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ABSTRACT We found a transient increase in the amount
of mRNA for four nuclear genes encoding chloroplast proteins
during early development of Arabidopsis thaliana. This in-
crease began soon after germination as cotyledons emerged
from the seed coat; it occurred in total darkness and was not
affected by external factors, such as gibberellins or light
treatments used to stimulate germination. Three members of
the cab gene family and the rbcS-IA gene exhibited this
expression pattern. Because timing of the increase coincided
with cotyledon emergence and because it occurred indepen-
dently of external stimuli, we suggest that this increase repre-
sents developmental regulation of these genes. Further, 1.34
kilobases of the cabl promoter was sufficient to confer this
expression pattern on a reporter gene in transgenic Arabidopsis
seedlings. The ability of the cab genes to respond to phy-
tochrome preceded this developmental increase, showing that
these two types of regulation are independent.

Regulation of the cab genes encoding the chlorophyll a/b-
binding proteins (cab) of photosystem II has been studied
extensively in higher plants. Phytochrome increases cab gene
transcript accumulation in many etiolated monocots and
dicots (1), and the rate of cab gene transcription has been
shown to be under red/far-red control in some cases (2-4);
cab gene transcription is also positively regulated by blue
light (5, 6). When plastid development is blocked, cab mRNA
fails to accumulate, indicating that a functioning chloroplast
is required for cab gene expression (7). The cab genes are also
regulated by circadian rhythms (8-10).
The cab genes can be subject to endogenous control during

different stages ofplant development. During the first days of
seedling growth in the mustard species Sinapsis alba, cab
genes become competent to respond to phytochrome, and at
this time cab mRNA is detectable in the dark (11). Similarly,
cab mRNA levels increase in soybean cotyledons before
emergence from the soil and then decrease as the cotyledons
senesce (12). Later in plant development, after bolting has
occurred, cab gene expression is reduced in the rosette
leaves of Arabidopsis (13). The levels of plant hormones
change during plant development, and both cytokinin and
abscisic acid have been shown to affect cab gene expression.
Cytokinin can increase the amount of cab mRNA by a
posttranscriptional mechanism (14), whereas abscisic acid
has been shown to decrease both cab and rbcS (ribulose-
bisphosphate carboxylase/oxygenase small subunit) mRNA
levels (15-17).
Arabidopsis thaliana has become a model system to un-

derstand the regulation ofgene expression in plants (18). We
have isolated three cab genes from Arabidopsis (19) and
shown them to be under phytochrome control (20). In the
process of studying competence to respond to phytochrome

in dark-grown Arabidopsis, we observed a transient accu-
mulation of cab mRNA in dark-grown seedlings. The results
presented here characterize this endogenous regulation that
occurs during early seedling development. Because regula-
tion of cab genes in response to external stimuli has been
widely studied, the present findings provide an important
perspective to research in this area.

MATERIALS AND METHODS
Growth Conditions. A. thaliana ecotype Columbia and a

transgenic derivative of this line, cab(+14)B (21), were used
in all experiments. Seeds were sown onto Whatman no. 1
filters, which were placed on GP medium [MS salts
(GIBCO)/3 mM MES/Benomyl at 20 mg/liter (Cooke Lab-
oratory Products, Portland OR)/0.7% Phytagar (GIBCO),
pH 5.7 with or without 2% sucrose] under a dim-green
safelight. GA4+7 (Abbott) was included in the GP medium at
a concentration of 150 AuM. The imbibing seeds were stored
for 2 days at 40C in metal cannisters sealed with black
light-proof sealing tape. Cannisters were warmed to room
temperature, and seedlings were exposed to white light for 15
min. This 15-min white-light treatment marked the beginning
of the time course. When the 15 min of white light was
omitted, the time course commenced when plates had been
warmed to room temperature. To ensure total darkness,
plates were returned to cannisters, sealed with light-proof
tape, and placed into a light-tight box in a light-tight room that
was maintained at 25TC. At indicated intervals, plates were
removed in total darkness, and then seedlings were harvested
into liquid N2 under a dim-green safelight. All safelights were
tested by a germination assay and did not induce germination
beyond the dark level. Light treatments for phytochrome
experiments were 1 min of saturating red or 1 min of
saturating red immediately followed by 10 min of saturating
far-red. Light sources have been described (22). After these
treatments, seedlings were returned to complete darkness for
4 hr before harvest into liquid N2. To produce seeds that have
higher germination levels in the dark, plants were grown
under fluorescent lights (23).

Isolation of Total RNA. RNA was extracted by using a
modified procedure of that described in ref. 24. When RNA
was isolated from seedlings grown for 24 hr or less, 600 seeds
were used; for older seedlings 300 seeds were used. Frozen
tissue was ground in liquid N2 by using a small mortar and
pestle for 30 sec and then transferred to a 1.5-ml microcen-
trifuge tube using a chilled Teflon spatula. One hundred and
fifty microliters of extraction buffer (50 mM Tris, pH 8.3/150
mM NaCl/10 mM EDTA/1% lauryl sarcosine) and 150 1.L of
PIC (phenol/isoamyl alcohol/chloroform, 24:1:24, equili-
brated with 100 mM Tris, pH 8.3/10 mM EDTA) were added
to the frozen tissue. Tissue was homogenized for 30 sec by
using a Vortex mixer or by using an Omni 1000 homogenizer

Abbreviation: nt, nucleotide(s).
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with a 5-mm grinding tip (Omni International, Waterbury,
CT). The aqueous phase was reextracted with PIC and then
precipitated using 0.1 vol of 3 M sodium acetate, pH 5.2, and
an equal volume of isopropanol. DNA was removed by two
sequential LiCl precipitations. The first precipitation was in
a total volume of 1.5 ml (1125 ,d of 10 mM Tris, pH 8.3/10
mM EDTA plus 375 ul of 8 M LiCl) for 16 hr on ice, whereas
the second precipitation was done in half that volume for 6 hr
on ice. Pellets were washed with 80%o (vol/vol) EtOH, dried,
and resuspended in 10 mM Tris, pH 8.3/1 mM EDTA. Yields
were typically >30 ttg.

Probes for RNase Protection. Two probes used in this study,
cabl and cabl-tms2 have been described (21). The cab2 and
cab3 RNA probe was made by PCR with the following
primers: upstream, 5'-GGGAATTCAAATCCAATGAGTA-
GAGAGAT-3'; and downstream, 5'-GGGGATCCTCA-
CACGGCCGCTTCCGAGGA-3'. The upstream primer be-
gins at -150 nucleotides (nt) from the transcription start of
cab3, whereas the downstream primer is from a region (+ 100
nt) identical in both cab3 and cab2. This PCR product was
cloned into pGEM4Z at the EcoRI and BamHI sites (pGEM-
cab3,2) and digested with EcoRI to produce a T7 RNA
polymerase template. This RNA probe spans a dinucleotide
difference between the cab2 and cab3 genes located at -30 nt
in the upstream untranslated region of the transcripts. The
longer protected fragment (-150 nt) corresponds to the cab3
transcript, whereas the smaller protected fiagment (p130 nt)
corresponds to the cab2 transcript. A GG dinucleotide is
cleaved when the RNA probe protects the cab2 transcript,
and when the amount ofRNase T1 (which cleaves at guanine
residues) is increased by 3-fold no more cab2 fragment is
released, indicating that measurements ofboth cab3 and cab2
transcripts are accurate.
The ubq3 sequence and template DNA were from J. Callis

(University of California, Davis). The ubq3 RNA probe,
which spans the 3'-untranslated region and is specific to the
ubq3 transcript, was made by using the following PCR
primers: upstream, 5'-TCCTATCGATTTCGTTT-3'; and
downstream, 5'-GATGAAAAACTTGAAGTGGGGATC-
CGG-3'. The upstream primer is located 100 nt upstream
from the end of the cDNA, and the downstream primer is
located 90 base pairs (bp) downstream from the end of the
cDNA. ThePCR fragment was cloned into pBluescriptKS(+)
at the Cla I andBamHI sites (pubq3ds) and digested with Xho

I to produce a T7 RNA polymerase template. This probe
protects a 103-nt fragment.
The rbcS-lA RNA probe is also from the 3'-untranslated

region and is specific to the rbcS-1A transcript. This probe
was made by using the following primers: upstream, 5'-
GGGGATCCGTTAATTTCCCTTTGCTTTTC-3'; and
downstream, 5'-GGGAATTCGAATCCGATAGAATAT-
GTCTC-3'. The upstream primer is located immediately past
the termination codon, whereas the downstream primer is
located 150 bp downstream of the termination codon (25).
This PCR fragment was cloned into pBluescriptSK(+) at the
EcoRI and BamHI sites [pSK(+)ssu-lA] and digested with
Xba I to produce a T7 RNA polymerase template. The
rbcS-lA RNA probe protects a fragment of 150 nt.
RNase Protection Analysis. RNA probes were synthesized

by using Promega 17 RNA polymerase and buffer as de-
scribed by the manufacturer, except that 80 ,uCi of
[a-32P]UTP (800 Ci/mmol, Amersham; 1 Ci = 37 GBq) was
used. RNase protections were done by using 5 pg of total
RNA and 10 jug oftRNA according to the protocol of ref. 26,
except that the final 70% wash was omitted. In the early time
course experiment from 0 to 24 hr (see Fig. 1), samples
contained 15 pg of total RNA and 10 /lg of tRNA. Protected
fragments were electrophoresed on 8% sequencing gels, and
radioactivity in protected bands- was quantified by scintilla-
tion counting. The ubq3 RNA probe protects a family of
bands that can be seen in Fig. 1; for quantitation, the highest
molecular weight of these was used.

RESULTS
cab Gene Expression Shows Both Endonous and Phy-

tochrome Regulation During Etilt Seling Growth. The
levels of cabl, originally named cabl40 (19), mRNA and the
effect ofphytochrome action on these levels were determined
over a 9-day period and are shown in Fig. 1. Germination was
initiated by a 15-min white-light treatment, and, at the
indicated times after this treatment, etiolated Arabidopsis
seedlings received 1 min of red light, 1 min of red light
immediately followed by 10 min of far-red light, or were left
untreated. Seedlings were returned to the dark for 4 hr before
transcripts were quantified by RNase protection. A ubiquitin
gene (ubq3) served as a constitutive control that was not
regulated by phytochrome.
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FIG. 1. RNase protection analysis of cabl and ubq3 transcript levels during early seedling development. At indicated times (h, br; d, days)
etiolated seedlings received the following light treatments: D, no light; R, 1 min of red light; RF, 1 min of red light immediately followed by
10 min of far-red light. Seedlings were returned to darkness for 4 hr before RNA was extracted for analysis. (Upper) Samples contain 15 ug
of Arabidopsis RNA and 10 pg of tRNA; exposure time was 18 hr. C, the control lane, contains only 10 pzg of tRNA. (Lower) Samples contain
5 pg ofArabidopsis RNA and 10 pg oftRNA; exposure time was 6 hr. The Upper and Lower probes were labeled to different specific activities.
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After seeds were sown, they were imbibed for 2 days in the
dark at 40C and then warmed to room temperature. At this
time (O hr) they contained low, but detectable, amounts ofthe
cabl transcript both in the dark and after a red-light treat-
ment. The control lane does not contain Arabidopsis RNA,
and at a comparable exposure no band can be seen at the
position of the fragment that was protected by the cabl RNA
probe. This low level of cabl mRNA seen in imbibed seeds
indicates that little cabl mRNA is retained from embryo
development. After 12 hr of growth in darkness (Fig. 1, lane
12h D) cabl transcript levels were still low. But after 24 hr,
when radicles had emerged from the seed coat, cabl RNA
was induced by red light (lane 24h R), and the effect of red
was reversed by far-red light (lane 24h RF), demonstrating
that the cab] gene was under phytochrome control. At 24 hr
the cabl transcript was at a low, but detectable, level in the
dark (lane 24h D).

After 2 days of dark growth, the cotyledons had emerged
from the seed coat, and there was an =50-fold increase in the
dark cabl mRNA level compared with day 1. The ubq3
mRNA level also increased but only by 3-fold. Phytochrome
further induced cabl transcript accumulation above the dark
level (Fig. 1, lane 2d R). At day 3, the hypocotyls had begun
to lengthen, and the cotyledons were closed and unexpanded.
The cabl mRNA levels were at their highest level in the dark,
and red light did not stimulate a measurable increase in the
cabl message (lanes 3d D and R). After day 3 and continuing
through day 9, cabl transcript levels decreased in the dark.
Phytochrome regulation remained, but the red-light-induced
level of the cabl transcript decreased in older seedlings. The
hypocotyls continued to lengthen during this period, and
cotyledons remained closed until day 7 when they unfolded
but did not expand.
The ubq3 mRNA increased steadily during etiolated seed-

ling growth, reaching a maximum at day 8 and remaining at
this level through day 9. The ubq3 mRNA did not peak at day
3, suggesting that the transient increase seen for the cabl
mRNA was not due solely to a general increase in RNA
polymerase II activity. Fig. 2 shows that other members of
the cab gene family, cab2 and cab3, formerly named cab)65
and cab)80, respectively (19), as well as the rbcS-IA gene,
also showed a developmentally regulated pattern of mRNA
expression in etiolated seedlings. The cab2 and cab3 mRNA
levels were substantially lower than the cabl mRNA level,
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and a longer exposure was required for detection, as can be
seen by comparing intensities of the ubq3 signals. The
rbcS-1A mRNA level was already high after 24 hr of dark
growth; it peaked at day 2, one day earlier than the cabl
transcript, and then declined similarly to the cabl mRNA.
Control lanes without Arabidopsis RNA showed no back-
ground bands at the positions of cab3, cab2, and rbcS-1A
(data not shown). Thus, we have observed light-independent
endogenous control ofthree cab genes and one member ofthe
rbcS gene family in etiolated Arabidopsis seedlings.
A Circadian Rhythm Is Not Involved in the Dark Expression

Pattern. We tested the possibility that the 15 min of white
light used to stimulate germination could have acted as a
zeitgeber for circadian control. To verify that mRNA levels
were not oscillating on a 24-hr cycle, cabl mRNAs were
assayed 2 to 3 times daily during a 5-day period of dark
growth. Fig. 3 shows that the cabl mRNA levels followed a
steady increase and decrease; therefore, the endogenous
regulation of cab) gene expression seen during early seedling
development is not circadian. This result also suggests that
imbibed seeds are not yet capable of responding to a zeitge-
ber.
Endogenous Regulation Occurs Independently of the Light

Treatment Used to Stimulate Germination. We also consid-
ered the possibility that the 15 min of white light used to
trigger germination could have induced the high levels of cab
gene expression seen in the dark. We therefore used two
alternative treatments to stimulate germination and examined
the subsequent pattern of cab gene expression during dark
growth. In one experiment, germination was stimulated by
150 ,xM GA4+7 (27). In a parallel experiment, seeds with high
levels of dark germination were used (23). Fig. 4 A and B
show that both sets of seedlings showed an endogenous
increase in the level of cabl mRNA during growth in dark-
ness, similar to that seen when 15 min ofwhite light was used
to stimulate germination (Fig. 1). The approximately one-
half-day delay in the initial increase of cabl mRNA probably
results from the nonuniform germination that occurs under
these alternative germination conditions. In the experiment
shown in Fig. 4B, the seedlings grown from seeds with high
levels of dark germination showed an unusually high level of
cabi transcript.

Developmental Regulation Occurs with Sucrose. To see ifan
external carbon source would affect cab gene expression in
the dark, seedlings were grown on standard medium/2%
sucrose. Sucrose can induce the expression of the petunia
CHS-A gene inArabidopsis (28). Fig. 4C shows that the effect
of sucrose was to alter the timing of the transient increase in
cabl mRNA. The maximum level of cabl mRNA occurred at
day 4 rather than at day 3, and although a decline in this level
was still observed, at day 8 cabl transcripts were 3-fold more
abundant in sucrose-grown seedlings than in seedlings grown
without sucrose. The ubq3 mRNA levels were not affected by
sucrose. That sucrose did not abolish the light-independent
increase of cab mRNA levels in etiolated Arabidopsis seed-
lings and even contributed to the maintenance ofhigher levels
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FIG. 2. RNase protection analysis of cab3, cab2, and rbcS-lA
transcript levels during early seedling development. At 24-hr inter-
vals over an 8-day period, dark-grown seedlings were harvested for
RNase protection analysis. All samples contain 5 Pg of Arabidopsis
RNA and 10 ,ug of tRNA; exposure times were 13 hr for cab3 and
cab2 and 2 hr for rbcS-lA.
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FIG. 3. RNase protection analysis of cabl and ubq3 transcript
levels from dark-grown seedlings harvested over a 5-day time course.
RNA was isolated from dark-grown seedlings harvested at the
indicated times and subjected to RNase protection analysis. Circles
above hours indicate days.

Plant Biology: Brusslan and Tobin



7794 Plant Biology: Brusslan and Tobin

A
cabl -

1 2 3 4 5 6 7 8 days

ubq3- _ _

B
cabl - --A 4

O_ *!SZ

ubq3 -

C
cab1-

ubq3 --

ub3Irn
];e

FIG. 4. RNase protection analysis of cabl and ubq3 transcript
levels from dark-grown seedlings grown under different conditions.
(A) Seeds were sown onto medium containing 150 AM GA4+7 to
stimulate germination and did not receive a 15-min white-light
treatment. (B) Seeds with high levels of dark germination were sown
onto normal medium and did not receive a 15-min white-light
treatment. (C) Seeds were sown onto medium containing 2% sucrose
and did receive a 15-min white-light treatment. RNA was isolated
from dark-grown seedlings at the indicated times and subjected to
RNase protection analysis.

of cab mRNA in older seedlings, differs from the observa-
tions made in maize bundle-sheath protoplasts, where su-
crose repressed cab gene expression (29).
The cab] Promoter Is Sufficient to Confer Responsiveness to

Endogenous Cues. We have used a cab)-tms2 transgenic line,
cab(+14)B (21), to see whether the cab] promoter could
confer developmental regulation upon a reporter gene. The
cabl-tms2 fusion contains 1.34 kilobases (kb) of the cab)
promoter, including the initial 14 bp of the cabl transcript.
Transgenic seedlings were harvested at 24-hr intervals over
an 8-day period of dark growth. The cabl-tms2 transcript
was quantified by RNase protection analysis and is shown in
Fig. 5, along with cabl and ubq3 mRNAs. The cabl-tms2
message appeared at day 2, as did the endogenous cabl
message, peaked at day 3, and then returned to a low level at
day 4. This expression pattern paralleled that of the native
cab) gene, but the amount of transgene transcript produced
was substantially less. Thus, 1.34 kb of the upstream region
of the cab) gene is sufficient to confer responsiveness to
endogenous cues in etiolated Arabidopsis seedlings.
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FIG. 5. RNase protection analysis of cabl-tms2, cabl, and ubq3
transcript levels from a dark-grown transgenic Arabidopsis line.
Dark-grown cab(+14)B transgenic seedlings that harbor the full-
length (1.34 kb) cab] promoterfused to the tms2 gene were harvested
at the indicated times. RNA was isolated and subjected to RNase
protection analysis.

DISCUSSION

We have observed a transient increase in mRNA levels for
three members of the cab gene family and for the rbcS-IA
gene in Arabidopsis seedlings grown in complete darkness. A
50-fold increase in cabl-transcript levels occurs between 24
and 48 hr of etiolated growth; cabi mRNA levels peak 24 hr
later and then decrease. A transcript encoding ubiquitin
increases only 3-fold between 24 and 48 hr and does not
decrease; thus the pattern seen for the cab and rbcS genes is
not solely due to a general increase and decrease in tran-
scription. The initial increase in cab transcripts coincides
with the emergence of the cotyledons from the seed coat.
Furthermore, the pattern ofexpression occurs independently
of light exposure, exogenous gibberellins, and sucrose. Thus,
we suggest that we are observing an internal, developmental
regulation of cab and rbcS mRNAs. Others (Andree De-
donder, personal communication; William Kubasek and Fred
Ausubel, personal communication) have also seen high levels
of cab and rbcS mRNAs in dark-grown Arabidopsis.

This developmental regulation of the cab genes can be
distinguished from phytochrome regulation. This difference
is most clearly illustrated by the temporal separation of these
two types of regulation: the ability to respond to phy-
tochrome occurs before the onset of developmental regula-
tion and continues after the dark levels have decreased.
Additionally, phytochrome regulation continues to be ob-
served over and above the pattern of expression in the dark,
again suggesting that these two types of regulation are
independent. Previously, the high levels of cab mRNA ob-
served in the dark were thought to signal competence to
respond to phytochrome (11), but we now have shown that
these two controls of cab gene expression are separable.
We have also demonstrated that a 1.34-kb fragment of the

cab) gene can confer developmental regulation to a reporter
gene in etiolated seedlings. Deletion analysis ofthis fragment
in transgenic Arabidopsis seedlings will allow us to find
regions of the cab) promoter that respond to the internal
signals. Because we observed phytochrome control indepen-
dently of developmental control in etiolated Arabidopsis,
these developmental elements probably will be separate from
the elements that confer responsiveness to phytochrome.
We do not yet know whether this developmental regulation

is occurring at the transcriptional or posttranscriptional level.
It is likely that a transcriptional component is involved
because the cab) promoter fragment can confer developmen-
tal control to the tms2 reporter gene. That a posttranscrip-
tional component is involved is less likely because the
cabl-tms2 transcript contains only 14 nt of upstream un-
translated region from the cab) promoter, and this length is
probably not enough to stabilize the transcript (as discussed
in ref. 21).

Similar developmental control was seen in dark-grown
maize for rbcS genes (30), and a high level of the cab-) gene
transcript was detected in 8-day-old etiolated maize (31). In
dark-grown barley, developmental regulation was also ob-
served for rbcS and cab genes (32). In these monocots,
leaf-cell development proceeds to nearly the same extent in
the dark as in the light (33). Endogenous regulation in these
species is similar to what we have observed in etiolated
Arabidopsis, a dicot in which leaf development strictly de-
pends on light. Similr internal control ofrbcS genes has been
observed in other dark-grown dicot seedlings, including
cucumber (34) Brassica napus and Sinapsis alba (35), with
peaks in rbcS accumulation occurring at 2-3 days after
sowing, close to the time that we observed the highest levels
of cab and rbcS transcript accumulation inArabidopsis. High
levels of rbcSl, rbcS2, and rbcS3A transcripts have been
detected in 7-day-old dark-grown tomato as well (36). Like
Arabidopsis, the other dicot species mentioned above do not
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develop leaves in the dark. These examples illustrate that the
extent ofleaf development in the dark does not correlate with
the developmental regulation of cab and rbcS transcripts in
etiolated seedlings.

Transcription of plastid genes has also been observed to
follow a similar developmental pattern. In the mustard Sinap-
sis alba, many plastid genes are transcribed in the dark, with
trnK showing the same timing of increase and decrease as
seen for cab in Arabidopsis (35). In barley, general plastid
transcription reaches a peak in the same leaf sections that
show peaks of rbcS and cab transcripts (32). Thus, the early
light-independent developmental program seems to involve
both the plastid and the nucleus. This developmental program
could be important for preparing the seedling for the rapid
biogenesis of the photosynthetic apparatus when the cotyle-
dons emerge from the seed coat 2 days after sowing. Rapid
synthesis of the light-harvesting chlorophyll proteins could
help the plant protect itselffrom photo-oxidative damage that
occurs when newly synthesized chlorophyll is not incorpo-
rated into the photosynthetic apparatus (1).
The increased amounts of cab mRNA seen in soybean

cotyledons before they emerge from the ground (12) could
resemble the developmental regulation described here, but
the plants used in these experiments were grown in light,
which can penetrate the soil and stimulate cab gene expres-
sion.
Sucrose has been reported to repress cab gene expression

in a transient assay with maize bundle-sheath protoplasts
(29), but we found that sucrose does not repress cab gene
expression during etiolated seedling growth in Arabidopsis. It
is likely that sucrose affects mature bundle-sheath proto-
plasts differently than etiolated seedlings. We observed that
higher levels of cabl mRNA were maintained in older seed-
lings when sucrose was included in the medium. This fact
suggests that the decline of cab mRNA seen at day 4 without
sucrose is, in part, metabolic, due to a decline in the limited
storage reserves provided by the small Arabidopsis seed.
Our findings are important because this developmental

regulation must be taken into account when studying other
aspects of gene regulation in Arabidopsis. Further, this
endogenous regulation of cab] gene expression seen in
etiolated Arabidopsis during early seedling development pro-
vides a simple experimental system in which to study mech-
anisms of internal control.

We thank Dr. Judy Callis for the ubq3 gene and Dr. Enno Krebbers
for the rbcS-IA-containing clone used as a PCR template. We also
thank Shirley Williams for aid with photography and Dr. Sharlene
Weatherwax for helpful discussions. J.A.B. is an American Cancer
Society Postdoctoral Fellow (03306). This research was supported by
National Institutes of Health Grant GM23167.

1. Thompson, W. F. & White, M. J. (1991) Annu. Rev. Plant

Physiol. Plant Mol. Biol. 42, 423-466.

2. Silverthorne, J. & Tobin, E. M. (1984) Proc. Natl. Acad. Sci.
USA 81, 1112-1116.

3. Mosinger, E., Batschauer, A., Schafer, E. & Apel, K. (1985)
Eur. J. Biochem. 147, 137-142.

4. Nagy, F., Kay, S. A., Boutry, M., Hsu, M.-Y. & Chua, N.-H.
(1986) EMBO J. 5, 1119-1124.

5. Fluhr, R. & Chua, N.-H. (1986) Proc. Natl. Acad. Sci. USA 83,
2358-2362.

6. Marrs, K. A. & Kaufman, L. S. (1989) Proc. Natl. Acad. Sci.
USA 86, 4492-4495.

7. Taylor, W. C. (1989) Annu. Rev. Plant Physiol. Plant Mol. Biol.
40, 211-233.

8. Kloppstech, K. (1985) Planta 165, 502-506.
9. Nagy, F., Kay, S. A. & Chua, N.-H. (1988) Genes Dev. 2,

376-382.
10. Millar, A. J. & Kay, S. A. (1991) Plant Cell 3, 541-550.
11. Schmidt, S., Drumm-Herrel, H., Oelmuiller, R. & Mohr, H.

(1987) Planta 170, 400-407.
12. Chang, Y. C. & Walling, L. L. (1992) Planta 186, 262-272.
13. Chory, J., Nagpal, P. & Peto, C. A. (1991) Plant Cell 3,

445-459.
14. Flores, S. & Tobin, E. M. (1986) Planta 168, 340-349.
15. Quatrano, R. S., Ballo, B. L., Williamson, J. D., Hamblin,

M. T. & Mansfield, M. (1983) in Plant Molecular Biology, ed.
Goldberg, R. B. (Liss, New York), pp. 343-353.

16. Bartholomew, D. M., Bartley, G. E. & Scolnik, P. A. (1991)
Plant Physiol. 96, 291-2%.

17. Chang, Y. C. & Walling, L. L. (1991) Plant Physiol. 97, 1260-
1264.

18. Meyerowitz, E. M. (1987) Annu. Rev. Genet. 21, 93-111.
19. Leutwiler, L. S., Meyerowitz, E. M. & Tobin, E. M. (1986)

Nucleic Acids Res. 14, 4051-4064.
20. Karlin-Neumann, G. A., Sun, L. & Tobin, E. M. (1988) Plant

Physiol. 88, 1323-1331.
21. Karlin-Neumann, G. A., Brusslan, J. A. & Tobin, E. M. (1991)

Plant Cell 3, 573-582.
22. Tobin, E. M. (1981) Plant Mol. Biol. 1, 35-51.
23. Hayes, R. G. & Klein, W. H. (1974) Plant Cell Physiol. 15,

643-653.
24. Sharrock, R. A. & Quail, P. H. (1989) Genes Dev. 3, 1745-

1757.
25. Krebbers, E., Seurinck, J., Herdies, L., Cashmore, A. R. &

Timko, M. P. (1988) Plant Mol. Biol. 11, 745-759.
26. Zinn, K., DiMaio, D. & Maniatis, T. (1983) Cell 34, 865-879.
27. Kahn, A., Gross, J. A. & Smith, D. E. (1957) Science 125,

645-646.
28. Tsukaya, H., Ohshima, T., Naito, S., Chino, M. & Komeda, Y.

(1991) Plant Physiol. 97, 1414-1421.
29. Sheen, J. (1990) Plant Cell 2, 1027-1038.
30. Nelson, T., Harpster, M. H., Mayfield, S. P. & Taylor, W. C.

(1984) J. Cell Biol. 98, 558-564.
31. Sullivan, T. D., Christensen, A. H. & Quail, P. H. (1989) Mol.

Gen. Genet. 215, 431-440.
32. Rapp, J. C. & Mullet, J. E. (1991) Plant Mol. Biol. 17, 813-823.
33. Baumgartner, B. J., Rapp, J. C. & Mullet, J. E. (1989) Plant

Physiol. 89, 1011-1018.
34. Walden, R. & Leaver, C. J. (1981) Plant Physiol. 67, 1090-

1096.
35. Fiebig, C., Neuhaus, H., Teichert, J., Rocher, W., Degenhardt,

J. & Link, G. (1990) Planta 181, 191-198.
36. Wanner, L. A. & Gruissem, W. (1991) Plant Cell 3,,1289-1303.

Plant Biology: Brusslan and Tobin


