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ABSTRACT

Several genes encoding flavonoid-biosynthetic enzymes in soybean (Glycine max
L.) were induced by cyclic guanosine 3', 5-monophosphate (cGMP) and nitric oxide
(NO), indicating that cGMP and NO act as second messengers to activate the
expression of these genes. Loss- and gain-of-function experiments showed that the
upper region in the promoter of chalcone reductase gene (CHR) was responsible
for the gene induction by cGMP. DNA microarray analysis using the Arabidopsis
T87 suspension culture showed that the expression of many genes was enhanced
or repressed by cGMP and/or NO. These results indicated that cGMP and NO
functionally linked with each other for the regulation of many genes in plants. On
the other hand, the different mechanisms for transcriptional regulation between
plant species was suggested based on the observation that the expression of most
flavonoid biosynthetic genes was not altered by cGMP/NO in Arabidopsis in
contrast to soybean. Arabidopsis nicotianamine synthase 1 (AtNASL), a key enzyme
for response to iron deficiency, was activated by cGMP and NO. The upstream
region in AtNASI responsible for the induction by cGMP was found to be
separated from the NO-responsive sequence, suggesting that the cGMP- and NO-
mediated signaling pathways for the induction of AtNASI are likely to be dilerent
from each other. Soy Protein Research, Japan 13, 55-61, 2010.
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Fig. 1. The flavonoid-biosynthetic pathway in
soybean. PAL: Phenylalanine ammonia-
lyase, C4H: Cinnamate 4-hydroxylase,
4CL: 4-Coumarate:CoA ligase, CHS:
Chalcone synthase, CHR: Chalcone
reductase, CHI: Chalcone isomerase, IFS:
2-Hydroxyisoflavanone synthase, HIDH:
2-Hydroxyisoflavanone dehydratase, IFGT:
UDP-glucose:isoflavone 7-O-glucosyltransferase,
ANS: Anthocyanidin synthase, IFR: Isoflavone
reductase.
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Fig. 2. Analyses of cGMP responsiveness of several
promoters of cGMP-induced genes. a. The
promoters of CHS, CHR, and CAB7 were fused
with the B -glucuronidase gene (GUS), and
these constructs were introduced into dark-
adapted SB-P cells. After bombardment, the
cells were incubated with 50u M 8-Br-cGMP
or 8-Br-cAMP in the dark for 10 h, and GUS
activities in the cell extract were measured. All
GUS values were normalized to LUC values,
and the average of pBl221 was taken to be
100. Black bar, control cells without chemical
treatment; white bar, 8-Br-cGMP treated cells;
gray bar, 8-Br-cAMP treated cells. b. 5-deletion
and gain-of-function analyses of the CHR
promoter. The 5-deletion constructs containing
various lengths of the CHR promoter fused
to the promoterless pSKGUS3C plasmid were
introduced into dark-adapted SB-P cells. The
numbers refer to the 5'- and 3'-ends of the
CHR upstream fragments with respect to
the transcriptional start site. For the gain-of-
function analysis, the 00 600 to [J 186 region of
the CHR promoter was fused upstream of the
CaMV 35S minimal promoter (O 46 to(d 8), and
the chimeric promoter was linked to the GUS
reporter gene. Data represent the mean (+ SE.)
of six independently bombarded samples. NOS,
nopaline synthase terminator; 3C, Rubisco 3C
(small subunit of ribulose 1,5-bisphosphate
carboxylase/oxygenase 3C) terminator.
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Fig. 3. Gene expressions were altered by NO and cGMP but not by cAMP in Arabidopsis thaliana. Dark-
adapted T87 cells were incubated with either 100y M SNP, 50p M 8-Br-cGMP, or 50y M 8-Br-cAMP for
3 h in the dark. As control for SNP or 8-Br-cGMP/8-Br-cAMP treatment, dark-adapted T87 cells were
treated by distilled water or 10% DMSO, respectively. Total RNA extracted from each sample was
reverse transcribed to synthesize fluorescent-labeled cDNA with Cy3-dCTP (chemical-treated sample) or
Cy5-dCTP (control), and the labeled cDNA was hybridized with around 25,000 Arabidopsis genes spotted
on a glass plate. The analysis of array data was carried out by using ImaGene- and GeneSpring-software.
The vertical and horizontal axes represent the normal logarithm of signal-intense value of chemical-

treated and control sample, respectively.
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Fig. 4 NO- and cGMP-responsive genes in
Arabidopsis thaliana. Based on the microarray
data, 170 of up-regulated (<2-fold) and 385
(>1/2-fold) of down-regulated genes by NO/
cGMP were identified, respectively.
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Fig. 5. Analyses of gene expressions of AtNAS1
and AtFERI in response to NO and cGMP
treatments. Dark-adapted T87 cells were
incubated with 100y M SNP, 100u M sodium
ferrocyanide, 100y M DEANONOate or 50
MM 8-Br-cGMP for 3 h under dark conditions
and transcript levels were analyzed by
Northern-blot analysis of total RNA. Equal
amounts of RNA (20u g/lane) were verified
by rehybridizing the blots with a *P-labeled
cDNA fragment of soybean 18S rRNA.
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Fig. 6. Nucleotide sequence of the 5' part of the AtNASI gene. AtNASI upstream region containing the
promoter and short stretch of transcribed region is shown. The cGMP-responsible region and NO-
responsible sequence determined 5'-deletion analysis of the AtNASI promoter are underlined. The
sequence of the first 10 amino acids from the NH, terminus is also shown.
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