wheat, a null mutant is indispensable.
Alternatives to genetically engineer such null genotype in
wheat are currently in progress. Briefly, they consist of using
inducible promoters to drive the expression of the silencing
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constructions when required or coexpressing in a wheat
plant silencing constructions, similar to those reported here,
and a function restorer construction containing the corre-
sponding low identity homeologous sequence.
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