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Abstract : Glycolate oxidase is one of the key enzymes in the pathway of photorespiration. In this study
we investigated the effects of light on the expression of the spinach glycolate oxidase gene. Continuous
exposure to white light resulted in a gradual increase in the steady-state level of glycolate oxidase mRNA
within a time period of 2~24 h in both etiolated and dark-adapted green seedlings. A short white light
pulse also increased the level of glycolate oxidase mRNA in etiolated seedlings. The mRNA level reached
a maximum at 6~8 h after the pulse and decreased by 24 h after the pulse. The induction patterns
of the glycolate oxidase gene by white light appeared similar to those of the rbcS gene, indicating that
a common or coordinating regulatory system may be involved in the expression of the glycolate oxidase
and 1bcS genes. A red light pulse induced an increase in the amount of glycolate oxidase mRNA and
this effect was reversed by a subsequent far-red light pulse, suggesting that the expression of the glycolate

oxidase gene is regulated by phytochrome.
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Light regulates the expression of many plant genes
at the transcriptional level. The two best-known exam-
ples are the rbcS and cab genes, which encode the small
subunit of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) and the chlorophyll a/b binding pro-
teins, respectively. The effects of light on the expression
of these genes have been shown to be mediated by
phytochrome (Stiekema et al,, 1983; Silverthome and
Tobin, 1984). In addition to phytochrome, blue/UV-A
photoreceptor and UV-B photoreceptor are considered
to play important roles in the photocontrol of these
genes (Fluhr and Chua, 1986; Wehmeyer et al., 1990;
Dedonder et al., 1993). Presumably a complex network
of signal transduction pathways is required for light-reg-
ulated gene expression in plants.

Photorespiration involves light-dependent evolution
of CO; with the associated consumption of Qs Al-
though the physiological role of photorespiration is not
clear yet, it is believed that photorespiration serves to
recycle oxidation products generated by the oxygenase
activity of Rubisco. The expression of photorespiratory
genes, like photosynthetic genes, seems to be induced
by light. The expression of the gene encoding glycolate
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oxidase, one of the key enzymes in the pathway of
photorespiration, has been reported to be controlled
by light in lentil (Gerdes and Kindle, 1988) and spinach
(Park et al., 1992). However, the photoregulatory mech-
anism of glycolate oxidase gene expression remains
largely unknown.

In this study we examined the expression patterns
of the glycolate oxidase gene by light and compared
them with those of the rbeS gene in spinach. The re-
sults presented here suggest that phytochrome is involved
in the light-regulated expression of the glycolate oxi-
dase gene and that the glycolate oxidase and rbcS
genes are regulated in a coordinate manner.

Materials and Methods

Plant growth

Spinach seeds were germinated for 3 days and
grown hydroponically either for 7 days in the dark (10-
day-old etiolated seedlings) or for 4 days under contin-
uous white fluorescent light (7-day-old green seed-
lings) at ambient temperature. Green seedlings were
placed in the dark for 3 days before light treatment.

Light sources
For continuous white light treatments, a fluorescent
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lamp (18 W, 1200 lumen) from Dongmyoung electrical
company was used. For light pulse experiments, a Ko-
dak CAROUSEL 4600 projector lamp (300 W) was
used. Red and far-red lights were obtained using a red
glass filter (center wavelength: 660 nm, bandwidth: 10
nm) and a far-red glass filter (center wavelength: 725
nm, bandwidth: 10 nm), respectively. These filters were
purchased from Oriel corporation (Stanford, Connecti-
cut, USA). Plants were placed 40 cm away from the
light sources and the filters were located halfway be-
tween the plant and the light source.

Northern blot analysis

Total RNA was prepared from spinach leaves using
the phenol/SDS method (De Vries et al, 1988). Total
RNA (20~25 ug) was electrophoresed in a 1.2% aga-
rose/2.2 M formaldehyde gel and transferred to a ni-
trocellulose filter using 20X SSC as described by Sam-
brook et al. (1989). Equal loading of RNA was checked
by ethidium bromide staining of the gel, or by methyl-
ene blue staining of the blots after hybridization (Sam-
brook et al, 1989). The blots were hybridized with
a glycolate oxidase cDNA (a 1.5 kb EcoRI fragment

of pMV21) or a rbcS ¢cDNA (a 0.8 kb Notl fragment .

of pJA300). These probes were labeled using the ECL
direct nucleic acid labeling system (Amersham). pMVZ21
(Volokita and Somerville, 1987), which contains a spin-
ach glycolate oxidase cDNA, was provided by Dr. Som-
erville at Michigan State University. pJA300 contains
a spinach rbcS ¢DNA that was obtained by screening
a spinach leaf ¢cDNA library using a soybean rbcS
cDNA as a probe (Jin et al., manuscript in preparation).

Results and Discussion

Effect of continuous white light on glycolate oxidase
gene expression

We examined the induction kinetics of glycolate oxi-
dase gene expression by white light in green spinach
seedlings. Seven-day-old, light-grown seedlings were
dark-adapted for 3 days and then exposed to contin-
uous white light for 2, 4, 6, 8, or 24 h. Total RNAs
isolated from these samples were subjected to Northern
blot hybridization and the results are shown in Fig.
1. The three-day-dark treatment did not completely
abolish the steady-state levels of glycolate oxidase and
rbcS mRNAs. A significant increase in the steady:state
level of glycolate oxidase mRNA was observed after
4 h of illumination and the level kept increasing with
irradiation time (Fig. 1A). Previous studies on the ex-
pression of the spinach glycolate oxidase gene have
shown that the amount of glycolate oxidase mRNA
reached a maximum after 24 h of illumination (Park

J. Biochem. Mol. Biol. (1995), Vol. 28(3)

V)

Fig. 1. Induction kinetics of glycolate oxidase (A) and rbcS (B)
mRNAs by white light in green seedlings. Seven-day-old green
seedlings were dark-adapted for 3 days and then exposed to
continuous white light for- 0, 2, 4, 6, 8, or 24 h. Total RNA
(20 pg) isolated from each of these samples was analyzed by
Northem blot hybridization. '

et al, 1992). The induction of rbcS mRNA, like glyco-
late oxidase mRNA, was distinct after 4 h of illumina-
tion and the mRNA level increased with irradiation time
(Fig. 1B).

The effect of continuous white light on the expres-
sion of the glycolate oxidase gene was also examined
in 10-day-old etiolated seedlings. The results are shown
in Fig. 2. Substantial levels of both glycolate oxidase
and rbcS mRNAs were found in the etiolated seedlings,
indicating that these two genes are expressed at the
basal level in the dark. The amounts of the two
mRNAs began to increase 2 h after light exposure and
kept increasing up to 24 h. The results of Figs. 1 and
2 indicate that the response to white light occurs more
rapidly in etiolated than in dark-adapted green seed-
lings. It is conceivable that etiolated plants possess a
more sensitive light signal transduction pathway than
green plants. The overall induction kinetics of the gly-
colate oxidase and rbcS genes by continuous white
light, regardless of the developmental condition of the
plant, appeared similar. This may reflect the need of
cooperative action of the two gene products, that is,
the accumulation of the photooxidative intermediates
resulting from the activation of Rubisco by light might
require the concomitant activation of photorespiratory
enzymes, including glycolate oxidase.

Effect of white light pulse on glycolate oxidase gene
expression

To better understand the role of light as a signal
for the activation of glycolate oxidase gene, we exam-
ined the effect of a short light pulse on the expression
of the gene in etiolated seedlings. Ten-day-old etiolated
seedlings were exposed to 10 min of white light, placed
in darkness for 2, 4, 6, 8 or 24 h, and harvested
for Northern blot analysis. The time course of glycolate
oxidase and rbcS mRNA accumulation is shown in Fig. .
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Fig. 2. Induction kinetics of glycolate oxidase (A) and rbeS (B)
mRBNAs by white light in etiolated seedlings. Ten-day-old dark-
grown seedlings were exposed to continuous white light for O,
2, 4, 6, 8, or 24 h. Total RNA (20 ug) isolated from each of
these samples was analyzed by Northern blot hybridization.
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Fig. 3. Time course of glycolate oxidase (A) and rbcS (B) mRNA
accumulation in response to a white light pulse. Ten-day-old dark-
grown seedlings were exposed to 10 min white light pulse and
placed in the dark for 2, 4, 6, 8, or 24 h (D, no light exposure).
Total RNA (25 pg) isolated from each of these samples was anal-
ysis by Northern blot hybridization.

3. The mRNA levels of both genes reached a maxi-
mum at 6~8 h after the light pulse and decreased
by 24 h after the pulse. These parallel induction pat-
terns of the two genes raise the possibility that a regula-
tory system may operate to ensure the coordinate ex-
pression of the glycolate oxidase and rbcS genes.
The results of Figs. 2 and 3 show that the induction
of glycolate oxidase gene expression by a short light
pulse is weaker than that by continuous light. Presum-
ably continuous presence of light is required for the full
expression of the gene. The simplest explanation for
this observation is that the activation of the glycolate
oxidase gene depends on the quantity of light. It is
also possible that the stability of the mRNA is enhanced
in the presence of light. The stability of rbcS mRNA
has been reported to be altered by exposure to
light (Fritz et al, 1991; Wanner and Gruissem, 1991).

Involvement of phytochrome in glycolate oxidase
gene expression

To determine whether the expression of the glycolate
oxidase gene is regulated by phytochrome, 10-day-old
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Fig. 4. Involvement of phytochrume in the activation of glycolate
oxidase (A) and rbcS (B) genes. Ten-day-old dark-grown seedlings
were exposed to no light (D), 10 min red light (R), 10 min red
light followed by 15 min far-red light (R/FR), or 15 min far-red
light (FR). Total RNA (20 pg) was isolated from each of these
samples after 4 h of darkness and analyzed by Northern blot
hybridization.

etiolated seedlings were exposed to 10 min of red light,
10 min of red light followed by 15 min of far-red light,
or 15 min of far-red light. Total RNA was isolated from
the seedlings after 4 h of darkness and analyzed by
Northern -blot hybridization. The results are shown in
Fig. 4. The red light pulse induced a slight increase
in the amount of glycolate oxidase mRNA, and this
effect was reversed by the subsequent far-red light
pulse (Fig. 4A), which is the operational criterion for the
phytochrome effect. The far-red light pulse alone did
not appear to increase the amount of glycolate oxidase
mRNA (Fig. 4A). The results of Fig. 4B show that the
induction of rbcS gene expression is mediated by phy-
tochrome, as expected.

The results shown in Fig. 4 indicate that phyto-
chrome plays a role in the expression of both the glyco-
late oxidase and rbcS genes. However, the magnitude
of the response of the glycolate oxidase gene to a red
light pulse was reproducibly smaller than that of rbcS
gene. This observation could mean that the light signal
transduction pathways may differ in the two gene sys-
tems. Or this may simply be due to the difference in
gene copy number between the two genes. A genomic
Southemn hybridization experiment using a 5’ fragment
of glycolate oxidase gene as a probe resulted in a sin-
gle band, suggesting that the glycolate oxidase gene
is a single-copy gene (unpublished data). On the other
hand, all known plant rbcS genes exist in families of
4 to 13 genes (Dean et al, 1989). Indeed, genomic
Southern blot analysis suggested that multiple rbcS
genes are present in spinach (unpublished data). It should
be noted that the rbcS mRNA described in this study
may represent the total mRNA species because the
probe used is expected to hybridize to the highly con-
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served coding sequences of the rbcS gene family. Sev-
eral types of photoreceptors are known to exist in
plants and the expression of many plant genes, includ-
ing the rbcS (Fluhr and Chua, 1986; Dedonder et
al, 1993) and cab (Wehmeyer et al., 1990) genes, has
been shown to be regulated by interactions of various
photoreceptors. It will be interesting to see if other light
receptors, in addition to phytochrome, are involved in
the regulation of glycolate oxidase gene expression.

A light signal is believed to affect gene expression
mainly by changing the binding behaviors of trans-act-
ing factors to the promoter regions of target genes.
The promoter regions of rbcS genes have been exten-
sively studied and many interacting trans-acting factors
have been identified (Gilmartin et al., 1990). It will be
of interest to analyze the promoter regions of the gly-
colate oxidase gene and their interactions with trans-
acting factors. Comparison of the glycolate oxidase and
rbcS gene systems may help us understand the mecha-
nism of light-regulated gene expression in general as
well as the expression patterns of the two genes ob-
served in this study.
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