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ABSTRACT DNAs complementary to poly(A)+ mRNAs from
UV-irradiated cell suspension cultures of parsley (Petroselinum
hortense) were inserted into pBR322 and used to transform Esch-
erichia coli strain RR1. A clone containing a DNA complementary
to chalcone synthase mRNA was identified by hybrid-selected and
hybrid-arrested translation. Large and rapid changes in the amount
of chalcone synthase mRNA in response to irradiation of the cells
was detected by RNA blot hybridization experiments. The pattern
of changes coincided with that previously determined foi the rate
of chalcone synthase synthesis as measured either in vivo or with
polyribosomal mRNA in vitro. The results are consistent with the
hypothesis that induction of chalcone synthase by UV light is due
to a transient increase in the rate of synthesis of chalcone synthase
mRNA.

Light plays an important role in the development of higher plants
(1). One of the most extensively studied regulatory effects of
light on specific metabolic pathways, besides plastid develop-
ment, is the induction of flavonoid biosynthesis (2). Flavonoids
constitute one of the most abundant classes of phenolic com-
pounds in higher plants and serve important functions as flower
pigments, antimicrobial agents ("phytoalexins"), and UV-pro-
tective compounds (2-6).
The biosynthesis of flavonoids has been elucidated to a large

extent, particularly in parsley (6). Irradiation of dark-grown cell
suspension cultures of parsley causes a coordinated and selec-
tive induction of about 16 enzymes, all of which are involved
in the formation of several flavonoid glycosides which accu-
mulate in irradiated cells (2). The induction has an absolute re-
quirement for UV-B light, and the expression of the response
is under phytochrome control (5, 7). The requirement for UV
light may be related to the putative UV-protective function of
the induced flavonoid products.
The key enzyme of the flavonoid glycoside pathway, chal-

cone synthase, is the most abundant of the light-induced en-
zymes and can be easily isolated in large quantities from ir-
radiated parsley cells (8). It catalyzes the stepwise condensation
of three acetate units from malonyl-CoA with 4-coumaroyl-CoA
to give naringenin chalcone (9). This chalcone is the central in-
termediate in the biosynthesis of flavones, flavonols, and var-
ious other flavonoids (6). Chalcone synthase from parsley con-
sists of two Mr 42,000 subunits which are coded for by a mRNA
of approximately 1,700 nucleotides (8). Chalcone synthase mRNA
activity increases rapidly in irradiated cells for about 10-15 hr,
dependingon the length ofthe irradiationperiod (10). ThemRNA
activity then decreases to the preinduction level at a rate with
an apparent half-life of about 5 hr. At maximal induction (10,
11), the rate of synthesis of chalcone synthase in vivo amounts
to almost 2% of the total rate of protein synthesis, whereas no

chalcone synthase synthesis or activity is detectable in dark-grown
cells.

Similar rapid changes in mRNA activity have been observed
for three other light-induced enzymes. In all cases, the ob-
served changes in enzyme activity coincided with theoretical
curves calculated from the changes in mRNA activity, with al-
lowance for the differing rates of degradation or inactivation of
the enzymes (10, 12, 13). This clear-cut relationship between
mRNA and enzyme activities suggested that UV light acted pri-
marily through mRNA induction. One major question, which
had not been answered in our previous studies, was whether
the changes in mRNA activity were due to increased rates of
de novo synthesis or to the activation ofpreexisting inactive forms
of the mRNAs. Answering this question requires a hybridiza-
tion probe specific for UV-induced mRNA. We have identified
a DNA complementary to chalcone synthase mRNA and have
used it for studies of the induction kinetics of this mRNA.

MATERIALS AND METHODS
Cell Cultures. Cell suspension cultures of parsley (Petrose-

linum hortense) were propagated for 7 days in darkness or until
the medium had reached a conductivity of about 2 mmho (13).
Cells were irradiated with about 20,000 lx from fluorescent lamps
(Philips TL 40 W/18) that emit sufficient UV light at wave-
lengths in the range 320-350 nm for mRNA induction (5, 10).

Cloning Procedure. Poly(A)+ mRNA, either from cells ir-
radiated for 10 hr or from dark-grown cells, was isolated as de-
scribed (14). cDNA was prepared with 120 jig of mRNA from
irradiated cells according to the method of Law et al. (15).
Oligo(dT)1218 was used as primer for the first DNA strand. Syn-
thesis of the second strand was carried out with the Klenow
fragment of Escherichia coli DNA polymerase I (Boehringer
Mannheim) and 5 pg of single-stranded cDNA. The double-
stranded cDNA (5 ug) was treated with S1 nuclease, and 1 ,ug
(4 pmol of ends) was tailed with 40 ACi (1 Ci = 3.7 x 1010 Bq)
of [5_3H]dCTP and 10 units of terminal transferase (Bethesda
Research Laboratories) (16). The average length of the oligo(dC)
extensions was 18 nucleotides. The tailed double-stranded cDNA
was annealed for 8 hr (60-30'C) with pBR322 which had been
linearized with Pst I and tailed with dGTP (17). The annealed
DNA was precipitated with ethanol and used for transformation
of E. coli strain RR1 (18). Bacteria containing the plasmid were
selected on medium containing tetracycline and resistant col-
onies were tested for the presence of recombinant plasmids on
medium containing ampicillin (19).

Screening and Identification of Clones. Tetracycline resis-
tant ampicillin-sensitive clones were tested by colony hybrid-
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ization (20) for the presence of DNA complementary to light-
induced mRNA from parsley. Duplicate filters were hybridized
with 32P-labeled poly(A)+ RNA (5 X 106 cpm per filter) either
from dark-grown cells or from cells that had been irradiated for
10 hr. Nicked RNA (10 ,ug) was labeled with [y-32P]ATP as de-
scribed by Sim et al. (21), except that the reaction was carried
out for 5-7 min in 50 mM Tris HCl (pH 7.9) at 90°C. Plasmids
were isolated (22) from clones that hybridized with higher ef-
ficiency to RNA from irradiated than from dark-grown cells.
The plasmids (200 ,g each) were linearized with Pst I and bound
to nitrocellulose filters (2.5 cm in diameter) in 20x standard
saline citrate buffer (23). The filters were cut into halves which
were hybridized with labeled RNA (5 x 105 cpm) from irra-
diated and dark-grown cells, respectively. Filters giving the
highest ratios (irradiated/dark, >3) of bound radioactivity were
further identified by hybrid-arrested (24) and hybrid-selected
translation (25). Immunoprecipitation and gel electrophoretic
analysis of chalcone synthase subunits were carried out as de-
scribed (10).

Isolation of RNA. Total RNA for RNA blot hybridization ex-
periments was isolated from 20 g of frozen cells which were
thawed in a mixture of 20 ml of phenol and 20 ml of 50 mM
Tris HCl, pH 7.5/5 mM EDTA. The aqueous phase was ex-
tracted three times with phenol and once with chloroform. Nu-
cleic acids were then precipitated with ethanol and washed twice
*with 20% ethanol. Poly(A)+ mRNA for hybrid-arrested and hy-
brid-selected translation was prepared as described (14), except
that the RNA solution was passed through oligo(dT)-cellulose
only once.
RNA Blot Hybridization. RNA (40 ug) was denatured with

glyoxal, separated by electrophoresis on an agarose gel, blotted
onto nitrocellulose, and hybridized with the cDNA insert of
pLF56 32P-labeled by nick-translation with DNA polymerase I
(26, 27).

RESULTS

Approximately 1,000 colonies were first tested by the Grund-
stein-Hogness method and yielded about 100 colonies which
gave a positive response also in the second, more reliable,
screening procedure. From these 100, 10 clones were selected
in the second screening as the most likely to contain plasmids
with DNA inserts complementary to light-induced mRNAs.
Plasmids isolated from three of these clones (pLF12, pLF15,
and pLF56) gave positive results with a chalcone synthase-spe-
cific antiserum in hybrid-arrested and hybrid-selected trans-
lation assays. The translational product obtained with the mRNA
released from filter-bound pLF56 is shown in lane C of Fig. 1.
For comparison, lane A shows authentic chalcone synthase sub-
units immunoprecipitated from extracts of in vivo labeled pars-
ley cells. A control experiment with a filter carrying pBR322
instead of pLF56 is shown in lane B. The highest ratio (about
13) for the binding ofmRNA from irradiated and from dark-grown
cells in the second screening experiment was obtained with the
clone carrying pLF56.

The plasmid pLF56 contains an insert of about 1,300 base
pairs at the Pst I site of the cloning vehicle, pBR322. DNA se-
quence data indicate that the insert comprises most of the cod-
ing sequence, all of the 3' untranslated region, and a poly(A)
segment of chalcone synthase mRNA (unpublished data). The
cDNA insert of pLF56 contains one Pst I site; its position rel-
ative to the DNA sequence corresponding to the poly(A) seg-
ment of the mRNA is given in Fig. 2. The two insert fragments
generated by restriction of pLF56 with Pst I were separated
from the pBR322 cloning vehicle and used for the following ex-
periments.

-,- CHS
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FIG. 1. Identification of the translational product obtained with
hybrid-selectedmRNA from nitrocellulose-bound pLF56 (lane C). Lanes:
A, Chalcone synthase (CHS) subunits immunoprecipitated from crude
extracts of parsley cells after irradiation of a culture for 10 hr and la-
beling of the proteins with L-[35S]methionine during the last hour of
the light treatment (10); B, control experiment usingnitrocellulose-bound
pBR322 instead of pLF56 for hybrid selection of mRNA. A micrococcal
nuclease-treated rabbit reticulocyte lysate (28) was used for mRNA
translation in vitro with [355]methionine as the labeled substrate. Prod-
ucts were separated by gel electrophoresis in the presence of NaDodSO4
(10) and detected by fluorography (29).

For the determination of UV light-induced changes in the
amount of chalcone synthase mRNA, total RNA was isolated
from parsley cells at various times after irradiation of a culture
for 2.5 hr. The amount of RNA, as determined by hybridization
of 32P-labeled cDNA at the expected position of chalcone syn-
thase mRNA [about 16 S (8)], increased greatly from the 3rd to
the 11th hour after induction (Fig. 3A). Much less hybridization
occurred at 24 hr. The RNA from nonirradiated control cells at
0 hr showed no hybridization to the labeled cDNA.

Fig. 3B compares the present results with previous data (10)
on the activity changes of chalcone synthase mRNA obtained
under the same conditions of induction as used here. The tim-
ing of light-induced changes either in amount or in activity of
chalcone synthase mRNA was essentially the same.

Results similar to those shown in Fig. 3A were obtained when
continuous irradiation of the cells was used for induction (data
not shown). Under these conditions, the peak for chalcone syn-
thase mRNA activity was somewhat broader and the subse-
quent rate of decline was slower than after short-term irradia-
tion (10). Accordingly, greater hybridization was observed at 24
hr after the onset of induction.

DISCUSSION
Our results demonstrate that light-induced changes in chalcone
synthase mRNA activity in cultured parsley cells correspond to

FIG. 2. Schematic representation of the plasmid pLF56, consisting
of pBR322 with a DNA insert complementary to chalcone synthase
mRNA (thick line) at the Pst I restriction site. The orientation of the
insert is indicated by-the arrow marking the sequence that is comple-
mentary to the poly(A) segment of the mRNA. The approximate lengths
of the cDNA fragments generated with-Pst I (P) are given in kilobases.
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FIG. 3. Time courses of light-induced changes in amount and
translation activity of chalcone synthase mRNA. (A) A cell culture was
irradiated for 2.5 hr, and then samples were taken for extraction of to-
tal RNA at the times indicated in B. A RNA blotting experiment with
32P-labeled DNA from pLF56 is shown. The expected position of chal-
cone synthase mRNA is indicated by the horizontal line. (B) Relative
amounts of 32P-labeled cDNA hybridized by chalcone synthase mRNA
(e). The data were obtained by scanning the gels shown in A with an
LKB laser densitometer scanner. The curve represents relative changes
in polyribosomal chalcone synthase mRNA activity, as previously de-
termined (10) under the same conditions of induction as used here.

changes in the amount of mRNA. Total cellular RNA was used
in the hybridization experiments, ruling out the possibility that
mRNA activity was not detected in the noninduced state due
to sequestration of RNA from polyribosomes. The present data
therefore suggest that light causes a true induction of chalcone
synthase mRNA-i.e., a transient increase in the rate of tran-
scription-although other mechanisms such as changes in the
rates of mRNA processing or degradation are possible alter-
native explanations.

Using similar techniques, Bedbrook et al. (30) have shown
that the amount ofmRNA coding for the small subunit of RuP2
carboxylase in Pisum sativum is also increased by light. White
light was used for those experiments, and a specific wavelength
dependence of the effect was not reported. However, more re-

cent experiments by Tobin (31) with Lemna gibba have dem-

onstrated that the induction of this mRNA activity requires red
light and is a typical phytochrome-mediated response. In con-
trast, flavonoid synthesis in parsley is absolutely dependent on
UV irradiation (5, 7).
The selective and coordinated changes in activity of chalcone

synthase and the other enzymes of the flavonoid glycoside
pathway (2) suggest that the same photoreceptor(s) and the same
mechanisms of signal transmission are involved in the induction
of all mRNAs of this pathway.
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