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Circadian clocks provide temporal coordination by synchronizing internal biological processes with daily environmental
cycles. To date, study of the plant circadian clock has emphasized Arabidopsis (Arabidopsis thaliana) as a model, but it is
important to determine the extent to which this model applies in other species. Accordingly, we have investigated circadian
clock function in Brassica rapa. In Arabidopsis, analysis of gene expression in transgenic plants in which luciferase activity is
expressed from clock-regulated promoters has proven a useful tool, although technical challenges associated with the
regeneration of transgenic plants has hindered the implementation of this powerful tool in B. rapa. The circadian clock is cell
autonomous, and rhythmicity has been shown to persist in tissue culture from a number of species. We have established a
transgenic B. rapa tissue culture system to allow the facile measurement and manipulation of clock function. We demonstrate
circadian rhythms in the expression of several promoter:LUC reporters in explant-induced tissue culture of B. rapa. These
rhythms are temperature compensated and are reset by light and temperature pulses. We observe a strong positive correlation
in period length between the tissue culture rhythm in gene expression and the seedling rhythm in cotyledon movement,

indicating that the circadian clock in B. rapa tissue culture provides a good model for the clock in planta.

Circadian rhythms, the subset of endogenous
rhythms with a period of approximately 24 h, are
widely encountered in most organisms from cyano-
bacteria to humans. Although eukaryotes employ a
common mechanistic logic of interlocked negative
feedback loops to generate robust circadian oscilla-
tions, different components have been recruited to
form the clock in different taxa (Bell-Pedersen et al.,
2005; McClung, 2006; Wijnen and Young, 2006). Thus,
fungal, animal, and plant clocks share a common
architectural plan yet are composed of largely distinct
components. This suggestion of polyphyletic origins
of clocks implies strong selection for clock function.
Indeed, in many organisms, including cyanobacteria,
fruit fly, ground squirrel, and Arabidopsis (Arabidopsis
thaliana), experimental evidence indicates that a robust
circadian clock whose period resonates with the envi-
ronmentally imposed diurnal cycle confers a fitness
advantage (Yerushalmi and Green, 2009).

Among plants, most that is known about the mo-
lecular basis of circadian clock function comes from
the study of Arabidopsis (McClung, 2008; Harmer,
2009). The current model of the Arabidopsis clock
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includes multiple interlocked negative feedback
loops. In the central loop, two partially redundant
single Myb domain transcription factors, CIRCADIAN
CLOCK ASSOCIATED1 (CCA1l) and LATE ELON-
GATED HYPOCOTYL (LHY), form the negative
arm, binding to the TIMING OF CAB EXPRESSION1
(TOC1) promoter to inhibit expression (Alabadi et al.,
2002; Mizoguchi et al., 2002). TOC1 is a positive
regulator of both CCA1 and LHY (Alabadi et al.,
2001). Although TOC1 lacks defined DNA-binding
domains, it is recruited to the CCAI promoter, possibly
through interaction with other DNA-binding protein
(s) such as CCAl1 HIKING EXPEDITION (CHE),
which binds to the CCAI promoter to negatively
regulate CCA1 expression (Pruneda-Paz et al., 2009).
In a second interlocked loop, termed the “evening”
loop, TOCl1 is predicted to repress a component, Y, that
in turn activates TOC1 expression (Locke et al., 2005,
2006). GIGANTEA (GI) is hypothesized to be a com-
ponent of Y (Locke et al., 2006). In a third interlocked
loop, termed the “morning” loop, CCAl1 and LHY
positively regulate two TOCI paralogs, PSEUDO-
RESPONSE REGULATOR? (PRR7) and PRR9 (Harmer
and Kay, 2005; Mizuno and Nakamichi, 2005). PRR5 is
also implicated in this loop because, while the prr7prr9
double mutant exhibits an extremely long period
(Farré et al., 2005; Nakamichi et al., 2005; Salomé and
McClung, 2005a) and is conditionally arrhythmic, the
prrbprr7prr9 triple mutant is completely arrhythmic,
with CCA1 and LHY expressed at a high constitutive
level, indicating that PRR5, PRR7, and PRRY are
repressors of CCA1 and LHY (Nakamichi et al.,
2005). Consistent with this role, PRR5, PRR7, and
PRR9 bind to the CCAT and LHY promoters (Nakamichi
et al., 2010).
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Posttranscriptional regulation, in particular the tem-
porally regulated proteasomal degradation of specific
clock proteins, is critical to the clock mechanism
(Gallego and Virshup, 2007). In Arabidopsis, the clock
regulates the stability of many clock proteins, includ-
ing GI (David et al., 2006), LHY (Song and Carr¢, 2005),
ZEITLUPE (ZTL; Kim et al., 2003), and members of
the TOC1/PRR family (Mas et al., 2003b; Farré and
Kay, 2007; Ito et al., 2007; Kiba et al., 2007; Para et al.,
2007; Fujiwara et al., 2008; Harmon et al., 2008). An
E3 ubiquitin ligase Skp, Cullin, F-box-containing com-
plex including the F-box protein ZTL is crucial for
clock-regulated proteasomal degradation of TOC1 (Mas
et al., 2003b; Han et al., 2004; Harmon et al., 2008). ZTL
also targets PRR5 for proteasomal degradation (Kiba
et al., 2007; Fujiwara et al., 2008), and proteasome
activity is implicated the degradation of PRR7 and
PRR9 (Farré and Kay, 2007; Ito et al., 2007).

It is important to determine the extent to which the
Arabidopsis clock serves as a model for all plant clocks.
To this end, a number of studies have identified
orthologs of Arabidopsis clock genes in order to probe
clock function in diverse species, including rice (Oryza
sativa; Murakami et al., 2007), duckweed (Lemna gibba;
Serikawa et al., 2008), the common ice plant (Mesem-
bryanthemum crystallinum; Boxall et al., 2005), and
chestnut (Castanea sativa; Ramos et al., 2005). Brassica
species offer an excellent system in which to study clock
function. Since the separation of their common ancestor
from Arabidopsis some 16 to 21 million years ago (Koch
et al., 2001), Brassica genomes have triplicated (O’Neill
and Bancroft, 2000; Rana et al., 2004; Parkin et al., 2005;
Town et al., 2006; Yang et al., 2006) and, in some cases,
further undergone polyploidization through hybrid-
ization (U, 1935), offering opportunity for novel
functional diversification, including in circadian time-
keeping. In this context, it is worth recalling that altered
expression of clock genes has been implicated in het-
erosis, the increased growth vigor often seen in hybrids
and allopolyploids (Ni et al., 2009).

Brassica oleracea exhibits circadian rhythmicity in
cotyledon movement that has allowed mapping of
quantitative trait loci affecting period length (Salathia
et al.,, 2007). We sought to extend this study through
investigation of the genetic basis of circadian rhyth-
micity in Brassica rapa. Genomic studies have con-
firmed that B. rapa orthologs of many Arabidopsis
clock genes are present in one or two, although to date
in no cases three, copies (Kim et al., 2007).

In this work, we first demonstrate a robust circadian
rhythm in leaf movement in a number of B. rapa
accessions. We next establish molecular assays of clock
function, exploiting clock-regulated promoter:LUCIF-
ERASE reporters. Agrobacterium tumefaciens-mediated
transformation through explant-based callus coculti-
vation is an efficient method for many Brassica species
and varieties, including Brassica napus, B. oleracea, and
Brassica juncea (De Block et al., 1989; Akasaka-Kennedy
et al., 2005; Arumugam et al., 2007; Bhalla and Singh,
2008). However, efforts to generate transgenic plants
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of B. rapa have been less successful, limited by low
regeneration and rooting rates from callus and also by
the inefficiency of vacuum infiltration (Zhang et al.,
2000; Xu et al., 2008).

Recently, it has been established that mamma-
lian tissue culture cells retain circadian rhythmicity
(Balsalobre et al., 1998), but it has been known for
nearly 60 years that plant tissue cultures can exhibit
circadian rhythmicity. Rhythmic fluctuations in growth
and turgidity of Daucus carota tissue culture persisted in
prolonged darkness, although the assay required peri-
odic microscopic examination in red light, which may
have provided external time information to the culture
(Enderle, 1951). However, a circadian rhythm in carbon
dioxide emission was later established unambiguously
in leaf-induced callus cultures of Bryophyllum daigre-
montianum (Wilkins and Holowinsky, 1965). Recently,
Nakamichi and colleagues expanded the repertoire of
clock assays for use in plant tissue culture to include
promoter:LUCIFERASE (p:LUC) reporters and showed
circadian rhythms in pCCAI:LUC and pTOCI:
LUC expression in an Arabidopsis cell culture line
(Nakamichi et al., 2003, 2004). Accordingly, we have
established a transgenic B. rapa tissue culture system to
allow the facile measurement and manipulation of
clock function. We demonstrate circadian rhythms in
the expression of several p:LUC reporters in explant-
induced tissue culture of B. rapa. These rhythms are
temperature compensated and are reset by light and
temperature pulses. We observe a strong positive cor-
relation in period length between the period of the
tissue culture rhythm in gene expression and the period
of seedling cotyledon movement, indicating that the
circadian clock in B. rapa tissue culture provides a good
model for the clock in planta. Finally, circadian rhyth-
micity in tissue culture is disrupted by overexpression
of critical Arabidopsis clock genes, showing that the
model of clock function that has been developed in
Arabidopsis can be effectively applied to B. rapa.

RESULTS

B. rapa Expresses a Robust Circadian Rhythm in
Cotyledon Movement in Intact Seedlings

There is a robust circadian rhythm in cotyledon
movement in B. rapa, as shown for two accessions:
R500, a highly inbred annual yellow sarson seed oil
genotype (subspecies trilocularis), and IMB211, a highly
inbred rapid cycling Chinese cabbage (subspecies
pekinensis; Fig. 1). There is a significant difference in
period between the two accessions, with R500 having a
shorter period than IMB211 (25.53 = 0.17 h, n = 69
versus 26.47 = 0.22 h, n = 81; P < 0.001 by Student’s
t test). The cotyledon movement rhythms are strong,
as indicated by relative amplitude error (RAE; 0.13 =
0.01 h, n = 69 for R500 versus 0.16 = 0.0.01 h, n = 81 for
IMB211). The RAE of a perfect sine wave is defined as 0,
and a value of 1 defines the weakest rhythm consid-
ered to be statistically significant (Plautz et al., 1997),
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Figure 1. B. rapa seedlings exhibit a robust rhythm in cotyledon
movement in continuous light. B. rapa seedlings of IMB211 (white
symbols) or R500 (black symbols) were entrained to cycles of 12 h of
light and 12 h of dark at 18°C for 7 d prior to release into continuous
light and temperature (18°C) at time zero. Cotyledon position was
monitored for 7 d. Data are presented as means = st (in gray shading)
for six seedlings of each genotype. For clarity, only every fifth data point
is shown. The entraining light/dark cycles are indicated by the alter-
nating white and gray bars below the data.

although frequently an upper bound of RAE = 0.5 to
0.7 is used to define the limit of rhythmicity.

B. rapa Tissue Culture Expresses a Light-Entrainable and
Temperature-Compensated Circadian Rhythm in
Gene Expression

IMB211 and R500 were used to monitor the expres-
sion of circadian clock genes in explant-induced tissue
culture lines. To increase the transformation efficiency,
excised hypocotyls from B. rapa seedlings were pre-
conditioned for 72 h before cocultivation with A.
tumefaciens for 48 h. After 2 weeks of growth on callus
induction medium, the transformed basta-resistant
callus was green and healthy (Supplemental Fig. S1,
A and B), while the basta-sensitive callus sectors
turned white. After transfer to organogenesis medium,
more than 90% of the green calli remained vigorous
under continuous basta selection. However, very few
(approximately 0.05%) of the green calli regenerated
shoots, and none of the transgenic shoots were suc-
cessfully rooted in our modified conditions (Supple-
mental Fig. S1C).

Callus from the shoot regeneration medium was
used to characterize free-running rhythms by using
the promoters of several Arabidopsis clock and clock-
controlled genes, including CCA1 (Wang and Tobin,
1998), LHY (Schaffer et al., 1998), and COLD CIRCA-
DIAN RHYTHM RNA-BINDING2 (CCR2; Carpenter
etal., 1994) to drive LUC expression. We entrained two
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populations of callus to cycles of either 12 h of light and
12 h of dark (LD) or 12 h of dark and 12 h of light (DL)
prior to release into continuous light (LL). The biolu-
minescence of CCAI:LUC maintained a robust circa-
dian oscillation after transfer to LL conditions, peaking
in the early morning as defined by the entraining LD
or DL regimen, demonstrating that B. rapa callus ex-
presses arobust light-entrainable circadian clock (Fig. 2).

One of the defining characteristics of a circadian
rhythm is that the period is buffered against variations
in temperature. Thus, the period of the clock is main-
tained across a range of physiologically relevant tem-
peratures. Accordingly, to determine whether the
rhythm in gene expression in B. rapa tissue culture
exhibits temperature compensation, we measured the
period length in pCCA1:LUC expression at 18°C and
22°C. The period of IMB211 was approximately 2 h
longer than that of R500 at both temperatures; for both
accessions, the period was consistent at 18°C and 22°C
(increase in rate of process produced by raising tem-
perature by 10°C [Q,,] = 0.99 and 1.05, respectively;
Table I), demonstrating robust temperature compen-
sation in both genotypes.

In plants and in day-active animals, the period of
circadian rhythms is inversely proportional to light
intensity, which is commonly known as Aschoff’s rule
(Aschoff, 1979). To determine whether the clock in B.
rapa callus obeys Aschoff’s rule, we examined the
free-running period under various intensities of light.
Callus expressing pCCA1:LUC or pLHY:LUC was en-
trained for 7 d in 12/12 LD cycles (using white light)

T

Normalized pCCA1:LUC Expression

0 24 48 72 96 120 144
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Figure 2. The circadian clock in B. rapa callus is entrained to light/dark
cycles. Populations of callus derived from B. rapa R500 hypocotyl
explants were grown in cycles of either 12 h of light and 12 h of dark
(white circles) or 12 h of dark and 12 h of light (black squares) prior to
release into continuous light at time zero. pCCAT:LUC expression was
monitored for 6 d. For clarity, only every fourth data point is shown. The
entraining light/dark cycles are indicated by the alternating white and
black bars below (light/dark) or above (dark/light) the data.
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Table I. The B. rapa circadian clock is temperature compensated

Tissue Culture Luciferase Activity

Period =+ st
18°C 22°C
h

IMB211  28.96 = 0.35 (n=8) 28.87 = 0.26 (n=10) 0.99
R500 26.62 £ 0.26 (n=6) 2711 £ 024 (n=6) 1.05

Genotype

Quo

before transfer to constant white, red, or blue light at
different fluence rates. Circadian period shortens as
fluence rate increases in both genotypes in each of the
three light qualities (Fig. 3), indicating that the circa-
dian clock in B. rapa is sensitive to light intensity.

Light Pulses Reset the Clock in B. rapa Callus

Environmental stimuli such as dawn or dusk and
changes in temperature are important for the daily en-
trainment of the circadian clock (Bruce, 1960; Johnson,
1999; Salomé and McClung, 2005b). It is well estab-
lished that the circadian clock modulates its own sen-
sitivity to external stimuli such that the same stimulus
administered at different times of day can evoke phase
advances or delays or have no effect (Johnson, 1990,
1999). We constructed phase response curves (PRCs) to
light pulses by entraining callus derived from B. rapa
R500 to LD cycles, transferring into continuous dark
(DD), exposing to red or blue light pulses (30 min) at 3-h
intervals scanning one complete circadian cycle (24 h),
and monitoring pCCR2:LUC expression over the ensu-
ing 5 d. Changes in acrophase (peak phase) of pCCR2:
LUC expression, expressed relative to callus not ex-
posed to a light pulse, are plotted against the circadian
time of the light pulse (Fig. 4). To emphasize the
circadian oscillation in light sensitivity, phase shifts
are double plotted. Strong (as great as 8 h) phase
advances were observed in response to either red or
blue light pulses in the early subjective morning and
late subjective night (0-3 and 18-24 h after subjective
dawn in callus transferred to DD), and strong (as great
as 11 h) phase delays were observed in response to
either red or blue light pulses in the subjective after-
noon and evening (6-15 h after subjective dawn). Such
PRCs are typical for plants exposed to light pulses
(Johnson, 1990; Covington et al., 2001).

The Circadian Clock in B. rapa Callus Is Entrained by
Temperature Cycles

Temperature is an important environmental timing
cue that can act independently of light to entrain the
Arabidopsis circadian clock (Somers et al., 1998;
Michael and McClung, 2002; Michael et al., 2003;
Salomé and McClung, 2005b; Thines and Harmon,
2010). To test whether the circadian clock in B. rapa
callus is temperature responsive, we exposed callus ex-
pressing either pCCAI:LUC or pCCR2:LUC and grown
in LL to temperature cycles of either 12 h at 16°C

844

followed by 12h at 12°C or 12 h at 12°C followed by 12 h
at 16°C for at least 3 weeks. Cultures were released into
continuous light and temperature (16°C), and lucifer-
ase activity was measured. LUC activity continued to
oscillate with phase determined by the entraining
temperature cycle, with the warmer temperature in-
terpreted as subjective day (Fig. 5). Similar results were
obtained with callus entrained to 22°C/16°C cycles,
although the subsequent rhythms were less robust
(data not shown). These results demonstrate that the
circadian clock in B. rapa callus is sensitive to and can be
entrained by external temperature cycles.

To further evaluate the temperature sensitivity of
the B. rapa callus circadian clock, we examined phase
resetting in response to pulses of either hot or cold
temperature. Callus cultures were released to LL after
entrainment to 12/12 LD cycles at 16°C. Pulses (3 h) of
either hot (22°C) or cold (10°C) temperature were
administered to the cultures at 3-h intervals scanning
one circadian cycle, and pCCAI:LUC expression was
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Figure 3. Circadian period in B. rapa callus is light sensitive and
shortens with increasing light intensity. Expression of pCCAT:LUC
(A, C, and E) and pLHY:LUC (B, D, and F) was measured in seedlings of
B. rapa IMB211 (white symbols) and R500 (black symbols) growing in
red (RR; A and B), blue (BB; C and D), or white (WW; E and F) light at
the indicated fluence rates. Period was calculated with fast Fourier
transform-nonlinear least squares analysis (Plautz et al., 1997).
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Figure 4. PRC to light pulses. Callus derived from B. rapa R500 was
entrained for 7 d to light/dark cycles followed by transfer into contin-
uous dark. Callus was exposed to pulses (30 min) of red (100 umol m~?
s~'; black circles) or blue (25 umol m ™2 s™'; white squares) light at 3-h
intervals scanning one complete circadian cycle (24 h) and returned to
continuous dark for measurement of pCCR2:LUC expression over the
ensuing 4 d. Shading indicates subjective night. Changes in acrophase
(peak phase), as determined by fast Fourier transform-nonlinear least
squares analysis, are expressed relative to the acrophase in callus not
exposed to a light pulse and are plotted against the time of onset of the
light pulse. Data represent means = st for three independent experi-
ments. To emphasize the circadian oscillation in light sensitivity, phase
shifts are double plotted.

monitored for the ensuing 4 d to generate PRCs to
temperature pulses (Fig. 6). The PRC to hot tempera-
ture pulses is similar to that in response to light pulses,
albeit with reduced amplitude of phase shifts, includ-
ing advances of up to 4 h in the early subjective
morning and late subjective night and delays of up to
5 h in the subjective afternoon and evening. The PRC
to cold temperature pulses is roughly antiphase to that
for hot pulses, with advances in the subjective after-
noon and evening and delays in the subjective morn-
ing and late night. These PRCs are consistent with
those seen in Arabidopsis and other plants (Johnson,
1990; Michael et al., 2003; Thines and Harmon, 2010)
and demonstrate that the clock in B. rapa callus is
responsive to temperature and can be entrained by
temperature pulses and cycles.

The Circadian Clock in B. rapa Tissue Culture Provides a
Good Model for the B. rapa Circadian Clock in Planta

To test whether the circadian rhythm in gene
expression in B. rapa callus provides an accurate
indication of clock function in planta, we compared
period length determined by gene expression (pCCA1:
LUC expression) in callus with that determined by
seedling cotyledon movement. We compared period

Plant Physiol. Vol. 153, 2010

Circadian Rhythms in Brassica rapa Callus

determined by both methods in a set of 12 genotypes,
including R500 and IMB211 as well as 10 recombinant
inbred lines derived from a cross between R500 and
IMB211 (Iniguez-Luy et al., 2009), that display a range
in period lengths from approximately 23 to 30 h. We
observed a strong positive correlation (Pearson pro-
duct moment correlation coefficient of 0914, P <
0.00005) in period length between the period of the
tissue culture rhythm in gene expression and the
period of seedling cotyledon movement (Fig. 7; Sup-
plemental Table S1), indicating that clock function
measured in tissue culture provides a good prediction
of clock function in planta. However, it should be
noted that in every genotype the period in tissue
culture gene expression was longer than that in coty-
ledon movement.

Overexpression of Arabidopsis Clock Genes Perturbs the
Circadian Clock in B. rapa Callus

To further test whether the Arabidopsis circadian
clock provides a good model for the clock in B. rapa
callus, we perturbed the expression of key clock genes
through overexpression. TOCI and ZTL are both crit-
ical clock components, and strong overexpression of
either results in arrhythmicity in Arabidopsis (Mas
et al.,, 2003a; Somers et al., 2004). In Arabidopsis, the
response of period to ZTL overexpression shows dos-
age sensitivity and weak overexpression of ZTL
shortens the circadian period (Somers et al., 2004),

s

24 48 72 96
Time (h) in Continuous Conditions

pCCA1:LUC

pCCR2:LUC

Normalized LUCIFERASE Expression

Figure 5. The circadian clock in B. rapa callus is entrained to temper-
ature cycles. Populations of callus derived from B. rapa R500 hypocotyl
explants growing in continuous light were exposed to cycles of either
12 h of hot (16°C) and 12 h of cold (12°C; white symbols) or 12 h
of cold (12°C) and 12 h of hot (16°C; black symbols) prior to release
into continuous light at 16°C at time zero. Expression of pCCAT:LUC
(squares) and pCCR2:LUC (circles) was monitored for 5 d. The
entraining light/dark cycles are indicated by the alternating white and
black symbols below (hot/cold) or above (cold/hot) the data.
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Figure 6. PRC to temperature pulses. Callus derived from B. rapa R500
was entrained for 7 d to light/dark cycles at 16°C followed by transfer
into continuous light at 16°C. Callus was exposed to pulses (3 h) of hot
(22°C; white squares) or cold (10°C; black circles) at 3-h intervals
scanning one complete circadian cycle (24 h) and returned to contin-
uous light at 16°C for measurement of pCCR2:LUC expression over the
ensuing 4 d. Shading indicates subjective night. Changes in acrophase
(peak phase), as determined by fast Fourier transform-nonlinear least
squares analysis, are expressed relative to the acrophase in callus not
exposed to a temperature pulse and are plotted against the time of onset
of the temperature pulse. Data represent means =* st for three inde-
pendent experiments. To emphasize the circadian oscillation in light
sensitivity, phase shifts are double plotted.

which is consistent with the period lengthening seen
in loss-of-function zt/ mutants (Somers et al., 2000).
Similarly, weak overexpression of TOC1 lengthens the
circadian period, consistent with the period shorten-
ing seen in loss-of-function focl mutants (Mas et al.,
2003a). We cotransformed Arabidopsis TOC1 (fused to
yellow fluorescent protein [YFP]; Mas et al., 2003a) or
ZTL (fused to GFP; Somers et al., 2004), both driven by
the strong constitutive cauliflower mosaic virus 355
promoter, together with pCCAI:LUC into B. rapa R500
callus. In each case, overexpression of the Arabidopsis
clock gene perturbed B. rapa clock function (Table II;
Fig. 8A). Overexpression of either TOC1-YFP or ZTL-
GFP increased the proportion of callus arrhythmic for
pCCAI1:LUC activity (Table II; Fig. 8B). Where rhyth-
micity was detected, the period was lengthened and the
rhythm was weaker, as indicated by an increase in RAE,
relative to callus transformed only with the pCCAI:
LUC reporter (Table II). B. rapa calli transformed with
p355:TOC1 that retain rhythmicity exhibit lengthened
period, consistent with weak overexpression in
Arabidopsis seedlings (Mas et al., 2003a). To determine
whether the ZTL overexpression construct yielded the
expected overexpression of ZTL, we quantified ZTL
expression by western-blot analysis using an antibody
directed against Arabidopsis ZTL (Kim etal., 2003). The
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ZTL antibody detected both endogenous B. rapa ZTL
protein and the transgenic Arabidopsis ZTL-GFP fu-
sion protein. ZTL protein was detected at only slightly
increased abundance in the rhythmic callus carrying
the p355:ZTL-GFP transgene relative to callus trans-
formed only with the pCCAI:LUC reporter but was
detected at greatly increased abundance in the arrhyth-
mic callus (Fig. 8C), consistent with dosage-dependent
perturbation of rhythmicity.

DISCUSSION

The circadian clock allows an organism to coordi-
nate its biology with its temporal environmental con-
ditions and thereby enhances fitness (Yerushalmi and
Green, 2009). Thus, better understanding of the circa-
dian clock in crop plants may permit its manipula-
tion toward the goal of enhancing crop productivity.
Most that is known about the mechanism of the plant
circadian clock is based on Arabidopsis, and it is
important to determine the extent to which the
circadian clock model developed in Arabidopsis can
be extended to other plants, especially to crop species.
King and colleagues adapted an automated imaging
system to measure cotyledon movement in B. oleracea
and used this assay to demonstrate transgressive
variation in period length and to map quantitative

29 1 1 1 1 1 1 1

28- _]L_ I

27 | -

A

26 #‘IMB211 -
s

o5 | R500 L

24 - + -

23 T T T T T T T T
23 24 25 26 27 28 29 30 31 32

Tissue Culture Period (h + SEM)
pCCA1:LUC

Seedling Period (h + SEM)
Cotyledon Movement

Figure 7. Period length of gene expression in B. rapa tissue culture
predicts period length in planta. B. rapa seedlings as well as callus
derived from B. rapa were entrained for 7 d to light/dark cycles at 18°C
followed by transfer into continuous light at 18°C for measurement of
cotyledon position for the ensuing 7 d or for measurement of pCCAT:
LUC expression over the ensuing 4 d. Circadian period is plotted for
IMB211 (circles), R500 (squares), and recombinant inbred lines derived
from a cross between R500 and IMB211 (triangles). Error bars indicate
se. The correlation between periods in the two assays was highly
significant (P < 0.00005; Pearson product moment correlation coeffi-
cient = 0.914).
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Table II. Effects of overexpression of Arabidopsis clock genes on
the B. rapa callus clock

Transgene Period = st RAE = s&  Arrhythmic n
h %
pCCAT:LUC 23.93 £ 0.41 0.38 = 0.03 56 62
pCCAT:LUC 25.51 + 0.27° 0.45 = 0.01° 68° 290
p355:ZTL-GFP
pCCAT:LUC 24.59 + 0.36% 0.47 + 0.03° 70¢ 169

p355:TOC1-YFP

“Significantly different (P < 0.005) than wild-type R500 transformed
with pCCAT:LUC only as determined by Student’s t test. bSignifi-
cantly different (P = 0.005) than wild-type R500 transformed with
pCCAT:LUC only as determined by Student’s two-tailed t test. “Signi-
ficantly different (P < 0.001) than wild-type R500 transformed with
pCCAT:LUC only as determined by x* test. dNot significantly differ-
ent (P> 0.25) than wild-type R500 transformed with pCCAT:LUC only as
determined by Student’s two-tailed ttest. ~ “Not significantly different
(P =0.0552) than wild-type R500 transformed with pCCAT:LUC only as
determined by Student’s two-tailed t test.

trait loci that contribute to this variation (Salathia et al.,
2007). We herein extend this cotyledon movement as-
say to B. rapa. Not only is B. rapa an important cul-
tivated crop, but it is closely related to and serves as a
simpler genetic model for B. napus, a hybrid between
B. rapa and B. oleracea (U, 1935), which is broadly
cultivated and a leading source of vegetable oil and
protein meal. Thus, the identification and characteri-
zation of genes that contribute to variation in clock
function in B. rapa will enhance efforts to measure the
effects of variation in clock function on field perfor-
mance and yield in crops of global importance. Such
efforts would be greatly facilitated by the development
of genetic techniques to test putative clock gene func-
tion through transgenic manipulation of candidate
gene expression. To that end, we have developed a
high-throughput method to measure clock function in
transgenic B. rapa tissue culture via the expression of
LUC reporters driven by clock-regulated promoters of
Arabidopsis clock and clock output genes.

B. rapa callus derived from hypocotyl or cotyledon
explants is readily transformed via cocultivation with
A. tumefaciens. We introduced pCCA1:LUC, pLHY:LUC,
and pCCR2:LUC reporters and showed that each
expresses a strong circadian rhythm in light produc-
tion with characteristic circadian phase in peak light
production: morning for CCA1 and LHY (Schaffer
et al., 1998; Wang and Tobin, 1998) and evening for
CCR2 (Carpenter et al., 1994; Strayer et al., 2000). Thus,
B. rapa expresses a circadian clock capable of regulating
the expression of Arabidopsis clock genes, providing a
high-throughput molecular assay with which to probe
clock function. There are three defining characteristics
of circadian clock function: an endogenous period of
approximately 24 h, entrainment by environmental
time cues such as light and temperature, and compen-
sation of period length against changes in ambient
temperature (Johnson et al., 2004). We have demon-
strated that each of these characteristics is an attribute
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of the clock in B. rapa tissue culture. The circadian clock
in B. rapa callus can be entrained to both light/dark
cycles and to temperature cycles. Consistent with this,
we have developed PRCs to light or temperature
pulses. We show that the period in the rhythm shortens
with increasing light intensity, which is generally true
for plants and light-active animals. Finally, we show
that the rhythm in tissue culture is temperature com-
pensated, exhibiting a Q,, of approximately 1. Thus,
we conclude that the clock in B. rapa callus is a bona
fide circadian clock and provides a model in which to
study circadian clock function in a crop.

Is the molecular constitution of the B. rapa callus clock
consistent with that predicted from the Arabidopsis
clock? Kim et al. (2007) have shown that the B. rapa
genome includes orthologs of all Arabidopsis clock
genes queried. We demonstrate that perturbation of the
expression of two key Arabidopsis clock genes, TOC1
and ZTL, disrupts circadian clock function in B. rapa
tissue culture. In Arabidopsis, strong overexpression of
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Figure 8. Overexpression of Arabidopsis clock genes disrupts B. rapa
clock function. A, Callus derived from hypocotyl explants of B. rapa
R500 was transformed with pCCAT:LUC (white symbols) or cotrans-
formed with pCCAT:LUC and p35S: TOC1-YFP (top; black symbols) or
with pCCAT:LUC and p355:ZTL-GFP (bottom; black symbols). Callus
was entrained for 7 d to light/dark cycles at 16°C followed by transfer
into continuous light at 16°C. Cotransformation with p35S5:TOC1-YFP
or p35S:ZTL-GFP results in either lengthened period (black squares) or
arrhythmicity (black triangles). Data are presented as average traces for
multiple calli (wild type, n = 5; p355:TOCI-YFL, n = 21; p355:ZTL-
GFP, n=31). B, Cotransformation with p35S: TOCT-YFP or with p355:
ZTL-GFP increases the proportion of arrhythmic calli as determined by
pCCAT:LUC expression. C, Levels of endogenous ZTL and transgenic
ZTL-GFP expression in B. rapa callus. ZTL expression was determined
by western-blot analysis using a polyclonal antibody directed against
Arabidopsis ZTL and was normalized to y-tubulin expression and is
expressed relative to expression in callus transformed only with
pCCAT:LUC. *, Significantly different from the wild type (P < 0.05).
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either TOC1 or ZTL results in arrhythmicity and weak
overexpression alters period length (Mas et al., 2003a;
Somers et al., 2004). Consistent with this, we observed
thatan increased proportion of B. rapa calli transformed
with either TOC1 or ZTL driven from the strong con-
stitutive 35S promoter is arrhythmic. We confirmed that
ZTL accumulation in the arrhythmic calli transformed
with p355:ZTL was approximately 4-fold greater than
that seen in calli not transformed with the overexpres-
sion construct. Calli transformed with p355:TOC1 that
retain rhythmicity exhibit lengthened period, consis-
tent with the results of weak overexpression in Arabi-
dopsis (Mas et al., 2003a). However, calli transformed
with p355:ZTL that retain rhythmicity also exhibit
lengthened period, which is inconsistent with the
shortened period associated with weak ZTL overex-
pression in Arabidopsis plants (Somers et al., 2004).
Possibly the target(s) of ZTL differ in B. rapa from those
in Arabidopsis, or possibly ZTL function is altered such
that its targets are stabilized rather than destabilized,
although we have no mechanistic data to support this
explanation. We hypothesize that perhaps ZTL expres-
sion was reduced in the calli that retained rhythmicity,
possibly through cosuppression, which would be
consistent with the lengthened period of zt! loss-of-
function mutants (Somers et al., 2000). However, ZTL
abundance in those calli that retained rhythmicity was
not reduced relative to the wild type. Although we
cannot conclusively resolve this apparent contradic-
tion, it is possible that only a small proportion of any
individual callus is actually transformed with and
expressing both the LUC reporter and the ZTL over-
expression construct and that the expression of ZTL in
those cells is reduced, but we are unable to detect this
reduction due to a high background expression of ZTL
in the surrounding cells.

The loss of fitness associated with impaired clock
function (Yerushalmi and Green, 2009) suggests that
the understanding of the molecular mechanism of the
circadian clock may offer strategies to manipulate clock
function toward the goal of enhancing crop perfor-
mance. The implementation of this strategy will require
much greater insight into the clock mechanism in crop
plants. It is critical, therefore, to establish the degree to
which the model of the clock in the model species
Arabidopsis can be applied to crop species. The dem-
onstration of circadian rhythmicity in a transgenic B.
rapa tissue culture system offers a useful tool with
which to probe clock function in this crop and repre-
sents an important step in testing the applicability of
the Arabidopsis clock model to crop species.

MATERIALS AND METHODS
Cotyledon Movement

Brassica rapa seeds were planted in potting soil (Pro-mix), stratified at 4°C in
the dark for 3 d, and entrained to cycles of 12 h of light (120 umol m~?s ™" white
light provided by fluorescent and incandescent bulbs) and 12 h of dark at 18°C
for 7 d prior to release into continuous light and temperature (18°C). Cotyledon
position was monitored for 7 d using a Lariion Digital Video Surveillance
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System (www.lariion.com) that multiplexes 32 Sony color video cameras with
3.0- to 8-mm lenses, each of which captures data from 10 seedlings. Cotyledon
position is recovered from the time series images using nktrace (Onai et al.,
2004) and Metamorph software (Molecular Devices). The quantified leaf
position series were then analyzed using the Biological Rhythms Analysis
Software System (BRASS 2.1.4; www.amillar.org), which includes fast Fourier
transform-nonlinear least squares analysis (Plautz et al., 1997).

Transformation of B. rapa Callus Culture

For tissue culture, seeds of B. rapa cv R500 and cv IMB211 were immersed
in distilled water for 30 min, surface sterilized with 70% ethanol for 5 min, and
rinsed four times with sterile distilled water. Seeds were then immersed in
20% commercial bleach (containing 5.25% sodium hypochlorite) for 10 min
and rinsed four times with sterile distilled water. Then, the seeds were
allowed to germinate in Magenta culture boxes on a seedling growth medium
containing half-strength Murashige and Skoog (MS) salts, BS vitamins, 3%
(w/v)Suc,and 2 g L' Gelrite, pH 5.8. The cultures were incubated at 22°C
under 12-h/12-h light/dark cycles using cool-white fluorescent lights at 120
umolm2s7L,

Hypocotyl segments (0.4-0.6 cm) cut from 8-d-old seedlings were pre-
conditioned for 3 d on callus induction medium containing MS salts, B5
vitamins, 1 mg L! 2,4-dichlorophenoxy acetic acid (Sigma), 3% (w/v) Suc,
and 2 g L™! Gelrite, pH 5.8. Agrobacterium tumefaciens strain GV3101 harboring
the various constructs was grown overnight in Luria-Bertani medium
containing the appropriate antibiotics (50 mg L' rifampicin, 100 mg L™
gentamycin, and 100 mg L™" spectinomycin) for selection of transformants.
Cells were harvested from 50 mL of overnight culture by centrifugation at
4,000g for 10 min, resuspended in 20 to 25 mL of liquid callus induction
medium containing 80 um acetosyringone (Sigma), and incubated with
shaking for 2 to 3 h to activate the A. tumefaciens virulence mechanism. The
preconditioned hypocotyls were inoculated with A. tumefaciens for 30 min,
transferred onto solid callus induction medium and cocultured for 48 h
without antibiotic selection, and then transferred to callus induction medium
with antibiotic selection (75 mg L™" gentamycin or 15 mg ~'L glufosinate-
ammonium [basta]). Resistant callus typically appeared in 2 weeks, after
which the segments with green callus were transferred to organogenesis
medium containing MS salts, B5 vitamins, 4 mg L™! 6-benzyl-aminopurine,
2 mg L™ zeatin, 5 mg L ™! silver nitrate, 3% (w/v) Suc, and 2 g L' Gelrite,
pH 5.8, maintaining the antibiotic selection. After 2 weeks, the organogenic
calli were transferred onto fresh medium containing reduced (2 mg L")
6-benzyl-aminopurine and lacking silver nitrate. Transgenic callus at this
stage was used for circadian rhythm analysis. Transgenic calli were also
maintained for several generations by subculturing every 2 weeks in the same
culture medium with continuous selection. Under these conditions, few
shoots are produced and none of the shoots develop roots.

Transformation Constructs

Firefly luciferase was driven from three Arabidopsis (Arabidopsis thaliana)
clock gene promoters: pCCAI:LUC* and pLHY:LUC" in the pZPBAR vector
(Salomé and McClung, 2005a) and pCCR2:LUC in pPZPC2LUC (Covington
et al., 2001). TOC1 and ZTL were overexpressed using 355:TOCI-YFP (Mas
et al., 2003a) and 35S:ZTL-GFP (Han et al., 2004).

Fluence Response Curves

Transgenic calli were entrained at 17°C in 12-h/12-h white light (provided
with fluorescent lights at 70 umol m2s™")/dark cycles for 7 d before transfer
to continuous red (670 nm) or blue (470 nm) light at indicated fluence rates in a
Percival E30 LED color light chamber (Percival Scientific) or to indicated
intensities of continuous white fluorescent light. On the 1st d in continuous
conditions, calli were transferred onto Opti Plate-96 white microtiter plates
(Perkin-Elmer) containing 200 uL of shoot regeneration medium plus 30 uL of
2.5 mM luciferin, and light production was measured with a Packard Top-
Count luminescence counter (Kim et al., 2010).

PRCs

For light pulse PRC experiments, pCCR2:LUC transgenic calli were
entrained for 5 d at 17°C in 12-h/12-h light/dark cycles and then transferred
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to DD at 17°C. After 1 d in DD, calli were exposed to 30 min of red light (100
umol m?s™") or blue light (25 umol m ?s™") at 3-h intervals and returned to
continuous dark for luciferase measurement. For temperature pulse PRC
experiments, pCCAIL:LUC transgenic calli were entrained for 7 d at 16°C in
12-h/12-h light/dark cycles before transfer to LL at 16°C. After 1 d in LL, calli
were subjected to a 3-h pulse of hot (22°C) or cold (10°C) at 3-h intervals. After
the pulse, the calli were returned to LL at 16°C for luciferase measurement.
Changes in acrophase (peak phase) of luciferase expression were calculated
relative to callus not exposed to a light or temperature pulse. Phase advances
and delays are shown as positive and negative values, respectively. The
pooled se was calculated as described (Covington et al., 2001).

Data were assayed using the Biological Rhythms Analysis Software System
(BRASS 2.1.4; www.amillar.org), which integrates the fast Fourier transform-
nonlinear least squares analysis for circadian rhythms (Plautz et al., 1997). We
considered luciferase expression in transgenic B. rapa calli to be rhythmic if
period was between 20 and 30 h, the peak signal strength exceeded 100
photons callus™! 577, and the RAE, a measure of the strength of the rhyth-
micity, was less than 0.8 (RAE = 0 is an ideal cosine wave, RAE =1 is the limit
of statistical significance for any given rhythmic amplitude). At least 60
individual and independent transgenic calli were used for each analysis.

Arabidopsis Genome Initiative locus identifiers for the genes mentioned
in this article are as follows: CCAI (At2g46830), CCR2 (At2g21660), CHE
(At5g08330), GI (At1g22770), LHY (Atlg01060), PRR5 (At5g24470), PRR7
(At5g02810), PRR9 (At2g46790), TOCI (At5g61380), and ZTL (At5g57360).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. B. rapa tissue culture.

Supplemental Table S1. Circadian period in B. rapa seedlings and tissue
culture.
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