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Double-stranded (ds)RNA interference (RNAi) is widely used for functional analysis of plant genes and is achieved via
generating stable transformants expressing dsRNA in planta. This study demonstrated that RNAi can also be utilized to
examine gene functions in protoplasts. Because protoplasts are nongrowing cells, effective RNAi-triggered gene silencing
depends not only on a depletion of gene transcripts but also on turnover rates of corresponding polypeptides. Herein, we
tested if transient RNAi in protoplasts would result in the depletion of a targeted polypeptide and, because protoplasts have a
limited life span, if functional assays of RNAi knockout genes would be feasible in protoplasts. We showed that protoplasts
transfection with an in vitro-synthesized dsRNA against Arabidopsis (Arabidopsis thaliana) y-glutamylcysteine synthase (ECS1),
a key enzyme in the synthesis of glutathione, resulted in a 95% depletion of ECS1 transcript, a 72% decrease of ECS1
polypeptide, and a 60% drop in glutathione content. These results were comparable with those obtained upon analysis of
Arabidopsis seedlings bearing the cad2-1 mutant allele of ECSI1. We also improved the procedure for RNAi inactivation of
several genes simultaneously. Finally, because we isolated protoplasts from tissues of 14-d-old seedlings instead of 1-month-
old mature plants, the described procedure is rapid (as it only takes 20 d from seed planting to functional studies), suitable for
analyzing multiple genes in parallel, and independent of cloning dsRNAs into plant expression vectors. Therefore, RNAi in
protoplasts complements existing genetic tools, as it allows rapid, cost- and space-efficient initial screening and selection of

genes for subsequent in planta studies.

The completion of the Arabidopsis Genome Se-
quencing Project opened a new era in plant biology
research, the challenges of which are to determine the
functions of all annotated Arabidopsis (Arabidopsis
thaliana) genes and to extend these studies to other
plant species (AGI, 2000). Indeed, although the func-
tions of 69% of the genes were classified according to
sequence similarity to proteins of known function in
all organisms, only 16,000 of the 29,000 predicted
genes have been characterized experimentally, and
these studies have been done primarily in Arabidopsis
(AGI, 2000; Wortman et al., 2003). A critical step in
functional analysis of plant genes is the availability of
genetic tools that are applicable to different plant
species, are rapid, affordable, and thus can be used
as the initial step in the genome-wide screens and
selection of genes with traits of interest for subsequent
in-depth assessment in planta.
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Double-stranded (ds)RNA interference (RNAi) is an
RNA-based reverse-genetic approach currently in use
for studies of gene function. RNAI silencing is trig-
gered by the introduction of dsRNA into cells where it
is detected as aberrant and is processed by the type III
RNase Dicers to small, 20- to 26-nucleotide-long, short
interfering RNAs (siRNAs; Bernstein et al.,, 2001;
Brodersen and Voinnet, 2006). One of the two siRNA
strands is then incorporated into the RNA-induced-
silencing complex, which uses siRNAs to recognize
complementary motifs in target nucleic acids. The
result is the sequence-specific inhibition of gene ex-
pression either at the transcription, mRNA stability, or
translational levels (Baulcombe, 2004; Brodersen and
Voinnet, 2006; Brodersen et al., 2008). The sequence
specificity of RNAi-based gene inactivation allows
silencing of individual genes as well as several genes
simultaneously. Therefore, RNAi can be used to si-
lence multiple members of a multigene family and
homologous gene copies in polyploids by targeting
sequences that are unique or shared by these related
genes (Waterhouse and Helliwell, 2003; Baulcombe,
2004).

RNAI has proven to be very efficient in interfering
with gene expression in various organisms, including
vertebrate and invertebrate animals, and has been
used for gene function studies in plant systems such as
Physcomitrella patens, Petunia hybrida, Arabidopsis, Pa-
paver somniferum, rice (Oryza sativa), wheat (Triticum
aestivum), and others (Stam et al., 1997; Fire et al., 1998;
Kennerdell and Carthew, 1998; Smith et al., 2000;
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Waterhouse et al., 2001; Waterhouse and Helliwell,
2003; Allen et al., 2004; Baulcombe 2004; Bezanilla
et al., 2005; Miki et al., 2005; Travella et al., 2006; Vidali
etal., 2007). In these plant species, RNAi is achieved by
transforming plants with constructs that express self-
complementary (hairpin) RNA-containing sequences
that are homologous to targeted genes, or with con-
structs expressing artificial microRNAs (Waterhouse
and Helliwell, 2003; Helliwell et al., 2005, Schwab
et al., 2006).

The generation of the genome-wide collection of
artificial microRNA-expressing plasmids and avail-
ability of transposon/T-DNA mutant alleles of Arabi-
dopsis provided the plant research community with an
outstanding resource for functional genomics (Alonso
et al., 2003; http://2010.cshl.edu/scripts/main2.pl?
link=project&content=project.html). Using these tools,
however, requires growth and propagation of trans-
genic plants and thus imposes extensive time, labor,
and space requirements for maintaining multiple plant
lines. Therefore, the availability of a rapid and cost-
efficient reverse-genetic approach for the initial ge-
nome-wide analysis and selection of a subset of genes
of interest for subsequent in planta studies would
greatly assist and expedite functional genetic studies.

In this regard, in animals, the development of effi-
cient dsRNA delivery approaches has enabled studies
of gene function in cell tissue cultures (Fire et al., 1998;
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Figure 1. Isolation of protoplasts from Arabidopsis

A seedlings. A, Tissues from 14-d-old seedlings of

.5 Arabidopsis were collected and converted to proto-
plasts by a modified procedure of Chen and Halkier
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gradient centrifugation and collected at the interface
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Worby et al., 2001; Wilson and Richardson, 2003).
Because of the simplicity of RNAi in animal cell
cultures, minimal time and space are required for
gene inactivation and subsequent phenotype analysis.
In fact, this approach has been recently adapted to a
genome-wide high-throughput format, is used as an
initial screening step for genes of interest, and has
resulted in the identification of novel genes with roles
in cell growth and development, life span regulation,
muscle differentiation, signal transduction pathways,
and other processes (Clemens et al.,, 2000; Kamath
et al., 2003; Boutros et al., 2004; Hamilton et al., 2005;
Bai et al., 2008).

Aiming to develop RNAi for rapid functional ge-
netic screens by circumventing the time- and space-
intensive production of transgenic RNAi plants, we
sought to test if, as in animal cells, RNAi could be used
to study gene functions in isolated cells, i.e. proto-
plasts. We chose protoplasts for the following reasons:
(1) protoplasts are easily prepared; (2) protoplasts are
used to study a wide range of cellular functions, such
as cellular transport mechanisms and the subcellular
localization of proteins (Chen and Halkier, 2000); (3)
protoplasts can be isolated from different parts of
plants (roots, stems, leaves), thus enabling studies of
tissue-specific processes (e.g. nutrient uptake in root
cells and storage in leaf cells); and (4) importantly,
protoplasts can be readily transfected with nucleic

D

Overlay EGFP-Chlorophyll

Figure 2. The visualization of the efficiency of the transfection of protoplasts with the pSAT vector expressing nuclear-localized
EGFP. Bright-field (A, Light) and fluorescent microphotographs (B, EGFP) were collected on the Zeiss Axioscope 2 plus
microscope equipped with appropriate filter sets. White arrows indicate examples of nuclear-localized, EGFP-mediated
fluorescence in the pSAT plasmid-transfected protoplasts. C, Superimposed bright-field and fluorescent images on A and B
(Overlay) were created to demonstrate the transfection efficiency. D, Overlaid images of autofluorescence from chloroplasts and
fluorescence from EGFP (EGFP-Chlorophyll) was created to demonstrate that green fluorescence derives solely from EGFP of the

pSAT vector.
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acids (dsRNA or DNA; An et al., 2003, 2005; Yoo et al.,
2007). Lastly, it has been shown that transfection of
dsRNA into Arabidopsis protoplasts reduces the tran-
script level of the targeted exogenous and endogenous
genes (An et al., 2003, 2005). Whether reduction of the
endogenous gene-transcript leads to a depletion of the
corresponding polypeptide and interferes with its
function has not been determined (An et al., 2003,
2005). However, this is important to establish, because
protoplasts are nongrowing cells, and the interference
with gene function by transient RNAi depends not
only on the depletion of transcripts but also on turn-
over rates of corresponding polypeptides and, thus, on
the RNAi depletion of targeted polypeptides. In addi-
tion, protoplasts have limited viability; therefore, it is
important to determine whether the time frame of the
viability of RNAi protoplasts in the artificial media is
sufficient for functional analysis. These questions need
to be addressed prior to developing a high-throughput
RNAIi protocol in protoplasts useful for functional
genetics.

Herein, we showed that effective RNAi-mediated
gene silencing that was achieved in Arabidopsis pro-
toplasts was applicable for analysis of gene function.
We showed that the transfection of an in vitro-synthe-
sized dsRNA against Arabidopsis y-glutamylcysteine
synthase (ECS1), a key enzyme in the synthesis of
glutathione (GSH) into protoplasts resulted in the de-
pletion of ECS1 transcript, the decline of ECS1 poly-
peptide, and the decline of the protoplast content of the
end product of ECS1 enzymatic activity, GSH. Impor-
tantly, the fold-decrease of GSH content in RNAi pro-
toplasts was comparable with that of the cad2-1 mutant
allele of ECS1 (Cobbett et al., 1998). We also signifi-
cantly improved the procedure for the efficient silenc-
ing of genes individually and homologous members of
gene families simultaneously. The procedure reported
in this study is rapid; only 20 d are required for the
analysis of gene function. This time period includes
growth of Arabidopsis, in vitro dsRNA synthesis, pro-
toplast isolation, transfection, and analysis. Therefore,
RNAI in protoplasts described here illustrated a rapid,
affordable, and potent reverse-genetic approach that is
complementary to existing genetic tools, as it allows
expediting functional analysis of plant genes and, as
detailed in “Conclusion and Future Perspectives,” is
particularly applicable for biochemical studies for
deciphering components of metabolic pathways, es-
tablishing of metabolic networks, and, perhaps, can be
adapted to high-throughput metabolomics.

RESULTS

Isolation of Intact Protoplasts from 14-d-Old Arabidopsis
Seedlings and Achieving High Protoplast
Transfection Efficiency

The success of RNAI silencing of genes in proto-
plasts is contingent on sufficient yield and viability of
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isolated protoplasts and their transfection efficiency.
Isolation of protoplasts was first reported more than 40
years ago (Cocking, 1960) and has since been adapted
to study a variety of cellular processes, such as sub-
cellular localization of proteins and the isolation of
intact organelles (Yoo et al.,, 2007). Most protoplast
isolation protocols use leaf tissues of mature Arabi-
dopsis (e.g. 35 d old). We modified existing protocols
to decrease the time and growth chamber space that
are required for isolating protoplasts from mature
plants by employing 14-d-old Arabidopsis seedlings
(Fig. 1A).

Arabidopsis seedlings were collected from a petri
plate, sliced with a razor blade, and converted to
protoplasts in a buffer containing Macerozyme R-10
and Cellulase (see “Materials and Methods”). The
released protoplasts were purified by Suc density
gradient centrifugation and collected at the interface

Control

Figure 3. Silencing of the exogenous gene, EGFP, in protoplasts by
RNAi. A, Bright-field (left) and fluorescence (right) micrographs of
mock-transfected protoplasts (Control). B, Light (left) and fluorescence
(right) micrographs of protoplasts transfected with the pSAT plasmid
expressing nuclear-targeted EGFP (EGFP). C, Microphotographs of pro-
toplasts cotransfected with the pSAT plasmid and in vitro-synthesized
dsRNA against EGFP (RNAI). Fluorescence micrographs were taken
after 24 h of transfection. Images were captured using the same ex-
posure time.
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of the enzyme and W5 solutions (Fig. 1B). Using this
procedure, 1 g of 14-d-old seedlings yielded 5 X 10° to
107 protoplasts (Fig. 1C). The yield of protoplasts from
seedlings is comparable with preparations from leaves
of mature Arabidopsis, but instead of 35 to 36 d,
isolation of protoplasts was completed in 15 d. This
improvement is significant, because it allowed us to
decrease the time required for RNAi-based analyses in
protoplasts.

We then established an efficient transfection proce-
dure for the protoplasts. We employed a simple visual
assay to assess the transfection efficiency using fluo-
rescence microscopy. We transfected protoplasts with
the pSAT plasmid, expressing the nuclear-targeted red-
shifted GFP (EGFP) driven by two cauliflower mosaic
virus 35S promoters, oriented in tandem (Tzfira et al.,
2005). Protoplasts were transfected using a poly(ethyl-
ene glycol) (PEG)-calcium-mediated transfection pro-
cedure as previously described (Yoo et al., 2007), except
that we used 10 times more protoplasts than detailed in
(Yoo et al., 2007). Fluorescent microscopy revealed that
more than 90% of transfected protoplasts expressed the
nuclear-targeted EGFP, suggesting that we achieved
high transfection rates (Fig. 2, A-D).

RNAi-Mediated Silencing of the Expression of the
Exogenous Gene, EGFP, in Protoplasts

We then tested if RNAIi effects indeed could be
observed in protoplasts and if transfecting in vitro-
synthesized dsRNA, rather than a construct express-
ing dsRNAs in vivo, could induce RNAi effects in
protoplasts (An et al., 2005).

We synthesized dsRNA against a 500-bp-long frag-
ment corresponding to a coding sequence of EGFP
(dsRNA[;p) and cotransfected it with pSAT-EGFP
into protoplasts. To evaluate the transfection efficiency,
we transfected a subset of protoplasts with the pSAT-
EGFP vector alone. We also transfected a subset of
protoplasts with water (mock transfection) and used
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these protoplasts for monitoring the autofluorescence
of chlorophyll.

Fluorescent microscopy analysis established that
mock-transfected protoplasts exhibited little or no
fluorescence in the GFP-specific filter set (Fig. 3A).
Weak fluorescence in mock-transfected protoplasts
was attributed to chlorophyll autofluorescence. In
contrast, as determined by the nuclear-localized,
EGFP-mediated fluorescence, 90% of cells transfected
with the pSAT-EGFP plasmid appeared to express the
plasmid (Fig. 3B). The protoplasts transfection proto-
col, therefore, delivered nucleic acids efficiently.

We next tested if the introduction of dsRNA;., in
conjunction with the pSAT-EGFP would affect the
expression of EGFP. We determined that cotransfec-
tion with dsRNA [, substantially decreased the num-
ber of protoplasts that exhibited the EGFP-mediated
fluorescence (Fig. 3C). Based on these data and previ-
ous observations (An et al., 2003), we concluded that
indeed, transfection of an in vitro synthesized dsRNA
into protoplasts triggers transient RNAi effects.

RNAi-Mediated Silencing of the Expression of the
Endogenous Arabidopsis Gene, PCS1, Depends on the
Dose of Transfected dsRNA

We next sought to assay the efficiency of RNAi
effects on an endogenous Arabidopsis gene and to
optimize the potency of RNAI effects relative to the
amount of transfected dsRNA. We performed RNAi
against PCS1 (for phytochelatin synthase 1), because
the expression of its mRNA in Arabidopsis is well
characterized (Vatamaniuk et al., 1999, 2000). The
reverse transcription (RT)-PCR analysis of mock- and
dsRNAp¢-transfected protoplasts established that
transfection with 1 pg of dsRNA,-;; decreased the
abundance of PCS1 transcript by 60% in comparison
with the mock-transfected protoplasts (Fig. 4, A and
B). The potency of RNAI effects, however, increased
with a higher dose of transfected dsRNA ., (Fig. 4, A

Figure 4. Dose and time dependence of transient
RNAi silencing of PCST in protoplasts. A, Protoplasts
were transfected with 1, 5, or 10 ug of dsRNA against
PCS1 (RNAI) or with water (Control) and incubated
for 24 h in the dark. Silencing of PCST in dsRNA- and
mock-transfected protoplasts was analyzed by RT-
PCR. The representative RT-PCR results of three in-
dependent transfection events are shown. B, Relative
abundance of PCS1 transcript on the gel in A. Rel-
ative abundance was normalized to the level of
the transcript of ACT2 using GelQuant software. C,
RT-PCR analysis of the time dependence of RNAi
silencing of PCST in protoplasts. Protoplasts were
transfected with 10 ug of dsRNA against PCST (RNAI)
or with water (Control). Control and RNAi protoplast
samples were collected at indicated time points and
analyzed by RT-PCR for the abundance of PCST
transcript. ACT2 was amplified as a control for
amount of a template.
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and B). The abundance of PCSI transcript in RNAi
protoplasts decreased by 70% and 90% when 5 ug and
10 pg of dsRNA g, respectively, were used for trans-
fection (Fig. 4B). Because transfection of 10 ug of
dsRNApg; caused the most potent gene-silencing
effect, we used 10 pg of dsRNAs for transfection in
subsequent studies.

RNAIi Effects in Protoplasts Last at Least 96 h

We next determined what the onset of RNAI effects
was, how long the RNAI effects would last, and how
long protoplasts would stay alive in our assays. We
incubated mock- and dsRNAp.¢-transfected proto-
plasts in W5 media and analyzed the abundance of
PCS1 transcript by RT-PCR at specific time points. We
determined that the abundance of PCS1 transcript in
mock-transfected protoplasts remained constant (Fig.
4C). In contrast, RNAi effects in dsRNA,g;-trans-
fected protoplasts were observed within 24 h of trans-
fection, and silencing effects persisted for at least 96 h
(Fig. 4C). The approximately 90% decrease in PCS1
transcript abundance was observed after 72 h of trans-
fection. After 96 h, however, due to the transient
nature of dsRNA-induced RNAi in protoplasts, the
abundance of PCSI became more prominent but was
still 75% lower in comparison with mock-transfected
protoplasts (Fig. 4C).

These studies demonstrated that RNAi effects in pro-
toplasts were triggered as early as 24 h post-transfection
and lasted at least 96 h, thus allowing sufficient time for
subsequent functional assays. From then on, we ana-
lyzed RNAI effects in protoplasts after 48 h of transfec-
tion, unless indicated otherwise.

Gene-Specific or Multiple Gene Interference of
Expression of Arabidopsis Genes in Protoplasts by RNAi

Here, we sought to establish if transfecting dsRNA
that targets sequences specific or shared among mem-
bers of multigene family would effect expression of
individual genes or several genes at the same time. To
select a multigene family for these studies, we used the
following criteria: (1) the multigene family must con-
tain a relatively small number of members; (2) several
genes of the multigene family must share a high
degree of sequence similarity but also must be diver-
gent from other family members; and (3) the expres-
sion levels of members of the gene subfamily must be
well established.

Using these criteria, we selected the hexokinase gene
family in Arabidopsis, consisting of six members:
HXK1, HXK2, and HXK3 (for Arabidopsis hexokinases
1,2, and 3), and HKL1, HKL2, and HKL3 (Arabidopsis
hexokinase-like proteins 1, 2, and 3; Karve et al., 2008).
Among these, HXK2 shares 85% amino acid sequence
identity with HXK1, whereas other family members are
more divergent (Karve et al., 2008). These features of
the HXK family members allowed us to assay the gene-
specific and simultaneous interference with the expres-
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sions of HXK1 and HXK2 in protoplasts by targeting
sequences that are unique or shared by these genes.
To silence HXK1 and HXK2 simultaneously, as a
template for in vitro dsRNA synthesis we selected a
part of the coding sequence of HXKI, which shares
83% identity with HXK2 but is distinct from other
family members (Fig. 5A). RT-PCR analysis of tran-
script abundance of hexokinase gene family members
from mock- and dsRNAx,-transfected protoplasts
established that RNAi against sequences that are
shared between HXKI1 and HXK2 depleted the abun-
dance of transcripts of both genes but did not affect
expression of other family members (Fig. 5B). When
abundance of HXK1 and HXK? transcripts after RT-
PCR analysis was normalized to the level of the actin
gene, ACT2, a 54% and a 46% depletion, respectively,
of corresponding transcripts was observed, while
abundance of others remained at the level of the
mock-transfected protoplasts (not shown). Because
protoplasts were isolated primarily from Arabidopsis
leaves, whereas HKL3 is expressed exclusively in
Arabidopsis flowers (Karve et al., 2008), this gene
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Figure 5. Simultaneous interference with the expression of HXKT and
HXK2 in protoplasts by RNAi. A, dsRNA corresponding to the coding
sequence of HXKT was synthesized in vitro and delivered into proto-
plasts. Given the high sequence identity and similarity between HXKT
and HXK2 genes, dsRNA against HXK1 is also predicted to target
HXK2. B, RT-PCR analysis of members of hexokinase gene family.
Mock-transfected protoplasts (Control) and dsRNA-transfected proto-
plasts (RNAIi) were collected for RT-PCR analysis after 24 h of trans-
fection. ACT2 was amplified as a control for amount of a template.
5’-UTR and 3’-UTR are 5’- and 3’-end untranslated regions of HXK1,
while CDS denotes the coding sequence of HXK1. [See online article
for color version of this figure.]
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Figure 6. Gene-specific interference with the expression of HXKT and
HXK2. A, dsRNAs corresponding to the 3’-UTR regions of HXK7 and
HXK2 genes were synthesized in vitro and transfected into protoplasts
to interfere with the expression of HXKT or HXK2. B, RT-PCR analysis of
HXKT and HXK2 after RNAi against 3’'-UTR regions of HXKT or HXK2
genes. Mock-transfected protoplasts (Control) and dsRNA-transfected
protoplasts (RNAi,,, and RNAi,,,) were collected for RT-PCR analysis
after 24 h of transfection. ACT2 was amplified as a control for amount
of a template. [See online article for color version of this figure.]

was not amplified by RT-PCR and was not analyzed
here. Our data indicated that we can silence genes
simultaneously in protoplasts by targeting sequences
that are shared among family members.

To testif RN Ai against unique sequences of HXK1 and
HXK2 would interfere with the expression of these genes
in protoplasts individually, we selected their 3’ -untrans-
lated regions (UTRs) as templates for in vitro dsRNA
synthesis (Fig. 6A). RT-PCR analysis of the abundance of
HXK1 and HXK2 transcript in mock-, dsSRN A rgpyxki~ OF
dsRNA rrpxko-transfected protoplasts established that
the gene-specific RNAi-mediated silencing can be
achieved in protoplasts by targeting the gene-unique,
3’-UTR sequences (Fig. 6B). Transfection of protoplasts
with dsRNArryxx; depleted the abundance of HXK1
but not of HXK2, whereas transfection of protoplasts
with dsRNA;1zyxx, depleted the abundance of HXK2
but not of HXK1 (Fig. 6B).

Generation of a Single, PCR-Linked Template for dsSRNA
Synthesis Targeting of Two Genes Simultaneously

In some cases, for analysis of interactions of differ-
ent pathways, it is necessary to silence several genes
from these pathways simultaneously. This can be
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achieved by cotransfection of protoplasts with
dsRNAs against 3'-UTR for the selected genes. How-
ever, cotransfection will result in mutual dilution of
individual dsRNAs and will decrease individual
dsRNA to protoplast ratios, and, because the gene
silencing in protoplasts depends on the dose of trans-
fected dsRNA (Fig. 4), will decrease the potency of
RNAi-silencing effects. In addition, cotransfection of
two or more dsRNAs imposes a difficulty in accessing
the transfection efficiency of cotransfected dsRNAs. To
circumvent this, we ligated 3'-UTR sequences by PCR
to obtain a single, hybrid template for in vitro dsSRNA
synthesis (Fig. 7A). We used HXK1 and HXK2 genes as
model genes, because we have already established that
we can interfere with their expression simultaneously
and individually (Fig. 6). We transfected protoplasts
with 10 ug of the hybrid dsRNA rruxki-uTrEXK2-
RT-PCR analysis revealed that transfection of pro-
toplasts with hybrid dsRNA ryxkr-utrExK2 decreased
the abundance of HXK1 and HXK2 transcripts simul-
taneously (Fig. 7B). As expected, expression of other
family members was not affected (Fig. 7B). Compar-
ison of the level of the suppression of HXKI and HXK2
expression by different sources of dsRNAs (Table III)
demonstrated that the more potent RNAi silencing
was achieved when protoplasts were transfected with
the linked dsRNA jrryxxi-utraxke- When abundance of
HXK1 and HXK2 transcripts were normalized to the
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Figure 7. Gene-specific and simultaneous interference with the ex-
pression of HXKT and HXK2 using PCR-linked UTR regions as dsRNA
templates. A, DNA fragments corresponding to 3’'-UTR regions of
HXK1 and HXK2 were PCR amplified, and, in the second round of PCR,
were linked with a 20-bp linker (20 bp). The resulting PCR product
encompassing 3'-UTR regions of both HXKT and HXK2 genes was used
as a template for in vitro dsRNA synthesis. B, RT-PCR analysis of the
members of the HXK gene family after RNAi using the hybrid dsRNA,
synthesized from a template described in A. Mock-transfected proto-
plasts (Control) and dsRNA-transfected protoplasts (RNAi) were col-
lected for RT-PCR analysis after 24 h of transfection. [See online article
for color version of this figure.]
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Table I. Comparison of the relative abundance of transcripts in protoplasts after RNAI using different

DNA templates

Relative abundance of transcripts after RT-PCR was normalized to the level of ACT2, encoding actin,

using GelQuant software.

Depletion of Relative Transcript

DNA Templates for dsRNA Synthesis zlsZReN(j\f Abundance after RNAi
HXK1 HXK2
bp %
cDNA of HXK1 524 53 46
3’-UTR of HXK1 281 55 0
3’-UTR of HXK2 207 0 92
3’-UTR of HXKT + 3’-UTR of HXK2 500 73 92

level of ACT2,1.3- and 2-fold more potent suppression
of HXK1 and HXK2 expression, respectively, was
observed when protoplasts were transfected with the
hybrid dsRNA rruxki-utraxk: than when transfected
with dsRNA against sequence that is shared between
both family members or, in the case of HXK1, when
transfected with dsRNA against HXK1 3'-UTR (Table
I). These data show that transfection of a hybrid
dsRNA against UTRs of several genes is a powerful
approach for their simultaneous silencing.

RNAI in Protoplasts Is Suitable for Functional Analysis
of Plant Genes

The studies described above have established that
the specific or simultaneous depletion of gene tran-
scripts is successfully achieved in protoplasts by trans-
fection of in vitro-synthesized dsRNAs. We also
demonstrated that RNAi effects lasted at least 96 h.
However, is RNAi depletion of transcripts of endog-
enous genes accompanied by a decrease in a polypep-
tide level? Can we use RNAI in protoplasts to study
the function of silenced genes? Are RNAi phenotypes
in protoplasts comparable with those observed in ge-
netic mutants? To address these questions, we selected
an RNAi-targeted gene using the following criteria: (1)
the RNAi-targeted gene should be a single-copy gene
with the established expression level; (2) antibody for
the analysis of the corresponding polypeptide by western-
blot analysis should be available; (3) tests for analysis
of the functional activity of the encoded polypeptide
should be well established and simple; and (4) mutant
alleles with well-characterized phenotypes should be
available.

Using these criteria, we selected ECS1 (alias cad2)
encoding y-glutamylcysteine synthase (y-ECS) as an
RNAI target. ECS1 is a key enzyme in biosynthesis of
the ubiquitous tripeptide GSH (y-Gly-Cys-Gly). There-
fore, its functional activity in RNAi protoplasts can be
evaluated by assaying their GSH content (Cobbett
et al., 1998). In addition, the expression of ECSI has
been established, antibodies are commercially avail-
able, and the cad2-1 mutant allele of ECS1 has been
generated (Cobbett et al., 1998). It has also been
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determined that the decrease in the activity of ECS1
of cad2-1 is accompanied by a 55% decrease in cellular
GSH content (Cobbett et al., 1998).

Because ECS1 is a single-copy gene, we selected 548
bp of its coding sequence as an RNAi target, PCR
amplified it from the Arabidopsis cDNA library, syn-
thesized dsRNA-¢; in vitro, and transfected it into
protoplasts. RT-PCR analysis of mock- and dsRNA¢;-
transfected protoplasts after 48 h of transfection
established that the abundance of ECSI transcript is
substantially decreased in RNAi, but not in control,
protoplasts (Fig. 8A).

Importantly, RNAi in protoplasts not only depleted
the abundance of ECSI transcript but substantially
decreased the level of the corresponding polypeptide
(Fig. 8B). As determined by SDS/PAGE and western-
blot analysis, a single polypeptide species that reacted
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Figure 8. RNAI silencing of ECS1 in protoplasts interferes with the
expression of ECST RNA and polypeptide, and decreases the ability of
protoplasts to accumulate GSH. A, RT-PCR analysis of the abundance
of ECST in protoplasts transfected with dsRNA~;,; (RNAI) or water
(Control). B, SDS-PAGE and western-blot analysis of ECS1 polypeptide
in mock-transfected (Control) or RNAi protoplasts (RNAi). C, RP-HPLC
analysis of GSH content in protoplasts transfected with water (Control)
or with dsRNA~; (RNAI). Protoplasts were collected and analyzed after
48 h of transfection. D, RP-HPLC analysis of GSH content in wild-type
Arabidopsis (Control) and cad2-1 mutants (cad2-1). FW, Fresh weight.
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Table Il. List of oligos that were used to amplify DNA templates for in vitro dsRNA synthesis

(TST:N(X Targeted Gene Directions Oligos (5'-3")
bp
547 PCS1 Forward GCGCCTAATACGACTCACTATAGGGAGAGAACCTCTGGAAGTAGTGCGAAGGAA
Reverse GCGCCTAATACGACTCACTATAGGGAGACTGTGAACTTACAAGACGAGGAAC
540 EGFP Forward GCGCCTAATACGACTCACTATAGGGAGAGCCAACACTTGTCACTACTTTCTC
Reverse GCGCCTAATACGACTCACTATAGGGAGACATGTGGTCTCTCTTTTCGTTG
548 ECS1 Forward TAATACGACTCACTATAGGGAGATCATGCCAAAGGGGAGATAC
Reverse TAATACGACTCACTATAGGGAGACTCTTCAACCGAACCTCTGG
524 HXKT (cDNA) Forward AAGCTTTAATACGACTCACTATAGGGCTGCTTCCAAAATCAGGAGAAA
Reverse GGATCCTAATACGACTCACTATAGGGGTAATGCTCAAACAATCCACCA
281 HXKT (3'-UTR) Forward GCGCCTAATACGACTCACTATAGGGAGATCGCTATCAGAAAACGCCTAA
Reverse GCGCCTAATACGACTCACTATAGGGAGACTCCAGTGAAGTGAGCTTTGA
207 HXK2 (3'-UTR) Forward GCGCCTAATACGACTCACTATAGGGAGATTGTTTTGCCGTTAGGGT
Reverse GCGCCTAATACGACTCACTATAGGGAGAACAACATTGGCTGGTCGTTT
HXK1 (3’-UTR) + Linker Forward GCGCCTAATACGACTCACTATAGGGAGATCGCTATCAGAAAACGCCTAA
Reverse GGACCGTCACAATAGTACATAGAGAGGCCTCCAGTGAAGTGAGCTTTGA
HXK2 (3'-UTR) + Linker Forward GCCTCTCTATGTACTATTGTGACGGTCCTTGTTTTGCCGTTAGGGTTT
Reverse GCGCCTAATACGACTCACTATAGGGAGAACAACATTGGCTGGTCGTTT

with the rabbit polyclonal anti-ECS1 antibody was
presented in lysates from control and dsRNAg.¢;-
transfected protoplasts. However, in comparison
with control protoplasts, the level of the polyclonal
anti-ECS1 antibody-reactive polypeptide was 3-fold
lower in dsRNA¢;-transfected protoplasts (Fig. 8B).

We then asked if RNAi against ECS1 would affect
the GSH content of protoplasts. Reverse-phase HPLC
(RP-HPLC) analysis of nonprotein thiol compounds in
mock-transfected protoplasts revealed a peak of GSH,
the chromatographic properties of which were indis-
tinguishable from commercially available GSH stan-
dard (Sigma-Aldrich). The aggregate GSH content in
control protoplasts was 106.9 = 19.9 nmol/10° proto-
plasts (Fig. 8C). The GSH content of RNAi protoplasts
was 2.5-fold lower and was consistent with the fold-
decrease of ECS1 polypeptide (Fig. 8, B and C). These
data showed that transfection of dsRNA into proto-
plasts not only affected the transcript level but also the
abundance of the translated polypeptide and, as
judged by the decrease in accumulation of the end
product of the encoded enzymatic activity of the RNAi
targeted gene, interfered with the gene’s function.

Importantly, the fold-decrease in the GSH content
resulting from RNAI silencing of ECS1 in protoplasts
is comparable with that observed in cad2-1 mutants
bearing a 6-bp deletion in the sixth exon of the ECS1
gene (Cobbett et al., 1998). The content of GSH in cell-
free extracts from cad2-1 mutants was 1.8-fold lower
than in extracts from wild-type Arabidopsis (Fig. 8D).
Taken together, our data demonstrate that RNAi can
be used as a versatile approach to study gene function
in protoplasts.

CONCLUSION AND FUTURE PERSPECTIVES

In this manuscript, we presented data demonstrat-
ing that RNAI can be effectively used for functional
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analysis of genes in protoplasts. We substantiated the
results of An et al. (2003, 2005) by presenting the
following findings. First, RNAi-mediated silencing
was induced in protoplasts by transfecting in vitro-
synthesized dsRNA. This circumvented the necessity
to clone dsRNA into expression vectors, which can be
time consuming and labor intensive, especially for the
genome-wide studies. Second, RNAi effects in proto-
plasts depended on a dose of transfected dsRNA.
Third, RNAI effects in protoplasts lasted at least 96 h,
allowing sufficient time for subsequent functional
analysis. Fourth, RNAi in protoplasts silenced indi-
vidual genes as well as multiple members of gene
families simultaneously. Fifth, transfecting protoplasts
with dsRNAs possessing linked 3’-UTRs of two genes
that are members of a multigene subfamily silenced
both genes simultaneously, but did not interfere with
the expression of other family members. In doing so,
we circumvented the necessity to cotransfect proto-

Table lll. List of oligos that were used for RT-PCR analysis

Genes Directions Oligos (5'-3")
PCS1 Forward GCTGGATCGAAATAGCCAAG
Reverse GCTTCAGGACCACATTCACA
ECS1 Forward ATTGCCTATCTTGCCTCTGG
Reverse ATCCGTTTGGCTTTCCTTCT
HXK1 Forward GGACGTGTTTTGGCTATCCTC
Reverse GAAATCCAGCGTGTGATCAA
HXK2 Forward GACAGAGTACGACCACTCTCTAGATG
Reverse TTAACTTGTTTCAGAGTCATCTTCAAG
HKL1 Forward AGGAAAACGGGTCCGATTCA
Reverse TGCTTCTCCCGCTCGTGAT
HKL2 Forward GGGCTTTATCCTTTGGACATTT
Reverse TCATACGGATGGTATTGTTTGAAC
HXK3 Forward CCAATTACATCGTGATGTCCG
Reverse GCGGAAGAATCTTAGAGAACCC
HKL3 Forward GAACTATTACTGTTACGTGGGACG
Reverse CAGTCTCCCGTTCTTCGGAT
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plasts with two dsRNAs against targeted genes,
avoided the inevitable mutual dilution of dsRNAs in
the transfection media, a possibility of different trans-
fection efficiencies of two dsRNAs, and thus achieved
potent gene silencing of both genes simultaneously.
We expect that this approach will be especially valu-
able for the analysis of interactions among distinct
pathways when it will be necessary to silence genes
from two (or more) families that share high sequence
similarity. Sixth, transfection of dsRNA depleted the
abundance not only of the transcript of a targeted gene
but also of the corresponding polypeptide. This was a
significant finding, because protoplasts are nongrow-
ing cells that have a limited lifespan. Therefore, if the
studied gene is not induced under experimental con-
dition, RNAI silencing of its function in protoplasts
will be contingent on the turnover rates of the cor-
responding polypeptide. In the case of ECS1, we
achieved a 72% decrease in the level of polypeptide
after 48 h of protoplast transfection with dsRNAg¢;,
whereas in our assays, protoplasts were viable, and
RNAi-depletion of a gene transcript lasted even lon-
ger, for 96 h. Therefore, this method should be appro-
priate for functional studies of even relatively stable
proteins and is particularly appropriate for studies of
conditionally inducible genes. Seventh, transient
RNAi knockdown of ECS1 in protoplasts led to a
loss-of-ECS1 function: protoplasts transfected with
dsRNA[.¢; accumulated 60% less of the end product
of ECS1 enzymatic activity, GSH. Eighth, RNAIi in
protoplasts yields results comparable with those of
genetic mutants for the same gene. Ninth, we adapted
protoplast isolation protocol to 14-d-old seedlings.
Therefore, the described procedure is rapid; 20 d are
sufficient for analysis. This time includes growing
Arabidopsis, isolation of protoplasts, in vitro dsRNA
synthesis, transfection of dsRNA into protoplasts, and
analysis of phenotypes. Taking together, RNAi can
silence gene functions in protoplasts, providing a
rapid and a cost-efficient tool for reverse-genetic
studies.

Limitations of using RNAi in protoplasts for func-
tional analysis of genes include potential artifacts that
might emerge due to the removal of plant cell walls,
disruption of cell-to-cell communications, and the
artificial protoplast culture conditions. Clearly, pheno-
types observed in RNAi protoplasts have to be verified
and complemented by studies in planta. Nevertheless,
RNAIi in protoplasts can be used as a rapid and
affordable initial screen for selection of candidate
genes for subsequent studies in planta using available
resources such as transposon/T-DNA insertion lines
or RNAI transgenic plants. While it is unlikely that
RNAI in protoplasts will be appropriate for studies of
genes involved in developmental processes, it presents
an excellent approach for biochemical characterization
of proteins with enzymatic activities (e.g. ECS1; Fig. 8),
with many of them having no experimentally assigned
functions. This method is particularly suitable for
deciphering components of metabolic pathways and
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establishing of metabolic networks and, perhaps, can
be adapted to high-throughput metabolomics. Because
protoplasts can be isolated from different sources, this
approach can be used to study tissue-specific bio-
chemical processes in Arabidopsis and other plant
species.

RNAI in protoplasts can be also used as an initial
step for identifying genes required for a particular
function. For instance, this approach is particularly
valuable if gene silencing is anticipated to result in a
conditional lethal phenotype (e.g as for genes required
for tolerance to xenobiotics, cold, heat). In this case,
combining protoplast viability assays using fluores-
cent vital dyes (e.g. propidium iodide, SYTOX Orange,
etc.) with the fluorescence-activated cell sorting anal-
yses will provide a powerful and rapid approach for
selecting gene candidates required for tolerance to
applied stress.

Another interesting example involves cell wall me-
tabolism. It is well documented in different plant
species that protoplasts regenerate their cell walls
(Burgess and Fleming, 1974; Wenck and Marton,
1995); hence, RNAI in protoplasts will greatly assist
in discovery and analyses of genes involved in cell
wall biogenesis.

To conclude, RNAi in protoplasts complements
existing approaches for functional analyses of genes
as it provides the time-efficient and affordable initial
step for selecting of genes of interest for further in
depth studies in planta. The recent advances in se-
quencing of many plant genomes provide information
for targeted and systematic screens of genes and gene
families, awaiting development of novel functional
genetic approaches, such as presented here. Therefore,
adopting RNAI in protoplasts to a high-throughput,
genome-wide phenotyping technology will greatly
facilitate assigning functions to unknown genes not
only in Arabidopsis but also in other plant species.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Wild-type Arabidopsis (Arabidopsis thaliana) Columbia ecotype seeds were
sterilized in 70% ethanol, 1.8% bleach solution (made up by diluting a
household Clorox containing 6% sodium hypochlorite), and 0.1% Tween 20.
Seeds were sown on 1/2 Murashige and Skoog medium, pH 5.7, adjusted with
1 N KOH, supplemented with 1% Suc and 0.7% agar and then kept for 24 h at
4°C in the dark for stratification. Seedlings were germinated and grown in an
8-h-light/16-h-dark photoperiod (at a photosynthetic photon flux density of
250 wmol m 2 s™%) at a 23°/19°C light/dark temperature regime and 75%
relative humidity.

Isolation of Protoplasts from Arabidopsis Seedlings

Protoplasts were isolated from Arabidopsis seedlings using a modified
method of Chen and Halkier (2000). Briefly, 2 g of 14-d-old Arabidopsis
seedlings were sliced with a razor blade to 1-mm strips in 15 mL of filter-
sterilized TVL (0.3 m sorbitol, 50 mm CaCl,) solution. Twenty milliliters of
enzyme solution (0.5 M Suc, 10 mm MES-KOH, pH 5.7, 20 mm CaCl,, 40 mm
KCl, 1% Cellulase [Onozuka R-10], 1% Macerozyme [R10]) were added to the
sliced seedlings, and the mixture was agitated at 35 rpm in the dark at room
temperature. After 16 to 18 h, the released protoplasts were sieved through
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eight layers of cheesecloth, pre-wet in W5 solution (0.1% [w/v] Glc, 0.08%
[w/v] KCl, 0.9% [w/v] NaCl, 1.84% [w/v] CaCl,, 2 mm MES-KOH, pH 5.7)
and transferred into 50-mL Falcon centrifuge tubes. Protoplasts and plant
debris retained on the cheesecloth were gently sieved-through one more time
by washing the cloth with 15 mL of W5 solution. Sieved-through protoplasts
were combined in a 50-mL Falcon centrifuge tube, overlaid with 10 mL of W5
solution, and centrifuged for 7 min at 100g. Protoplasts were collected at the
interface of enzyme and W5 solutions (Fig. 1A). The protoplast yield was
evaluated by cell counting with a hemocytometer. Using this procedure, we
typically harvested 5 to 10 X 10° protoplasts from 1 g of fresh seedlings.

In Vitro Synthesis of dsRNA

DNA templates were synthesized by PCR from Arabidopsis cDNA and
engineered to contain the minimal T7-RNA polymerase promoter sequence
(TAATACGACTCACTATAGGG) on both 5 and 3" ends (Sastry and Ross,
1997). Primers used to amplify DNA of targeted genes are described in Table
II. The PCR conditions were as follows: denaturing step at 94°C for 3 min
followed by 30 cycles of 94°C for 45 s, 57°C for 30 s, 72°C for 45 s, and a final
extension at 72°C for 10 min. dsRNAs were synthesized in vitro using the
Ambion MEGAscript T7 kit (Ambion) according to the manufacturer’s
recommendation with the exception that in vitro transcription was allowed
to proceed for at least 6 h. DNA templates were removed with the RNases-free
DNase (Invitrogen), dsRNAs were purified with the RNAeasy kit (Qiagen),
reconstituted with deionized, sterile water, and quantified using UV spectro-
photometry. The standard output of dsRNA in a 20-uL reaction was between
100 and 200 ug.

Transfection of Protoplasts with Plasmid DNA
or dsRNAs

Protoplasts were transfected using a procedure adopted from Yoo et al.
(2007). Briefly, protoplasts collected at interface of the enzyme solution and the
W5 solution and were washed three times by reconstituting in W5 solution
and pelleting at 100g for 2 min. After the third wash, protoplasts were
resuspended in MMG solution (4 mm MES-KOH, pH5.7, 0.4 M mannitol, 15
mm MgCl,) to reach a final concentration of 5 to 10X10° protoplasts/mL.
Aliquots of protoplasts (100 uL; 0.5-1.0X10° protoplasts/mL) were trans-
ferred into a 2-mL round-bottom microcentrifuge tube and mixed gently with
the plasmid DNA (6 ug in 10 uL) or with dsRNA (1, 5, or 10 ug in 10 uL). In
control transfections, we omitted DNA or RNA and instead used equivalent
volumes of deionized, sterile water (mock-transfection). Transfection was
initiated by the addition of 110 uL of PEG-calcium solution (40% PEG-4000, 0.2
M mannitol, 100 mm CaCl,). Protoplasts were mixed with PEG-calcium
solution by gently tapping the tube and incubating for 5 min at room
temperature. Transfection was terminated by diluting the mixture with 600 uL
of W5 solution. Transfected protoplasts were collected by centrifugation for
2 min at 100g, resuspended in 1 mL of W5 solution, and kept in the dark for
the time periods indicated in the figures prior to further analyses.

RT-PCR Analysis of Gene Expression in
RNAI Protoplasts

RNAi and control protoplasts (10° cells/mL) were collected by centrifu-
gation for 2 min at 100g. Total RNA was extracted with TRIzol reagent
(Invitrogen, 1 mL/10° protoplasts) following the manufacturer’s protocol.
RNA aliquots (10 uL) were subjected to RT with M-MuLV Reverse Transcrip-
tase (New England Biolabs) followed by PCR analysis using GoTag Green
Master mix (Promega). PCR conditions were as follows: denaturing at 95°C for
2 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 60 s, and a
final extension at 72°C for 5 min. Primers that were used for RT-PCR analyses
are described in Table III. The effectiveness of RN Ai was evaluated by analysis
of aliquots from RT-PCR reactions on a 1.2% gel and comparing the relative
abundance of transcripts of RNAi-targeted genes to the level of the Arabi-
dopsis actin gene, ACT2, using the GelQuant software, version 2.7 (DNR Bio-
Imaging Systems).

Western-Blot Analysis of ECS1 in RNAi Protoplasts

RNAi and control protoplasts (10° cells/mL) were collected by centrifu-
gation at 100g for 2 min and lysed by resuspension in 10 uL of the Laemmli
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buffer. Protoplast proteins were denatured at 50°C for 10 min, separated by
SDS-PAGE on 10% (w/v) gels, and electrotransferred in Towbin buffer
(Towbin et al., 1979) to a nitrocellulose filter. The nitrocellulose blots were
probed with the primary rabbit polyclonal anti-ECS antibody (1:1,000 dilu-
tion; Agrisera) and with the secondary HP-conjugated anti-rabbit antibody
(1:2,500; GE Healthcare). Inmunoreactive bands were visualized with Lumi-
GLO system (KPL).

Analysis of GSH Content

GSH content was analyzed in RNAi and control protoplasts and in plant
extracts by a combination of RP-HPLC and thiol quantitation with Ellman’s
reagent as described (Vatamaniuk et al., 2000). Aliquots of protoplasts
corresponding to 10° cells or cell-free plant extracts (10-20 ug of protein)
were made 5% (w/v) with 5-sulfosalicylic acid and centrifuged before
aliquots of the supernatant (50 uL) were loaded onto an Econosphere C18,
150 X 4.6-mm RP-HPLC column (Alltech). The column was developed with
a linear gradient of water, 0.05% (v/v) phosphoric acid, and 17% (v/v)
acetonitrile, 0.05% (v/v) phosphoric acid at a flow rate of 1 mL/min. For
the quantitation of GSH, thiols were estimated spectrophotometrically at
412 nm by reacting aliquots (500 uL) of the column fractions with 0.8 mm 5,5'-
dithiobis(2-nitrobenzoic acid) (500 uL) dissolved in 250 mm phosphate buffer,
pH 7.6 (Ellman, 1959). Commercially available GSH (Sigma) was used as a
RP-HPLC standard and for calibration.

Accession numbers for genes used in this study (accession numbers are in
parenthesis) are as follows: PCS1 (At5g44070), ECS1 (At4g23100), HXK1
(At4g29130), HXK2 (At2g19820), HKLI (At1g50460), HKL2 (At3g20040), HXK3
(At1g47840), HKL3 (At4g37840), and ACT2 (AT3G18780).
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