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PHYTOCHROME-REGULATED EXPRESSION OF GENES

ENCODING LIGHT-HARVESTING CHLOROPHYLL a/b-

PROTEIN IN TWO LONG HYPOCOTYL MUTANTS AND
WILD TYPE PLANTS OF Arabidopsis thaliana*
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Abstract—The cab genes which encode the light-harvesting chlorophyll a/b-protein (LHCP) are
expressed normally with respect to phytochrome regulation in the hy-3 and hy-5 long hypocotyl
mutants of Arabidopsis thaliana. In etiolated seedlings of these mutants as well as of the wild type,
1 min of red light elevates cab mRNA levels substantially within 2 h; this increase is reversed if far-
red light is given immediately after the red light treatment. We conclude that the genetic defects in
these mutants do not affect steps in the signal transduction pathway leading to the regulated expression
of cab genes. Additionally, the mRNA from one of the three known A. thaliana cab genes, AB140,
is similar in quantity to the mRNAs from the other two, AB165 and ABI180, in dark-grown seedlings
of hy-3 and hy-5 as well as the parent A. thaliana (Landsberg) after a brief red light treatment. This
aspect of cab gene expression differs from the strain Columbia of A. rhaliana in which AB140 mRNA
is the predominant message. In mature white light-grown plants of the strain Columbia, AB140 as
well as a combination of AB165 and AB180 mRNAs are expressed at high levels, suggesting that
AB165 and/or AB180 may be developmentally regulated.
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INTRODUCTION

Phytochrome, a photoreceptor important in plant
development, has been shown to regulate the
expression of a number of nuclear genes, including
genes encoding the light-harvesting chlorophyll a/b-
protein (LHCP)% (Tobin and Silverthorne, 1985;
Nagy et al., 1988; Silverthorne and Tobin, 1987 for
reviews). In A. thaliana, three cab genes, AB140,
AB165 and AB180, have been cloned and character-
ized, and genomic Southern analysis suggests the
presence of a fourth cab gene (Leutwiler et al.,
1986). We have previously demonstrated that the
expression of these genes is regulated by phyto-
chrome (Karlin-Neumann ez al., 1988). Sequences
from the A. thaliana cab genes have been shown to
confer light-regulated and tissue-specific expression
on reporter genes in transgenic plants (An, 1987;
Ha and An, 1988; Mitra ef al., 1989; Karlin-Neu-
mann and Tobin, 1989). We found that the AB140
transcript is substantially responsible for the red
light-induced increase of cab mRNA in etiolated
plants of the strain Columbia, although in mature
green plants, the combined mRNA levels of AB165
and AB180 are very similar to the mRNA level of
AB140. It was not determined, however, if both
AB165 and AB180 or only one of them accounted
for the mRNA present in mature green A. thaliana
plants because the probe used in these studies could
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not discriminate between these two transcripts due
to the high sequence similarity between these genes
(Karlin-Neumann et al., 1988). Here, we report
experiments addressing the questions (1) whether
both AB165 and AB180 are expressed in mature
green plants; (2) whether the relative expression of
the three characterized cab genes changes during
early seedling development in the light.

Phytochrome is also known to regulate a variety
of developmental and photomorphogenetic pro-
cesses such as hypocotyl elongation (Smith, 1982),
seed germination (Cone and Kendrick, 1986),
flowering (Vince-Prue, 1983), and anthocyanin syn-
thesis (Mancinelli, 1985; Oelmuller and Mohr,
1985). A number of mutants with various photomor-
phogenetic defects have been generated and are
considered to be useful for studies on photomor-
phogenesis (see Adamse et al., 1988 for a review).
One class of such mutants, the long hypocotyl
mutants, have been obtained in several species,
including A. thaliana (Koornneef et al., 1980; Chory
et al., 1989a), tomato (Koornneef er al., 1985), and
cucumber (Adamse et al., 1987, 1988a). These
mutants are less sensitive to the suppression of
hypocotyl growth by light, and therefore have
longer hypocotyls than wild type seedlings.
Recently, another type of photomorphogenetic
mutant, the der mutant, has also been isolated from
A. thaliana. These mutants have been shown to
develop as light-grown plants in the absence of light
(Chory er al., 1989).

In A. thaliana, there are at least six mutant loci
which lead to the loss of photoinhibition of hypoco-
tyl elongation (Koornneef et al., 1980; Chory et
al., 1989a). Since phytochrome is involved in this
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photoinhibition, all these six mutants are possible
transduction chain mutants which might affect other
phytochrome responses as well. Of the six, Ay-1, hy-
2 and hy-6 have very little spectrophotometrically
detectable phytochrome (Koornneef et al., 1980;
Chory et al., 1989a), although immunologically
detectable phytochrome apoprotein is present at
normal levels in etiolated seedlings of these mutants
(Parks et al., 1989; Chory et al., 19892). However,
the apoprotein level does not decline when the seed-
lings are placed into the light (Parks et al., 1989).
Four of these mutants, hy-1, hy-2, hy-3 and hy-
4, are known to be normal with respect to seed
germination, another process regulated by phyto-
chrome (Cone and Kendrick, 1985). The fluence
responses (Briggs et al., 1984) for phytochrome
elimination of the lag in chlorophyll synthesis have
been examined in ky-1, hy-2, hy-3, hy-4 and hy-5
mutants and shown to be normal (B. A. Horwitz,
personal communication). The accumulation of the
cab mRNAs is considerably less in etiolated seed-
lings of hy-1, hy-2 and hy-6 than in the wild type
after red light stimulation, but the mutants accumu-
lated wild type cab mRNA levels when grown in
the white light (Chory et al., 1989a). The mutant
hy-4 might be defective in a blue light receptor
(Koornneef et al., 1980). Taken together, these
studies suggest that Ay-3 and hy-5, which have nor-
mal phytochrome levels (Koornneef et al., 1980),
may represent mutants that have defects in the phy-
tochrome signal transduction pathway, rather than
in the photoreceptor itself. Therefore we have
analyzed the expression of the cab genes in the hy-
3 and hy-5 mutants to see whether these genes retain
normal phytochrome regulation.

MATERIALS AND METHODS

Plant materials. The wild type A. thaliana (L. Heynh)
seeds used in these experiments were either the strain
Columbia or Landsberg erecta. Seeds of the strain Colum-
bia were obtained from plants grown in a greenhouse from
February of 1988 through April of 1988. The Landsberg
erecta wild type and hy-3 and hy-5 mutants were obtained
from Dr. Maarten Koornneef.

The conditions for growing etiolated and green seedlings
were identical to those described by Karlin-Neumann et al.
(1988). Light treatments (Tobin, 1981) of 6-day etiolated
seedlings were performed 2 h before harvesting. Seedlings
for developmental experiments were harvested 3 h before
the onset of the dark period.

RNA analyses. Isolation of total RNA from etiolated
and green seedlings for S1 nuclease protection exper-
iments was performed according to Karlin-Neumann e al.
(1988).

Poly A* RNA was prepared according to a slightly
modified procedure of Kloppstech and Schweiger (1976).
Briefly, 10-15 g of frozen seedlings were ground to powder
and mixed with 100 m¢€ of extraction buffer (50 mM Tris,
pH 9.0, 10 mM EDTA, 2% SDS) at 50°C, containing
0.2 mg/m¢ proteinase K (Boehringer Mannheim Bio-
chemicals, Indianapolis, IN) added immediately before
use. After a 10 min incubation at 50°C, the mix was
extracted three times with 100 m€ of phenol-Sevag sol-
ution. The aqueous phase was then extracted with chloro-

form. One-tenth volume of 4 M LiCl was added to the
aqueous phase and the RNA was bound to about 3.0 g
oligo-dT by continuous swirling for 20 min. The RNA-
bound oligo-dT was loaded onto an Econo column (Bio-
Rad Laboratories, Richmond, CA) together with 30 m¢
of column buffer A (10 mM Tris, pH 7.4, 0.4 M LiCl, 2%
SDS). The column was washed with 100 m¢ of buffer A
and 20 m¢ of column buffer B (10 mM Tris, pH 7.4, 0.1 M
LiCl, 0.2% SDS). Poly A* RNA was eluted with column
buffer C (10 mM Tris, pH 7.4). Two to three fractions
with the highest OD,g, values were pooled and ethanol-
precipitated by adding 0.1 volume of 3 M sodium acetate
and 2 volumes of 100% ethanol at —20° C overnight. Poly
A+ RNA was pelleted, washed with 70% ethanol, dried,
and dissolved in H,O. The yield of poly A* RNA was
generally 6-7 pg/g fresh weight.

S1 nuclease protection analysis using a uniformly labeled
AB180 gene probe was conducted according to Karlin-
Neumann et al. (1988).

Limited primer extension analysis of poly A* RNA
using reverse transcriptase was performed according to
Jofuko and Goldberg (1989) with modifications. Two
oligo-nucleotide primers that could be used to distinguish
transcripts from AB180 and AB165 were synthesized in
the laboratory of Dr. Dohn Glitz (Department of Biologi-
cal Chemistry, School of Medicine, UCLA). The primer
for ABI180 is a 22-mer, with a sequence of 5'-
ACTTTCCGGGAACAAAGTTGGT-3', which is comp-
lementary to the mRNA sequence from 781 to 802
(Leutwiler et al., 1986). The primer for AB165 is a 20-
mer, 5'-GTGTCCCATCCGTAGTCTCC-3', complemen-
tary to the mRNA sequence from 226 to 245 (Leutwiler
et al., 1986). Full length primers were purified on HPLC.
The primers were annealed to the appropriate templates
(Poly A* RNA or single stranded DNA) and extended by
reverse transcriptase in the presence of a single radioactive
nucleotide. Because one of the two mRNAs (AB165 or
AB180) differs by a single nucleotide near the regions
complementary to each of the primers, the transcripts
from the two genes could be distinguished by these analy-
ses. The annealing reactions were carried out in 10 u¢ of
reverse transcriptase buffer (50 mM Tris-HCI, pH 8.3,
75 mM KCI, 10 mM DTT, 3 mM MgClL,) containing
0.1 pug/ut primer and 0.1 pg/uné poly A* RNA or 0.3 pg/
wt M13 mp18 recombinant DNA containing the AB180,
AB165, or AB140 sequences. In reactions for detecting
transcripts from the AB180 gene, 0.01 pg/pé poly U was
also included to eliminate association of a-*2P TTP with
the poly A tails. In the negative controls, either poly A+
RNA or primer was omitted. The template-primer mix
was heated to 90°C for 3-5 min, and then gradually cooled
to 37°C. Extension reactions were carried out in 50 p¢ of
reverse transcriptase buffer containing the annealed mix,
200 u MMLY reverse transcriptase (Bethesda Research
Laboratories), 100 nCi a-*?P-TTP (for AB180) or 100 unCi
o*?P-dATP (for AB165; > 650 Ci/mM, ICN Biomedicals,
Inc.). After incubation at 37°C for 3 min, the reaction was
stopped and the RNA hydrolyzed by adding NaOH and
EDTA to final concentrations of 0.16 N and 40 mM
respectively and incubating at 60°C for 1 h. The solution
was neutralized with 0.5 volumes of 1 M Tris-HCl, pH
8.0. Following a phenol-Sevag extraction, extended prod-
ucts were precipitated at —20°C overnight by addition of
0.5 volumes of 7.5 M ammonia acetate, 2.5 volumes of
100% ethanol, and 10 pg yeast tRNA. The pellet was
collected, washed with 70% ethanol, dried under vacuum,
and resuspended in S w€ H,O and 3 wf formamide dye
mix (1 mg xylene cyanol, 1 mg bromophenol blue, 950 ¢
formamide, 20 p.€ 0.5 M EDTA, 30 uf€ H,0). After dena-
turing by boiling for 2-3 min, the extended products were
separated on 12% polyacrylamide gels containing 7 M
urea. Gels were dried and exposed to X-ray film with
intensifying screens at —70°C. Labeled primers used as
markers in these experiments were obtained by kinasing
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the primers with T4 polynucleotide kinase in the presence
of y-32P-ATP (650 Ci/mM, ICN) according to Maniatis et
al. (1982).

RESULTS

Cab mRNA levels in etiolated seedlings of the
hy-3 and hy-5 mutants are controlled by phyto-
chrome

We have previously shown that cab mRNA levels
are increased by phytochrome action in etiolated
seedlings of wild type A. thaliana (Karlin-Neumann
et al., 1988). In order to examine whether the long
hypocotyl mutants still retain this phytochrome
response, we analyzed the cab mRNA levels in
etiolated seedlings of hy-3 and hy-5 mutants as well
as the strain Landsberg erecta, from which the
mutants were derived. Figure 1 shows a representa-
tive S1 nuclease protection analysis of total RNA
isolated from 6-day old etiolated seedlings using a
uniformly labeled probe derived from the AB180
gene. In both of the Ay mutants as well as the wild
type, cab mRNA levels in seedlings that received
no light treatment before harvesting are very low
(Fig. 1, D lanes). The abundance of these mRNAs
is greatly elevated by a 1-min red illumination given
2 h before harvesting (Fig. 1, R lanes). The red
light effect is reduced by a 10-min far red light
treatment given immediately after the red light
(Fig. 1, R/F lanes). Some induction is detected
when only a 10-min far red light stimulus is adminis-
tered 2 h before harvesting (Fig. 1, FR lanes). The
quantitative differences seen between the mutants
in this experiment are not significant as judged by
the cumulative results of repeated experiments.
These results demonstrate that the hy-3 and hy-5
mutants still retain their responsiveness to phyto-
chrome regulation of cab mRNA levels, even

Stondards Wild Type

Figure 1. Phytochrome regulation of cab mRNA levels
in wild-type and long hypocotyl mutants of A. thaliana
(Landsberg erecta). S1 nuclease protection analysis of total
RNA isolated from 6-day old dark-grown seedlings given
the indicated light treatments, using a uniformly labelled
probe derived from the AB180 gene of A. thaliana (Karlin-
Neumann et al., 1988). The same amount of total RNA
was analyzed in the four samples of each set (D, R, R/F
and FR). The amount of total RNA (ug) (isolated from
mature white light grown plants) used in the standard
lanes is indicated by the numbers at the top of each lane.
Seedlings received the following light treatments and were
returned to darkness for 2 h before harvesting: D = no
light; R = 1-min red light; R/F = 1-min red light followed
immediately by 10 min far-red light; FR = 10-min far-red
light. 140 = protected product from AB140 mRNA; 180/
165 = protected product from AB165 and/or AB180.

though one of their other phytochrome regulated
responses (inhibition of hypocotyl elongation by
light) has been impaired (Koornneef et al., 1980).

Both AB180 and ABIGS5 are expressed in mature
green plants

It was previously shown that at the mRNA level,
AB140 is the most responsive member to phyto-
chrome action in the cab gene family in etiolated
seedlings, while in mature green plants the abun-
dance of the mRNAs from AB180 and/or AB165 is
nearly as high as that of AB140 (Karlin-Neumann
et al., 1988). In order to investigate whether both
the AB180 and ABI165 genes are expressed, we
employed limited primer extension assays to dis-
tinguish the mRNAs from AB180 and AB165. Fig-
ures 2 (a) and {b) show schematically the templates
and primers for extension reactions and the
expected extended products. An oligonucleotide
primer (22-mer) was used to detect transcripts from
the AB180 gene (P180). In the presence of only one
type of nucleotide (a-*2P-TTP), the primer should
only be extended on the AB180 template. To detect
AB165, another primer (P165, a 20-mer) was used.
A product of one nucleotide extension on P165
should be expected in the presence of the single
nucleotide a-*?P-dATP only on the AB165 tem-
plate. Therefore, two extended products of 23 and
21 nucleotides long should be expected for AB180
and AB165, respectively, if both of them are ex-
pressed.

Figure 2(c) shows the results of one such exper-
iment. The expected extended products of 23 or 21
nucleotides long were detected in the reactions for
ABI180 and ABI65, respectively, when poly A*
RNA isolated from mature green plants was used
as the extension template (Fig. 2c, lanes 3 and 4).
These extended products indicate the presence of
the transcripts from both the AB180 and AB165
genes in the poly A" RNA population. This
interpretation is supported by the data shown in the
other lanes of this figure. The same size extended
products were detected in the reactions of the oli-
gonucleotides with DNA templates containing the
ABI80 or AB165 sequences under identical con-
ditions (Fig. 2c, lanes 5 and 6). Moreover, no
extended product was detected in the absence of
either a template or a primer (Fig. 2c, lanes 7 and
8). Finally, the reactions are specific for the genes
as indicated since no extension occurred (and no
signal was seen) when P180 and TTP were used
with the AB165 DNA template or P165 and dATP
were used with the AB180 template (data not
shown). While these data demonstrate that both
types of transcripts are present in mature green
plants, we do not intend to make a direct quantita-
tive comparison of the levels of AB180 and AB165
mRNA because the levels varied between exper-
iments.
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a. Region ¥ (780-802) in which only ABIBO should be extended
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Figure 2. Limited primer extension analysis demonstrat-
ing that both AB165 and AB180 are expressed in mature
white light grown A. thaliana plants (Columbia). (a)
Sequences of region 1 of the mRNAs from the three A.
thaliana cab genes (AB165, AB180 and AB140) and the
primer (P180, a 22-mer) complementary to the mRNA
sequences. Due to the single nucleotide difference at pos-
ition 780 shown in boldface, the primer should be extended
only on AB180 mRNA and only by a single nucleotide
when only TTP is present (T*, radioactively labelled). (b)
Sequences of region 2 of the mRNAs from the three
A. thaliana cab genes and the primer (P 165, a 20-mer)
complementary to the mRNA sequences. Due to the single
nucleotide difference at position 225 shown: in boldface,
the primer should be extended only on AB165 mRNA
and only by a single nucleotide when only dATP is present
(A*, radioactively labelled). Dashes in the sequences
shown represent nucleotide identity of the sequence
above. Numbers above the sequences of AB165 in (a) and
(b) indicate the nucleotide positions relative to the first
nucleotide in the coding region. (c) Autoradiogram of a
representative analysis. The relative positions of the pri-
mers P180 and P165 in the 12% PAGE are shown in
lanes 1 and 2, respectively, by labelling the primers with
polynucleotide kinase. Extended products were detected
when poly A* RNA isolated from mature white light
grown plants was used as templates (lanes 3 and 4). Lane
3 shows the extended product from AB180 mRNA and
lane 4 shows the extended product from AB165 mRNA.
Extended products with identical sizes were also detected
when DNAs containing the AB180 (lane S) and AB165
(lane 6) sequences were used as templates. No extension
was detected in the absence of a template (lane 7) or a
primer (lane 8).

Expression of ABI165 and ABI80 is also
developmentally regulated and is different
between different strains

We have shown previously (Karlin-Neumann et
al., 1988) that the increase in AB140 mRNA in
7-day old etiolated seedlings of A. thaliana
(Columbia) is much greater in response to phyto-
chrome action than that in the AB165 and AB180
mRNA. However, in mature green plants the steady
state levels of the two types of mRNA are almost
equal. Even in 1 week old green seedlings, the
pattern looks more similar to that of the etiolated
seedlings than that of the mature green plants. It
seems then that the expression of AB165 and AB180
may vary at different stages of early development.
We examined the cab mRNA levels in seedlings at
different times after germination when they were
grown under a 14L/10D WL photoperiod. The data
in Fig. 3 indicate that at early stages (3- and 5-day
old seedlings), the expression of AB165 and AB180
is high and the ratio of AB165 and AB180 RNA to
AB140 RNA is similar to that seen in mature green
plants. The AB165 and AB180 mRNA levels start
to decline (8, 9 and 11-day old seedlings) until
primary leaves develop. These data suggest that the
cab gene expression is developmentally regulated
in addition to its responsiveness to phytochrome
action.

The mRNA level of AB165 and AB180 is about
6-times lower than that of the AB140 in etiolated
seedlings of A. thaliana (Columbia), assayed 2 h after
a 1-min R flash {Karlin-Neumann ef al., 1988). How-
ever, in another strain, Landsberg erecta, the level of
AB165 and AB180 is equal to that of the AB140
under identical conditions, as shown in Fig. 1 (R
lanes). These results suggest that AB165 and AB180
are more responsive to phytochrome control in a
Landsberg erecta background than in a Columbia one.
The exact cause of this differential expression in the
two strains has not been investigated.

DISCUSSION

We have demonstrated that the cab genes are
expressed normally with respect to phytochrome

Age of Seed!
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Figure 3. Changes of cab mRNA levels during early devel-
opment of A. thaliana seedlings (Columbia strain). Total
RNAs isolated from seedlings grown in white light for
different periods of time (3, 5, 8, 9 and 11-days) were
analyzed by S1 nuclease protection experiments. The
probe was identical to the one used in Fig. 1. Fwo ug of
total RNA was used in each hybridization and half of that
was analyzed by 1.5% agarose gel electrophoresis and
autoradiography.






