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Figure 7. Kinetics of Flavonoid Gene Induction by UVB Light.

Steady state transcript levels of PAL1, CHS, CHI, DFR, and CAB were
determined by RNA gel blot analysis in dark-grown, 3-day-old seed-
lings. Because UVB bulbs emit light in the blue range as well, parallel
experiments were done with or without UVB-absorbing Mylar sheet-
ing to determine the contribution of blue light alone. Lane labeling
indicates the number of hours after the beginning of irradiation that
seedlings were harvested. The same RNA gel blot was probed with
the indicated gene in each panel.

(A) Three-day-old seedlings, with Mylar sheeting.

(B) Three-day-old seedlings, no Mylar sheeting.

to be coordinately regulated. However, the smaller time inter-
vals used in the blue and UVB light induction experiments on
etiolated seedlings illustrated in Figures 5A and 7B uncovered
a sequential pattern of induction of these genes. Although
mRNA levels of all four genes reached a maximum by 5 hr,
the order of induction of the four genes is the same as the
order in which the gene products are synthesized (Figure 1).

DISCUSSION

Flavonoid Gene Expression in Arabidopsis Seedlings
Is under Precise Developmental Control

We have initiated a long-term study of flavonoid gene regula-
tion in Arabidopsis seedlings by determining the steady state
transcript levels corresponding to the PAL?, CHS, CHI, and DFR
genes as a function of seedling age and light quality. We ob-
served that accumulation of PAL7, CHS, CHI, and DFR mRNAs
rose and fell during a 5-day period, reaching a maximum in
3-day-old, white light-grown seedlings. These same mRNA lev-
els were very low in wild-type seedlings grown in darkness
(Figures 4A and 4B). These data suggest that the potential
for flavonoid gene expression to be induced by light during
germination is controlled by a developmental timing mecha-
nism that links seedling development with the synthesis of
flavonoid compounds.

Because Arabidopsis CHS null mutants appear to grow and
flower normally, it seems likely that flavonoids are nonessen-
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tial for growth and development. Nevertheless, the precise
regulation of flavonoid biosynthesis during seedling develop-
ment suggests that flavonoids afford Arabidopsis some
selective advantage, such as prophylaxis against pathogens
or UV light. Because flavonoids are likely to be most useful
as UV protectants just as the cotyledons expand and before
the chloroplasts are fully developed, it is logical that flavonoid
production and cotyledon expansion are coordinately regu-
lated. Thus, when a seedling first perceives light, setting off
cotyledon expansion and chloroplast development, the plant
simultaneously begins to synthesize flavonoid compounds.

Flavonoid Biosynthetic Genes Are Induced by a
Blue/UVB Light Receptor

The light induction experiments illustrated in Figures 5 and
7 showed that blue light and UVB light were effective in induc-
ing the accumulation of PAL7, CHS, CHI, and DFR mRNAs.
Furthermore, blue light induced additional accumulation of
these transcripts in red light-grown plants (Figure 5B). These
experiments indicate that a blue light-specific receptor is in-
volved in the induction of the flavonoid biosynthetic genes. In
our experiments, UVB light was much more efficient than blue
light for inducing PAL1, CHS, CHI, and DFR mRNA accumu-
lation in Arabidopsis seedlings. This result supports the
hypothesis that flavonoid compounds act as UVB protectants
(Schmelzer et al., 1988).

Induction of flavonoid and anthocyanin biosynthesis by var-
ious environmental stimuli including blue and UV light is
a common theme among higher plants (Wellmann, 1971;
Oelmdiller and Mohr, 1985; Beggs et al., 1986; Rabino and
Mancinelli, 1986; Sponga et al., 1986; Marrs and Kaufman,
1989, 1991). Several studies, mostly on CHS gene expression,
have shown that the production of flavonoid and anthocyanin
compounds in response to light is controlled at least in part
at the level of transcription (Feinbaum and Ausubel, 1988; van
Tunen et al., 1988; Taylor and Briggs, 1990; Feinbaum et al.,
1991). For example, in parsley tissue culture cells CHS gene
expression has been shown to be regulated by a UVB light
receptor, a blue light receptor, and phytochrome (Bruns et al.,
1986; Ohl et al., 1989). Our results are consistent with previ-
ous studies on CHS gene regulation and go on to confirm that
other genes within the pathway are similarly regulated. Con-
sidering the utility of Arabidopsis in genetic and molecular
studies and the fact that at least three flavonoid genes (CHS,
CHI, and DFR) exist as single copies in its genome, Arabidop-
sis provides a powerful system with which to dissect flavonoid
gene regulation.

Sequential Induction of Flavonoid Genes
Coordinate induction of flavonoid biosynthetic genes has been

demonstrated in snapdragon flowers (Martin et al., 1991). The
experiments shown in Figures 5 and 7 suggest that flavonoid
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genes are sequentially induced in the order of the biosynthetic
steps in the flavonoid pathway. The sequential induction of
flavonoid biosynthetic enzymes may permit sufficient levels
of precursor molecules to accumulate to ensure efficient en-
zyme function. This level of regulation may be achieved by
feed-forward or feedback mechanisms utilizing phenylpropa-
noid intermediates themselves. For example, trans-cinnamic
and trans-p-coumaric acid have been shown to regulate a bean
CHS promoter in alfalfa protoplasts that have been induced
by a fungal elicitor (Loake et al., 1991). In addition, the inde-
pendent regulation of the genes or transcripts encoding these
enzymes could also provide flexibility for the synthesis of a
wide variety of compounds in response to different internal
and external stimuli.

METHODS

Plants and Growth Conditions

Arabidopsis thaliana ecotype Landsberg erecta was used in these
studies. Seeds were soaked in water for approximately 1 hr, then sur-
face sterilized by soaking in 30% bleach, 0.1% Triton X-100 for 7 min,
washed 5 times in sterile distilled water, and suspended in 0.1% agar.
Seeds were spread in 2 mL of soft agar on MS (Murashige and Skoog,
1962) agar (0.8%) containing 2% sucrose in 8-cm-diameter Petri plates.
The plates were covered and sealed with surgical tape (Transpore
1527-0; 3M Co., St. Paul, MN) that allows the passage of gases. Plants
were grown in Percival (Boone, |A) or Conviron (Asheville, NC) growth
chambers at 22°C under various light conditions.

For experiments utilizing white light supplemented with UVB light,
four white fluorescent (40CW; General Electric Co., Wilmington, MA)
lamps and one UVB (UV, TL40W; Philips Electronic Instruments, Mah-
wah, NJ) fluorescent lamp were mounted in the growth chamber.
Fluence rates were 60 pmol m=2 sec™ of visible light and 2 pmol m=2
sec™' UVB light. The white light fluence rate was empirically chosen
because it supported healthy plant growth. Light levels were measured
using a light meter (model Li-1858; Li-Cor, Lincoln, NE) and a spectral
emission detector (model 742; Optronix, Chelmsford, MA). White light
was obtained using this same apparatus except that a polyester sheet
(Mylar, 5 mil thickness; Cadillac plastics 2299001, Baltimors, MD) was
placed between the plants and the lights to filter out UVB light. Dark
conditions were achieved by wrapping plates in three to six layers of
aluminum foil and/or placing the samples in a light-tight box. Red light
conditions were achieved using white lights (Sylvania, Danvers, MA)
filtered through two layers of red plexiglass (Shinkolite 102; Argo Plas-
tics, Los Angeles, CA). UVB induction experiments utilized three UV
lamps (UV, TL4OW; Philips Electronic Instruments, Mahwah, NJ) that
emitted 6 pmo! m=2 sec™! in the blue light and 6 pmol m-2 sec™1 in
the UVB range. No UVC light was detected in the emission spectrum
of these lamps. However, to ensure the absence of UVC wavelengths,
seedlings were grown in covered Petri plates because the lids absorb
UVC wavelengths. For blue light induction experiments, blue lights
(F24T12/247/HO; Sylvania) were filtered through royal blue plexiglass
(Plexiglas 2424; Future Plastics, Inc., Watertown, MA). The biue light
fluence rate was 30 umol m~2 sec™'.

Anthocyanin Extraction and Quantitation

Anthocyanins were extracted using 1% HCl/methanol as described
previously (Feinbaum and Ausubel, 1988). In these experiments 200
to 300 seedlings were grown on MS agar Petri plates under continu-
ous white light. The number of seedlings on each plate was counted
and seedlings were harvested by scraping the seedlings, including
the roots, off the agar with a microscope slide. One plate was har-
vested on each day from day 2 to day 7 after planting (the day of planting
being day 0). Harvested seedlings were placed in 15-mL plastic tubes,
immediately frozen in liquid nitrogen, and stored at —80°C. Anthocya-
nins were extracted in 1 mL of 1% HCl/methanol overnight at room
temperature using the method of Rabino and Mancinelli (1986). Ab-
sorbance at 530 nm minus absorbance at 657 nm was used as a
measure of anthocyanin content and was normalized per seedling.
The experiment was performed in triplicate.

Developmental Time Course and Light Induction Experiments

All developmental time courses and light induction experiments uti-
lized MS agar Petri dishes planted with approximately 800 seeds each.
In the developmental studies, seedlings from one Petri plate were har-
vested each day (as described above) from day 2 to day 7 after planting
(the day of planting being day 0). Red light- and dark-grown samples
were transferred in a light-tight box to a dark room and harvested un-
der a dim green safe light (15 watt incandescent light filtered through
a Kodak Safelight No. 7). All other samples were harvested in the light.
Each light induction experiment included six time points. Each point
consisted of one Petri plate containing approximately 800 seedlings.

Blue light induction experiments were performed using plants grown
for 3 days in darkness or red light. Plates were transferred to the blue
light chamber using a light-tight box and harvested after 0.5, 1.0, 2.5,
5, and 8 hr of light treatment. The plants used for the 0 time point were
never exposed to biue light and were harvested under a dim green
safe light. Seedlings were harvested as described above. UVB induc-
tion experiments on 3-day-old, dark-grown seedlings were carried out
similarly to the blue light experiments. Because UVB lights also emit
at wavelengths in the blue region, parallel inductions were performed
with and without UVB-absorbing Mylar sheeting. In all cases, harvested
seedlings were placed in 15 mL-plastic tubes, immediately frozen in
liquid nitrogen, and stored at —80°C prior to RNA extraction. Each
experiment was repeated at least once.

Photographs of Arabidopsis seedlings were made using a dissec-
tion microscope (Zeiss, Oberkochen, Germany) equipped with an
illuminator (Fiberlite, series 180; Dolan-Jenner, Woburn, MA; with a
General Electric MR-16Q bulb) filtered through a blue filter (model 3202;
Rosco, Port Chester, NY).

RNA Isolation and RNA Gel Blot Analysis

RNA was isolated by phenol-SDS extraction and LiCl precipitation
(Ausubel et al., 1987). RNA samples (6 ug) were electrophoresed in
formaldehyde-agarose gels, stained with ethidium bromide to check
for uniformity of gel loading by comparing the intensity of rRNA bands,
and then transferred to nylon filters (Biolrans; ICN, irvine, CA) in 10
x 8SC (1 x S8C, is 0.15 M NaCl, 0.015M sodium citrate). Filters were
treated with UV light using a Stratalinker (Stratagense) to cross-link the
RNA to the filters and then baked at 80°C for 1 hr. Plasmid inserts



from pAtPai1R1 (Dong et al., 1991), pCHS3.8 (Feinbaum and Ausubel,
1988), pCHI4.8 (Shirley et al., 1992), and pDFR4.8 (Shirley et al., 1992)
were isolated on low-melting agaroseTAE (Tris-acetate-EDTA) gels.
Probes were prepared from the inserts using a random primer label-
ing kit (Boehringer Mannheim) with a-32P-dCTP (PAL and CHS) or
using the randorn primer method (Feinberg and Vogelstein, 1983) with
a-32P-dATP (CHI and DFR), which were separated from unincorpo-
rated nucleotides on a 1-mL Sephadex G-50 spin column (Pharmacia)
and denatured either by boiling (PAL and CHS) or by using a micro-
wave oven (CH/I and DFR; Stroop and Schaefer, 1989). The filters were
prehybridized (1 hr) and hybridized (14 to 16 hrs) in 0.5 M Na,HPQO,,
pH 7.2, 7% SDS, 10 ug/mL BSA (Church and Gilbert, 1984), then
washed twice, 45 min each time in 2 x SSC, 1% SDS at 65°C (PAL
and CHS) or 30 min each time in 40 mM NaHPOQO,, pH 7.2, 1 mM
EDTA, 1% SDS at 65°C (Church and Gilbert, 1984). The damp filters
were autoradiographed with Kodak XAR film at —80°C with an inten-
sifying screen. Filters were stripped in 2 mM Tris, pH 8.0, 2 mM EDTA
at 70°C for 15 min prior to reprobing (Church and Gilbert, 1984).
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