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Rapid assessment of the effect of reduced levels of gene products is often a bottleneck in determining how to proceed with an
interesting gene candidate. Additionally, gene families with closely related members can confound determination of the role of
even a single one of the group. We describe here an in vivo method to rapidly determine gene function using transient
expression of artificial microRNAs (amiRNAs) in Arabidopsis (Arabidopsis thaliana) mesophyll protoplasts. We use a luciferase-
based reporter of circadian clock activity to optimize and validate this system. Protoplasts transiently cotransfected with
promoter-luciferase and gene-specific amiRNA plasmids sustain free-running rhythms of bioluminescence for more than 6 d.
Using both amiRNA plasmids available through the Arabidopsis Biological Resource Center, as well as custom design of
constructs using the Weigel amiRNA design algorithm, we show that transient knockdown of known clock genes recapitulates
the same circadian phenotypes reported in the literature for loss-of-function mutant plants. We additionally show that
amiRNA designed to knock down expression of the casein kinase II B-subunit gene family lengthens period, consistent with
previous reports of a short period in casein kinase II B-subunit overexpressors. Our results demonstrate that this system can
facilitate a much more rapid analysis of gene function by obviating the need to initially establish stably transformed
transgenics to assess the phenotype of gene knockdowns. This approach will be useful in a wide range of plant disciplines

when an endogenous cell-based phenotype is observable or can be devised, as done here using a luciferase reporter.

A 24-h biological rhythm is a distinctive feature of
many organisms on earth. Time keeping by a circadian
clock increases fitness under cyclic environmental
conditions, and the clock is a well-conserved mecha-
nism among most eukaryotes from uni- to multicellu-
lar organisms (Ouyang et al., 1998; Dodd et al., 2005).
In plants, the circadian clock controls various output
rhythms ranging from cellular and organ-level pro-
cesses to whole-plant functions (McClung, 2006). Reg-
ulation by the clock can autonomously function within
a single cell (Kim et al., 2003; Nakamichi et al., 2004)
and many of the main components appear to be con-
served among cells in different tissues (James et al.,
2008).

The Arabidopsis (Arabidopsis thaliana) circadian
clock is maintained by a wide range of molecules
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that have been identified in forward genetic screens
through altered hypocotyl elongation (LATE ELON-
GATED HYPOCOTYL [LHY], SENSITIVITY TO RED
LIGHT REDUCED]1, and LUX ARRHYTHMO; Schaffer
et al., 1998; Staiger et al.,, 2003; Hazen et al., 2005),
bioluminescence-based period length assays (TIMING
OF CAB1 [TOC1], ZEITLUPE [ZTL], TE], TIME FOR
COFFEE, LIGHT INSENSITIVE PERIODI1, and XAP5
CIRCADIAN TIMEKEEPER; Somers et al., 2000;
Strayer et al., 2000; Panda et al.,, 2002; Hall et al.,
2003; Kevei et al., 2007; Martin-Tryon and Harmer,
2008), and flowering time (GIGANTEA [GI], EARLY
FLOWERINGS [ELF3], ELF4, and FIONA1; Hicks et al.,
1996; Park et al., 1999; Doyle et al., 2002; Kim et al.,
2008). Although these efforts have been successful,
network modeling (Locke et al., 2006; Zeilinger et al.,
2006) and quantitative trait loci studies (Swarup et al.,
1999; Michael et al., 2003; Darrah et al., 2006) predict
that additional clock components are likely in the
Arabidopsis circadian clock. However, forward screen-
ing approaches in whole plants have some limita-
tions for further isolation of clock molecules since
strong mutations of essential genes that contribute to
clock function might be lethal, and functional redun-
dancy within gene families might result in weak or
undetectable phenotypes in single gene mutations.

In mammalian systems, the circadian clock can
function cell autonomously and the use of serum-
induced cultured cell lines has provided another av-

Plant Physiology®, October 2010, Vol. 154, pp. 611-621, www.plantphysiol.org © 2010 American Society of Plant Biologists 611



Kim and Somers

enue to probe the intracellular mechanisms of the
mammalian circadian clock (Balsalobre et al., 1998).
Recently, genome-wide reverse genetic screens using
RNAI libraries have identified a large number of pos-
sible modifiers of the circadian clock using human cell
lines (Maier et al., 2009; Zhang et al., 2009).

Here, we describe a rapid in vivo assay to investi-
gate circadian clock function using Arabidopsis me-
sophyll protoplasts. Transient expression of artificial
microRNA (amiRNA) in Arabidopsis protoplasts can
reduce the expression level of an endogenous target
gene or gene family, which can facilitate very rapid
determination of function. This approach will be use-
ful in a wide range of plant disciplines when an en-
dogenous cell-based phenotype is observable.

RESULTS

Arabidopsis Protoplasts Exhibit Robust Circadian
Rhythms under Constant Conditions

Transient gene expression in Arabidopsis mesophyll
protoplasts has been used extensively for functional
assays at the cellular level (Sheen, 2001). However,
protoplast systems have only been exploited for stud-
ies involving relatively short times (less than 48 h), and
there have been no reports indicating their viability
over longer time courses. To validate the feasibility of
this system for chronobiological studies, we monitored

clock-driven luminescence rhythms in Arabidopsis
mesophyll protoplasts by examining expression of
two differently phased clock-controlled reporters after
transient transfection (optimization of these condi-
tions is described in Supplemental Results and Dis-
cussion S1 and Supplemental Materials and Methods
S1). In whole plants, transcription of the myb tran-
scription factor CIRCADIAN CLOCK ASSOCIATED1
(CCAL1) and the unique gene GI is strongly clock regu-
lated, with peak expression in the early morning and
early evening, respectively (Wang and Tobin, 1998;
Fowler et al., 1999; Park et al., 1999). Protoplasts from
Arabidopsis leaves transfected with either the CCA1
promoter driving the firefly (Photinus pyralis) lucifer-
ase reporter (CCA1-LUC) or the GI promoter-luciferase
reporter (GI-LUC) were assayed under constant red
light. CCA1-LUC and GI-LUC expression peaked in
the early morning and early evening, respectively,
and both maintained robust oscillations with approx-
imately 24-h periods for over 6 d (25.8 h, Table I; Fig. 1,
A and B). While traces from individual sample wells
were quite similar and robust for both reporters,
luminescence from the CCA1-LUC reporter was typi-
cally much higher during the first 24 to 30 h, relative to
later time points (Fig. 1A). Hence, period estimates
were assessed using a 36- to 144-h window when this
reporter was used.

The overall oscillation patterns very closely resem-
ble that of intact seedlings demonstrating, first, that

Table 1. Estimates of free-running period in transiently transfected Arabidopsis protoplasts under

constant light
R, Red light; B, blue light.

Genotype ( :rifﬁigﬁ;) (LE?:’i)errt:sre) Light Period Figure
h

Col - CCA1-LUC R 25.8 = 0.1 (6/6) Figure 1C
elf3-1 - CCAT-LUC R N.D. (0/6) Figure 1C
toc1-101 - CCAI1-LUC R 24.4 = 0.4 (6/6) Figure 1C
ztl-3 - CCAIT-LUC R 27.9 = 0.2 (6/6) Figure 1C
Col - GIl-LUC R 25.8 = 0.1 (6/6) Figure 1D
elf3-1 - Gl-LUC R 29.7 = 0.0 (2/6) Figure 1D
toc1-101 - Gl-LUC R 18.4 = 2.2 (6/6)b Figure 1D
ztl-3 - Gl-LUC R 29.2 = 0.3 (3/5) Figure 1D
Col Control CCAT-LUC R 26.3 = 0.1 (6/6) Figure 2A
Col ELF3 CCAI1-LUC R 31.1 = 1.6 (6/6) Figure 2A
Col Gl CCAT-LUC R 24.0 = 0.4 (6/6) Figure 2A
Col ZTL CCAI1-LUC R 28.8 = 0.1 (6/6) Figure 2A
Col Control CCAT-LUC B 26.5 = 0.1 (6/6) Figure 2B
Col ELF3 CCAIT-LUC B N.D. (0/6) Figure 2B
Col Gl CCAT-LUC B 23.4 0.2 (6/6)b Figure 2B
Col ZTL CCAI1-LUC B 30.8 = 0.2 (5/5) Figure 2B
Col Control CCA1-LUC R 25.8 = 0.3 (6/6) Figure 4A
Col CKBfam CCAI1-LUC R 29.6 = 0.1 (6/6) Figure 4A

“Period is not representative of the multiple trials but an artifact of the period estimation program that
returned circadian range period estimates in two instances. Period estimates were generated using BRASS
(http://www.amillar.org) from bioluminescence readouts shown in figures indicated. Data are shown as
variance weighted mean period = SEM (rhythmic samples/total samples). —, Without amiRNA plasmid;

N.D., not detectable.

bPeriod estimates were determined using a 60-h window (from 24-84 h).
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Figure 1. Arabidopsis protoplasts
maintain a robust free-running rhythm
with approximately 24-h period for
over 6 d. A and C, Bioluminescence
traces from protoplast cells transfected
with CCAT-LUC plasmids. B and D,
Bioluminescence traces from proto-
plast cells transfected with GI-LUC
plasmids. Protoplasts were prepared
from rosette leaves of 25- to 35-d
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Arabidopsis protoplasts can sustain circadian rhythms,
and second, that the endogenous clock system regu-
lates transiently introduced reporter genes and endog-
enous clock genes in the same manner.

Mutations of central circadian clock components can
alter the endogenous period, phase, and amplitude of
rhythms in plants. Mutations in TOC1 (Kevei et al.,
2006; Kolmos et al., 2008) and ZTL (Somers et al., 2000;
Kevei et al., 2006) shorten and lengthen periods, re-
spectively, while mutations in ELF3 strongly and rap-
idly dampens circadian cycling (Hicks et al., 1996).
Since transiently expressed CCAI1-LUC and GI-LUC
reflects the clock activity in wild-type protoplasts, we
tested whether protoplasts derived from circadian
clock mutants display phenotypes similar to those
seen in whole plants.

CCA1-LUC and GI-LUC expression in ztl-3 proto-
plasts showed a robust 2- to 3-h longer period, relative
to Columbia (Col) protoplasts over the 4.5-d sampling
period (Fig. 1, C and D; Table I). The same reporters
introduced into elf3-1 protoplasts were arrhythmic,
after the first acute expression peak soon after trans-
fection (Fig. 1, C and D; Table I). Hence, results from
both mutant protoplasts closely mirror the circadian
phenotype of whole seedlings.

In toc1-101 protoplasts CCAI-LUC expression
showed an advanced peak phase and markedly re-
duced amplitude, relative to Col wild-type proto-
plasts, but then damped out very quickly (Fig. 1C).
GI-LUC expression in toc1-101 protoplasts was se-
verely dampened and accurate period estimates were
not possible (Fig. 1D). The results using both reporters
are reminiscent of a similar rapid damping or arrhyth-
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Time in constant red light (h)

dark period. Similar results were ob-
tained in two independent trials.

72 96 120 144

micity seen in TOCI RNAIi and tocI-2 mutant plants
assayed in red light (Mas et al., 2003).

Hence, the similarity of the reporter gene expression
patterns in these mutant protoplasts to those found in
the intact plants expands on our results with wild-type
protoplasts by further implying that clock function in
protoplasts rely on and respond to the same clock
components utilized in intact leaves (e.g. ZTL, ELF3,
and TOC1).

Transient Expression of AmiRNAs Targeting Clock
Genes Affects Circadian Period, Phase, and Amplitude

Since our results indicate that transient expression
of these reporter plasmids in protoplasts accurately
reports the activity of the endogenous clock, we next
tested the feasibility of this system for the functional
assessment of specific clock genes by transiently re-
ducing their endogenous gene expression. To do this
we chose an amiRNA-based gene-silencing system.
AmiRNAs are 21- to 27-nt single-stranded RNA mol-
ecules that are genetically designed to recognize single
or multiple genes of interest by modifying a natural
microRNA backbone. They regulate target gene ex-
pression by mRNA degradation or by inhibition of
protein translation (Pillai et al., 2007). AmiRNAs tar-
geting Arabidopsis genes can be generated using
the amiRNA design algorithm at WMD3 Web Micro-
RNA Designer (http:/ /wmd3.weigelworld.org/cgi-bin/
webapp.cgi; Schwab et al., 2006; Ossowski et al., 2008) or
by employing individual amiRNA constructs (approx-
imately 9,000) that target one-third of the Arabidopsis
genome and are currently available from the Arabi-
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dopsis Biological Resource Center (ABRC; Supple-
mental Table S1).

To functionally test the effectiveness of amiRNAs
in Arabidopsis protoplasts, we selected amiRNAs
targeting known clock genes (ELF3, GI, and ZTL) and
examined their effectiveness on cyclic expression of
CCA1-LUC by cotransfecting a specific amiRNA plas-
mid with the CCAI-LUC reporter plasmid. ELF3 and
ZTL amiRNAs (amiR-ELF3; amiR-ZTL) were obtained
from the ABRC amiRNA collection (see “Materials
and Methods” and Supplemental Table S1), and we
generated a GI amiRNA (amiR-GlI) by using the Web-
based amiRNA design algorithm (Ossowski et al.,
2008). AmiR-ELF3 transfected cells dampened CCAI-
LUC expression after the first expression peak, consis-
tent with arrhythmicity of el/f3 mutants in constant red
and blue light (Fig. 2, A and B; Hicks et al., 1996).
amiR-GI and amiR-ZTL transfected protoplasts had
shorter (approximately 2.3 h) and longer (approxi-
mately 2.5 h) periods, respectively, than control vector-
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Figure 2. Transient expression of amiRNAs targeting specific circadian
clock components recapitulates loss-of-function mutant phenotypes. A,
Bioluminescence traces from protoplast cells transfected as described
in Figure 1 using the CCA1-LUC reporter and the indicated gene-
specific amiRNA in constant red light (R). B, As in A but under constant
blue light (B; 5 umol m~2s7"). Data represent mean = SEM (n = 6).
Similar results were obtained in two independent trials.
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transfected cells (Table I; Fig. 2A), generally consistent
with the reported effects of loss-of-function mutants in
these genes (Park et al., 1999; Somers et al., 2004; Kevei
et al., 2006; Martin-Tryon et al., 2007). However, some
reports show a long period for some gi alleles depend-
ing on the reporter and light conditions (Park et al.,
1999; Martin-Tryon et al., 2007). When tested under
blue light the results were similar (Table I; Fig. 2B).
Together these results show the feasibility both of us-
ing amiRNA plasmids from both the ABRC amiRNA
collection and custom-designed constructs.

AmiRNA Affects Endogenous Expression of
Target Genes

Natural miRNAs act to repress expression of tar-
get gene, either through cleavage of target mRNA in
the complementary region or inhibition of translation
of target protein. While most miRNAs in animal sys-
tem function through translational regulation, early
reports indicated that plant microRNAs mainly act
through mRNA cleavage (Axtell and Bowman, 2008;
Mallory and Bouche, 2008). Similarly, amiRNAs in
plants are believed to regulate the transcript levels of
the target genes (Schwab et al., 2006; Ossowski et al.,
2008). To investigate the effect of amiRNA on the
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regulation of gene expression in protoplasts, we per-
formed reverse transcription (RT)-quantitative (q)PCR
in protoplasts transfected with gene-specific amiRNAs
to determine the message level of the corresponding
target gene (Fig. 3A). We observed strong reductions
in endogenous message levels in GI, ELF3, and ZTL
amiRNA-transfected protoplasts, respectively, com-
pared to mRNA levels in control vector transfected
protoplasts (Fig. 3B). The extent of transcript reduction
ranged from between 5- and slightly more than 2-fold.
Additionally, we tested the level of endogenous ZTL in
protoplasts 24 h after transfection with amiR-ZTL. We
observed reproducibly reduced levels of ZTL (data
not shown), confirming that the long period in these
protoplasts resulted from amiRNA effects on ZTL
expression.

Targeting the Casein Kinase II S-Subunit Family
by AmiRNA

One potential advantage of amiRNAs is that they
can be designed to regulate the expression of multiple
genes as well as a single gene. The multiple numbers
of gene families in Arabidopsis and the potential for
functional redundancy among family members often
complicates the determination of their function when
only classic mutational genetics is available. To inves-
tigate a possible use of amiRNA for global knockdown
of a gene family in the Arabidopsis circadian clock, we
chose to test the casein kinase II B-subunits (CKBs).
Casein kinase II (CK2) is a well-conserved regulator of
eukaryotic circadian clocks (Sugano et al., 1999; Lin
et al,, 2002; Yang et al., 2002; Perales et al., 2006; Maier
et al., 2009). In addition, the four B-subunits of CK2 in
Arabidopsis show relatively high sequence similarity,
offering the possibility of relatively easy targeting of
the entire family with a single construct. Lastly, al-
though overexpression of CKB3 and CKB4 shortens
period in Arabidopsis, clock phenotypes of loss-of-
function mutations within this family remain unre-
ported (Sugano et al., 1999; Perales et al., 2006).

Using the Web-based amiRNA design algorithm, we
designed a single amiRNA to target all four B-subunits
as well as four amiRNAs targeting each subunit indi-
vidually (Ossowski et al., 2008; Supplemental Table
S1). The four-member family knockdown amiRNA
(amiR-CKBfam) is highly specific for all four CKB
genes without off targets. Additionally, the hybridi-
zation energies of the amiRNA to each member of
the CKB family are low enough to be predicted to
be functional (less than —32 kcal mol *; Supplemental
Table S1). Similarly, amiRNAs designed to affect a
single CKB gene were identified (amiR-CKB1; amiR-
CKB2; amiR-CKB3; amiR-CKB4), showing sufficiently
low hybridization energies for the targeted gene, but
much higher energies for the other three family mem-
bers (Supplemental Table S1).

In protoplasts, expression of amiR-CKBfam had no
effect on amplitude, but resulted in a 2- to 4-h period
lengthening, depending on the specific transfection

Plant Physiol. Vol. 154, 2010
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(Fig. 4A; Table I). These results are opposite to the
effects of CKB3 and CKB4 overexpression (period
shortening), and consistent with the notion that this
amiRNA effectively reduced the levels of the CKB
family. We also tested amiRNAs specific for each CKB
subunit, individually and in all possible pairwise and
multiple combinations by cotransfection (Fig. 4B). The
effects of a single amiRNA on period were slight in
most cases, although amiR-CKB2 had the strongest
effect in lengthening period by about an hour. The
period effects of additional amiRNAs were generally
additive, up to the effect of all four transfected to-
gether showing a period lengthening similar to amiR-
CKBfam (Fig. 4B). One exception is that amiR-CKB4
had little effect on period on its own, or when in com-
bination with amiRNAs to the other family members.
It is notable that we observed additive effects with
additional plasmids although the absolute amount
of each was reduced as another was included in the
transfection, to keep the total amount of plasmid the
same. This is consistent with dilution experiments
using a single amiRNA that showed similar efficacy
down to 0.25X dilution (data not shown).

We performed RT-qPCR to test the effectiveness and
specificities of the amiR-CKBs. Each gene-specific
amiRNA effectively reduced the transcript level to
between 25% and 40% of the wild-type level with no
significant effect on closely related family members
(Fig. 4C). The effectiveness of the amiR-CKBfam in
reducing message levels of individual family members
was variable, with the strongest effect on CKB1 and
CKB3 (25%-50% reduction) and a lesser reduction on
CKB2 and CKB4 transcript levels (Fig. 4D).

We further confirmed these results in protoplasts by
generating transgenic lines expressing amiR-CKBfam
in the GI-LUC reporter background (Supplemental Fig.
S1). We found that the T3 transformants had slight but
reproducibly longer periods, compared with those of
control amiRNA expression cassette (Fig. 5A). Inter-
estingly, these reduced effects on period correlate with
the significantly lesser effects of the CKBfam amiRNA
on CKB expression in the stable transformants, as
compared to effects of transient expression in pro-
toplasts (compare Fig. 4C to Fig. 5B and Supplemental
Fig. 52). Nonetheless, these results demonstrate an
authentic role of CK2 in regulating period length in
plants and emphasize the feasibility of targeting a
family or subfamily of genes to rapidly assess their
clock function.

DISCUSSION

In this report we have validated the utility of tran-
sient transfection of amiRNA constructs in conjunction
with luciferase-based reporters in Arabidopsis meso-
phyll protoplasts to specifically reduce the expression
of clock genes with known period phenotypes. In
addition, we demonstrate a new approach for func-
tional studies of gene families in the circadian clock by
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Figure 4. AmiRNA to CKB delays circadian period in Arabidopsis protoplasts. A, The average bioluminescent readout (CCA1-
LUQ from protoplasts transfected with amiR-CKBfam. Experiments were performed as described in Figure 1. Data represent
mean values = SEM (n = 6). Similar results were obtained from two independent trials. B, The period length (CCAT-LUQ) from
protoplasts transfected with combinatorial sets of amiRNA targeting each CKB subunit. Experiments were performed as
described in Figure 1 except for using different amounts of plasmid for each combination (one, two, three, and four effector
plasmids: 55 ug, 22.5 ug, 11.3 ug, and 5.7 ug per each plasmid, respectively). Data represent mean = 95% confidence interval
(n = 6). Similar results were obtained in two independent trials. C, Relative expression of four CKB subunit genes from cDNA of
protoplasts transfected with control amiRNA, or amiR-CKB1, -CKB2, -CKB3, or -CKB4. Protoplast harvest and determination of
gene expression was performed as described in Figure 3B. Data represent mean * SEM (n = 3). D, Relative expression of four
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determination of gene expression was performed as described in Figure 3B. Data represent mean = SEM (n = 3).

using amiRNA-based silencing to reduce CKB expres-
sion, thereby uncovering a novel clock phenotype in
protoplasts and in whole plants.

The Circadian Clock in Arabidopsis
Mesophyll Protoplasts

We have established that Arabidopsis mesophyll
protoplasts released from the leaves of entrained
plants sustain robust rhythmic gene expression of
several clock components with a near 24-h period in
constant conditions (Fig. 1; Supplemental Fig. S3).
These include morning-phased genes, CCAI and
LHY, as well as evening-phased genes, GI and TOCI,
all of which maintain phases of expression similar to
that found in intact plants. In addition, the luciferase
activity driven from these clock-controlled promoters
are also affected by mutant backgrounds (Fig. 1) or
amiRNA-based silencing of known clock components
(Fig. 2). These results support the notion that individ-
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ual plant cells have a fully functional circadian clock
that is maintained by plant clock components identi-
fied from studies in whole plants.

Our results substantiate the existence of a cell-
autonomous circadian clock as previously described
in plant cell-culture systems (Kim et al., 2003; Nakamichi
et al., 2003). However, this does not exclude the pos-
sibility of additional intercellular regulation or the ex-
istence of cell- or tissue-specific clock components
(Thain et al., 2002; James et al., 2008). Additional cell-
based clock studies may suggest how similarly or
differently the protoplast clock functions to that of
intact plants. Nevertheless, the Arabidopsis protoplast
system will be very useful in studies of the plant
circadian clock system as a new tool complementary to
molecular genetic approaches that use Arabidopsis
mutant or transgenic lines. This system could also be
used to rapidly probe the clock through genomic
approaches and through screening systems such as
chemical libraries or genome-wide plasmid collections
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Figure 5. Reduction of CKB gene expression by amiR-CKBfam delays
circadian period in transgenic plants. A, Period estimates of GI promoter-
driven luciferase expression in transgenic lines harboring control
amiRNA and amiR-CKBfam. Lines with the longest period among the
amiRNA control transformants and the lines with the longest period
among the amiR-CKBfam transformants are shown (n = 8 for control
amiRNA and 12 for CKBfam amiRNA). Luciferase activity was deter-
mined in T3 homozygous seedlings. Transgenic lines were entrained
under 12-h-light/12-h-dark cycles for 7 d, transferred to constant red
light, and luminescence levels were measured every 2 h for 5 d. Period
lengths were determined using 24 to 120 h of free running using the
BRASS program. Each symbol represents one seedling, and the lines
indicate the average period value (thick) = 95% confidence interval
(thin; n = 32). Similar results were obtained in two independent trials.
B, Relative expression of CKBT in transgenic lines harboring control
amiRNA and amiR-CKBfam. Transgenic lines were entrained under
12-h-light/12-h-dark cycles for 10 d and harvested at ZT9. Gene
expression was determined as described in Figure 3B. Data represent
mean = SEM (n = 2).

expressing open reading frame and RNAIi cassettes.
One of these advantages was exemplified by testing
functional activity of CKB amiRNA in protoplast
circadian clock prior to a time-consuming transgenic
approach. In addition, a similar approach might be
devised to study the clock in other systems in which
transgenesis is difficult, but protoplasting is facile.
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Functional Tools of Reverse Genetic Studies Using
AmiRNA in Protoplasts

The advantages and effectiveness of amiRNA tech-
nology in plant systems have been verified from
several studies using transgenic approaches (Alvarez
et al., 2006; Niu et al., 2006; Schwab et al., 2006; Choi
et al., 2007; Ossowski et al., 2008) since the first finding
of amiRNA activity in Arabidopsis (Parizotto et al.,
2004). Our study extends amiRNA versatility into
Arabidopsis protoplasts. We have shown the feasibil-
ity of amiRNA technology in protoplasts using both
custom-designed amiRNAs (GI and CKBs) and ready-
made amiRNAs from genome-wide amiRNA collec-
tion (ZTL and ELF3) by monitoring the clock activity of
protoplasts transfected with each amiRNA (Figs. 2 and
4, A and B), as well as observing their gene-silencing
activity (Figs. 3 and 4, C and D). In addition, we
showed the possible use of amiRNA to reduce expres-
sion of gene families by showing the effect of CKB
amiRNA on the protoplast clock (Fig. 4).

The individual targeting of CKB genes allows a new
level of resolution on the role of CK2 in the plant
circadian clock. CKB1, CKB2, and CKB3 appear to be
additive in their effect in controlling period, even
when taking into account the variation in the effec-
tiveness of reducing the expression of the respective
gene (Fig. 4B). Although the only demonstrated targets
of CK2 are CCA1 and LHY (Sugano et al., 1998, 1999;
Daniel et al., 2004), the additive nature of the reduction
of these three CKBs suggests that they all contribute
similarly to the control of CCAl and LHY activity,
and/or that the activity of other clock components are
also affected. The latter case is very likely since ectopic
expression of CCA1 or LHY, or loss-of-function CCA1/
LHY alleles result in arrhythmicity or period shorten-
ing, respectively. Neither condition causes the period
lengthening seen with reduced CKB levels. Previous
reports indicate that CK2-mediated phosphorylation
of CCA1 enhances CCA1 DNA binding (Sugano et al.,
1998), suggesting that excess CKB might increase the
residence time of CCAl at promoters and possibly
mimic CCA1l overexpression (arrhythmicity). Simi-
larly, the converse (reduced CCA1 activity and period
shortening) would be expected when CKB levels are
reduced, and this is not observed. Instead short pe-
riods result from CKB3 and CKB4 overexpression and
long periods when CKB levels are reduced. Hence, the
role of CK2 in the plant circadian clock likely extends
beyond its effect on CCA1 and LHY activity.

AmiRNA to CKB4 had little effect on period length
despite the strong reduction in CKB4 message levels
(Fig. 4, B and C). These results contrast with the pre-
vious report of period lengthening by CKB4 over-
expression, which was interpreted as a connection
between CKB4 activity and the clock (Perales et al.,
2006). Given the close similarity between the CKBs it is
likely that the overexpression of one family member
can phenocopy the effects of any of the other three, as
indicated by the similar clock phenotypes of the CKB3
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and CKB4 ectopic expressions (Sugano et al., 1999;
Perales et al., 2006). Hence, the knockdown approaches
described here are likely more informative in uncov-
ering the true in vivo roles of these closely related
family members than are ectopic studies. Alterna-
tively, the 60% reduction in CKB4 message levels may
not be sufficient to affect circadian period. In general,
however, these amiRNA approaches will be more
helpful to understand in planta gene function by
reducing endogenous gene activity than the overex-
pression approaches traditionally used in protoplast
systems.

The amiR-CKBfam appeared to be even more effec-
tive in protoplasts than in transgenic lines (compare
Fig. 4, A and D, to Fig. 5), which could be due to a
higher copy number of plasmids, and/or their expres-
sion, in protoplasts than in stably transformed plants.
Alternatively, severe reduction in CKB levels may be
lethal or limiting to plants, only allowing the recovery
of lines that reduce levels minimally. Genetic stacking
of true knockouts of each of the four family members,
if viable, will be the definitive way of answering this
question.

CONCLUSION

Previous research indicated that gene silencing can
be achieved in T87 and seedling protoplasts using in
vitro synthesized double-stranded RNA interference
(RNAIi) through a reduction in expression of the en-
dogenous target gene (An et al., 2005; Zhai et al., 2009).
However, amiRNA technology has potential advan-
tages over the double-stranded RNAi approach for
functional studies through: (1) a more explicitly tai-
lored design to determine specific targets or off targets
among several sequence-related genes by allowing
variable mismatches between miRNAs and potential
targets, (2) a possible timing-dependent regulation
using an inducible or a phase-specific promoter, and
(3) premade clones from genome-wide collections of
amiRNA-expressing plasmids.

Compared with a suspension cell-culture system,
Arabidopsis mesophyll protoplasts have the following
advantages: (1) differentiated and defined material
with characteristic features of leaf cells, rather than
undifferentiated cells maintained using phytohor-
mones, (2) a well-established transformation method
within a relatively short time, (3) the ability to use mu-
tant and transgenic lines without the time-consuming
steps of cell line establishment, and (4) no requirement
for a sterile tissue culture facility and maintenance of
continuous cell suspension culture. Alternatively, seed-
ling protoplasts could be used, but these appear to be
less suitable for circadian rhythm assays (Supplemen-
tal Fig. S3).

Despite its many advantages, protoplasts do have
some limitations since potential stresses may arise
during enzyme digestion of the cell wall, and elimi-
nation of potentially important cell-to-cell communi-
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cation may limit interpretation in some instances.
Results using protoplasts will need to be confirmed
with intact plants, but clearly, amiRNA-based silenc-
ing approaches in protoplasts will be a rapid and
convenient way to reveal the biological functions of
unknown genes, not only for studies of the clock, but
potentially in a variety of plant research areas. While
our study exploited a luciferase-based assay, it is easy
to envision investigating any number of cell biological
phenotypes using, for example, GFP-tagged proteins
as markers of localization. Any reporter that is facile to
introduce and can act as readout of a cellular function
can be combined with amiRNA to probe a wide range
of cellular processes.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Col-0 wild-type and mutant seeds were
imbibed at 4°C for 3 d, followed by growth on soil at 23°C under 12-h-light/
12-h-dark photocycles (50-60 wmol m~'s ™). elf3-1 (Kim et al., 2008), toc1-101
(Kikis et al., 2005), ztl-3 (Somers et al., 2004), and GI-LUC (Onai and Ishiura,
2005) plants have been described previously.

Plasmid Construction and Transgenics

The PCR template vector expressing amiRNA under the cassava vein
mosaic virus (CsVMV) promoter (Verdaguer et al., 1998) in protoplasts
(pCsVMV-PP2C-AmiR) was generated by transferring the PP2C amiRNA
foldback fragment of pAmiR-PP2C (CSHL_062516), digested with PstI and
BamHI, into the pCsVMV-999 vector. The control vector (pCsVMV-AmiR) was
prepared by removing the amiRNA foldback region from the pCsVMV-PP2C-
AmiR by EcoRI and HindIII digestion followed by filling in and self ligation.
ELF3 and ZTL amiRNA plasmids were generated by digesting pAmiR-ELF3
(CSHL_033174) and pAmiR-ZTL (CSHL_080312) with PstI and BamHI and
then ligating each resulting amiRNA foldback fragment into PstI/BamHI-
digested pCsVMV-PP2C-AmiR vectors. Primers for GI, CKBfam, and CKB1 to
CKB4 amiRNA were designed using Web MicroRNA Designer 2 or 3 (http://
wmd?2 or 3.weigelworld.org). The amiRNA foldback fragments were gener-
ated by overlapping PCR using the pCsVMV-PP2C-AmiR vector as a template
and primers that were specified by the Web MicroRNA Designer 3 oligo
design algorithm initiated using the RS300 vector sequence and the following
core amiRNA sequences of the target genes (or common gene family) to
generate each specific amiRNA (GI: TATTGCCAAAATTCGGCGCCT;
CKBfam: TTAACGAGCATGAATCAGACC; CKBI1: TAAGTCTGATTGAC-
GAACCGG; CKB2: TTCTTTACGGTGCTCGCTCTA; CKB3: TTTTAAGTT-
CCCGTAAGTCAA; CKB4: TGGAACGTAGTTTTGCGCCGT), together with
two vector primers in the adjacent region that defines the amiRNA foldback
(F: 5'-GGTGTAAGCTATTTTCTTTGAAGTAC-3' and R: 5'-GCAACAG-
GATTCAATCTTAAGA-3'). Detailed information using overlapping PCR
and each primer set is available at the Web MicroRNA Designer 2 Web site.
Each resulting PCR fragment containing the full amiRNA foldback was cloned
downstream of the CsVMV promoter into unique PstI and BamHI restriction
sites of pCsVMV-AmiR.

The CsVMV-CKBfam-AmiR expression construct for making transgenic
plants was generated by transferring a PstI/BamHI fragment as described
above into pCsVMV-1300. The resulting construct was introduced into Agro-
bacterium tumefaciens AGL1 using electroporation and transformed in GI-LUC
plants by floral dipping (Clough and Bent, 1998).

To create CCAI-LUC and GI-LUC reporters, the 5 upstream region
encompassing the CCA1 and GI promoters were amplified by PCR with Pfu
DNA polymerase, using Arabidopsis Col genomic DNA as a template and the
following sets of primers : CCAI (5'-TTTGGATCCATCAAAGGAGGAAGA-
AGAAGAAGAAG-3’ and 5'-TTTAAGCTTCACTAAGCTCCTCTACACAA-
CTTCA-3’) and GI (5'-TTTGGATCCAAGAGGTAGGCAAAGTAGCT-3’ and
5'-TTTAAGCTTCCAGGAACCGAAACTAAAC-3'), respectively. The under-
lined nucleotides indicate restriction enzyme sites. The resulting PCR products
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were digested with HindIIl and BamHI, and ligated into pOmegalLUC_SK+
(J. Kim and H.G. Nam, unpublished data).

Protoplast Transfection with AmiRNA and
Reporter Plasmids

Protoplast isolation and DNA transfection were performed according to
Yoo et al. (2007) with minor modifications. All procedures were carried out in
a clean hood. Protoplasts were isolated from seven to 10 leaves of 25- to 35-d-
old Arabidopsis plants at ZT4 (i.e. 4 h after lights on). The detached leaves
were sterilized with 70% ethanol for 30 s, followed by two sterile water rinses.
Adaxial leaf surfaces were briefly abraded with sandpaper and soaked in
7 mL of an enzyme solution (400 mmM mannitol, 20 mm KCl, 20 mm MES-KOH
[pH 5.7], 10 mm CaCl,, 1% Cellulase R10, 0.5% Macerozyme R10, and 0.1%
bovine serum albumin) in a 60-mm-diameter petri dish. This enzyme diges-
tion was performed in the dark, with gentle shaking (35 rpm) for two and
a half hours at room temperature. The released protoplasts were filtered
through sterile 100 um nylon mesh, and transferred into round-shaped
culture tubes containing 5 mL of W5 solution (154 mm NaCl, 125 mwm CaCl,,
5 mm KCl, 1.5 mm MES-KOH [pH 5.7], and 5 mm Glc). Protoplasts were
harvested by centrifugation at 100 g for 5 min. After decanting the superna-
tant, the protoplast pellet was resuspended with W5 solution and held on ice
for 30 min. Protoplasts were centrifuged and resuspended in 400 mm man-
nitol, 15 mm MgCl,, and 4 mm MES-KOH (pH 5.7), at a concentration of 1 to
15X 10°mL™".

The amiRNA and reporter plasmids for transfection were prepared by
CsCl gradient purification and their DNA concentration was adjusted to 2 ug
wL ! per 4 kb DNA. For luminescence measurements, 200 uL of protolasts
were transferred to a 2-mL microfuge tube containing 25 uL of amiRNA
plasmid and 5 uL of the reporter plasmid. Transfections were performed by
adding 230 uL of polyethylene glycol (PEG) solution [40% PEG-4000, 200 mm
mannitol, 100 mm Ca(NOj,),] and mixed by inverting gently 12 times. After
incubation for 8 to 15 min, the protoplast-DNA-PEG mixture was diluted with
920 uL of W5 solution and mixed by inverting gently four times. Transfected
protoplasts were collected by centrifugation at 100 g for 1 min, resuspended
in 650 uL of W5 solution containing 5% fetal bovine serum (F4135, Sigma),
50 um luciferin, and 50 pg mL ™" ampicillin. For RT-PCR analysis, 800 uL of
protoplasts were aliquoted into a 15-mL round-bottom tube containing 120 uL
of amiRNA plasmids.

Luminescence Measurement and Circadian
Rhythm Analysis

For luminescence analysis of protoplasts 300 uL of each batch of trans-
fected protoplasts was transferred into a single well of a black 96-well
microplate, covered by a transparent plastic lid, and incubated under con-
trolled conditions (Percival E30LEDL3 growth chamber; Percival Scientific)
under constant red (14 wmol m ™2 s™Y) or blue light (5 wmol m~2s7!) at 23°C.
Image collection and quantification were performed as described previously
(Kim et al., 2008) with minor modifications. Images were collected (25 min)
using a Princeton Instruments VersArrayXP:512B digital CCD camera and
processed using MetaView. Data were imported into the Biological Rhythms
Analysis software system (BRASS Ver. 2.14, available from http://www.
amillar.org) and analyzed with the FFT-NLLS suite of programs, as described
previously (Plautz et al., 1997; Somers et al., 2004). Period lengths are reported
as variance-weighted periods * SEM, which were estimated using biolumi-
nescence data obtained from 24 to 96 h under constant conditions, unless
otherwise noted.

For luminescence assays in transgenics, T3 seedlings with the GI-LUC
reporter were grown on Murashige and Skoog containing 3% Suc and
hygromycin under 12-h-light/12-h-dark white fluorescence light (50-60
umol m™2 s7) for 7 d. Luminescence measurement was performed under
continuous red light (20 wmol m s ! as previously described (Somers et al.,
2004). Period estimates was calculated with BRASS using bioluminescence
data obtained from 24 to 120 h.

Real-Time PCR Analysis of Gene Expression in
Arabidopsis Protoplasts

Protoplasts were harvested after washing once with W5 buffer around ZT
12, after 1 d of incubation in the entraining chamber post transfection. Total
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RNA was extracted using Trizol reagent (300 xL/10° cells; Invitrogen) and
treated with DNase I (Ambion) according to the manufacturer’s instructions.
A total of 0.25 ug of total RNA was reverse transcribed in a 10-uL reaction
using oligo (dT20) primers and SuperScript III reverse transcriptase (Invitro-
gen) according to the manufacturer’s instructions. RT reactions were diluted
6-fold and 3 uL of the dilutions were used for PCR reactions. Real-time PCR
was carried out using iQ SYBR Green Supermix (Bio-Rad) and an iQ5 real-
time PCR detection system (Bio-Rad) in 15-uL reactions. The following PCR
condition used: 94°C for 2 min, followed by 40 cycles of 94°C for 15 s and 60°C
for 34 s. Primers for GI and ACT2 have been described previously (Locke
et al., 2005). Primers to detect other transcripts were designed using Primer
Express v2.0 (Applied Biosystems) and are shown below: ELF3, 5'-ATTGCTG-
CATCACCGGATCT-3' and 5'-TCACCCCTTTGTTTGACGACA-3'; ZTL,
5'-TCTTGATATTTGGCGGCTCAGT-3' and 5'-TTGTCCTCCGTTGGGTCA-
AGTA-3'; CKB1, 5'-GGCAAAGGAACCGTTACGG-3" and 5'-TTGATGT-
TATTCGACTGCTGCTTC-3'; CKB2, 5'-TCAGCCATCAAGTTCCTTACTAC-
GAC-3" and 5'-CTCACCATGCGAAGACTCCAC-3'; CKB3, 5'-CGGAAACT-
GATAGTGAAGGGTCTG-3' and 5'-ATCCACGACGTATCATCACCCTC-3';
CKB4, 5'-TTCAACTGCTAAATCTCAGCTTCATTC-3" and 5'-CACATCTGA-
TCCTTCACTATCCGTG-3'.

Sequence data for the genes described in this article can be found in the
Arabidopsis Genome Initiative and GeneBank/DDBJ/EMBL data libraries
under the following accession numbers: CCAT (At2g46830), LHY (At1g01060),
GI (At1g22770), ELF3 (At2g25930), ZTL (At5g57360), TOC1 (At5g61380), ACT2
(At5g09810), CKBI (At5g47080), CKB2 (Atdgl7640), CKB3 (At3g60250), and
CKB4 (At2g44680).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. AmiR-CKBfam delays circadian period in trans-
genic plants.

Supplemental Figure S2. Relative expression of CKB2, CKB3, and CKB4 in
transgenic lines harboring CKB amiRNA.

Supplemental Figure S3. Optimization of clock-controlled luminescence
cycling in Arabidopsis protoplasts.

Supplemental Table S1. Calculated interaction likelihoods between
amiRNAs and potential target gene(s).

Supplemental Results and Discussion S1. Assay optimization for circa-
dian rhythm measurements in Arabidopsis protoplasts.

Supplemental Materials and Methods S1. Methods for optimized assay.
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