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cDNA clones for two isogenes of nitrate reductase (NR) have 
been isolated from rapeseed (Brassica napus 1.) androgenetic hap- 
loid embryos induced by microspore culture. NR mRNA accumula- 
tion can be detected by northern hybridization at 14 d after culture 
initiation when embryos develop to the heart/torpedo-shaped stage. 
Whole-mount in situ hybridization experiments demonstrate that 
the mRNA accumulation i s  developmental stage specific. In  addi- 
tion, even when cultured in media containing no nitrate, embryos 
accumulated NR mRNA to almost the same level as the control. This 
indicates the unique regulation of NR in embryogenesis in which NR 
mRNA transcription is activated in a developmental stage-specific 
manner that i s  independent of nitrate induction. In  zygotic embry- 
ogenesis, a stage-specific accumulation of NR mRNA was also ob- 
served. By contrast, the obvious effect of nitrate on NR expression 
that has been reported in many plant species was also confirmed in 
rapeseed leaf. Quantitative combined reverse transcription-poly- 
merase chain reaction analysis suggests that the flexible and vari- 
able regulation of N R  expression, which is organ specific, nitrogen 
metabolite specific, and developmental stage specific, i s  caused 
principally by regulation of one major structural gene. 

NR is a key enzyme in the first step of nitrate assimila- 
tion in higher plants (reviewed by Pelsy and Caboche, 
1992). The first factor identified that regulates NR activity 
was nitrate (Tang and Wu, 1957), which strongly induces 
NR mRNA transcription (Crawford et al., 1986; reviewed 
by Crawford, 1995). Many other factors such as light, phy- 
tohormones, and carbon and nitrogen metabolites and their 
translocation and intracellular compartmentation also ap- 
pear to be involved in NR expression (reviewed by Cab- 
oche and Rouzé, 1990; Warner and Kleinhofs, 1992; Hoff et 
al., 1994; Lilo, 1994). However, these studies focused 
mainly on the phenomena observed in vegetative organs 
such as leaves and roots. There is little information on 
nitrate assimilation at the molecular level in developing 
embryos in higher plants, probably because of the diffi- 
culty in sampling embryos in early developmental stages. 

Recently, we found that Gln is essential for inducing and 
maintaining androgenetic embryogenesis from isolated mi- 
crospores in rapeseed (Brassica napus L.) (Ohkawa and 
Maeda, 1992). Further, it was revealed that whereas Gln 
was the only nitrogen source to be utilized in the first 4 d 
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of the microspore culture, embryos at the multicellular 
stage could assimilate ammonium salts, and the heart/ 
torpedo-shaped stage embryo at 14 DAP acquired the abil- 
ity to use nitrate as the sole nitrogen source (Y. Ohkawa, M. 
Maeda, H. Fukuoka, and T. Ogawa, unpublished data). The 
NADH:NR activity, examined in O-, 4-, 8-, and 14-DAP 
embryos, was detected only in 14-DAP embryos. Since the 
original culture medium contained nitrate as a nitrogen 
source, it is possible that NR expression in embryos in the 
early stages involves nitrate-independent regulatory mech- 
anisms. 

Here we report cloning of NR cDNAs and characteriza- 
tion of the embryogenesis-specific regulation of NR genes 
using a microspore-derived embryogenesis system. In the 
experiments on NR gene regulation during androgenetic 
embryogenesis, we found that the NR gene was activated 
in a developmental-stage-specific and nitrate-independent 
manner in the course of embryogenesis. Posttranscriptional 
regulation was found specifically during embryogenesis 
and not in leaves. The developmental-stage-specific mRNA 
accumulation was also observed in zygotic embryogenesis. 
In addition, it was demonstrated using quantitative RT- 
PCR that one structural gene was the major gene that was 
nitrate inducible in leaves and that it was stage specifically 
and nitrate independently activated during embryogenesis. 

MATERIALS AND METHODS 

Plant Materials and Microspore Culture 

Culture methods were according to Keller et al. (1987) 
with some modifications. Plants of rapeseed (Brassica napus 
L. cv Lisandra) were grown in a growth chamber. Day/ 
night temperatures were 13/8"C, and the photoperiod 
was 16 h. Inflorescences were harvested when three to six 
flower buds were blooming. Buds ( 3 4  mm) were col- 
lected, surface sterilized, and squashed in B5-13 medium 
(Gamborg et al., 1968). Released microspores were fil- 
tered through 42-pm nylon mesh and collected by centrif- 
ugation at 900 rpm for 3 min. Microspores were washed 
twice with B5-13 medium and resuspended at a density 
of 5 X 104 microspores/mL in NLN-13 medium (Lich- 
ter, 1982) containing 0.5 mg/L 1-naphthylacetic acid and 

Abbreviations: DAF, days after flowering; DAP, days after 
plating; NR, nitrate reductase; RT-PCR, combined reverse 
transcription-PCR. 
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0.05 mg/L BA. Modified NLN-13 media containing various 
nitrogen sources were used instead of the original medium 
in nitrogen-source-replacement experiments (see ”Re- 
sults”). Aliquots of the suspension (10 mL) were plated into 
90 X 15 mm Petri dishes. Cultures were subjected to high- 
temperature treatment at 32.5OC for 4 d and then moved to 
25°C. Throughout the culture period, dishes were kept in 
the dark. For the experiments involving nitrogen-source 
induction of NR in seedlings, plants were grown under a 
16-h photoperiod at 25°C and the first and second true 
leaves were harvested at the end of the dark period from 
30-d-old seedlings. Cotyledons were cut off when the first 
true leaf began to extend. Plants were grown asceptically 
on a clean bench to avoid bacterial contamination caused 
by the high concentrations of amino acids and SUC in the 
media. 

N R  cDNA Cloning 

Total RNA samples were prepared according to Chom- 
czynski and Sacchi (1987) and purified by lithium precip- 
itation. A rapeseed NR cDNA fragment containing parts of 
exons 3 and 4 was amplified by RT-PCR using total RNA 
extracted from androgenetic embryos at the torpedo- 
shaped stage as the template and a SuperScript preampli- 
fication system (GIBCO-BRL). The PCR product was in- 
serted into pGEM-T cloning vector (Promega), and the 
resulting clone (pBnNR3423) was sequenced to confirm 
that the clone encoded a sequence that was homologous to 
those of known NR genes. A A-Zap cDNA library was 
constructed using poly(A)+ RNA extracted from torpedo- 
shaped androgenetic embryos, and 200,000 plaques were 
screened using pBnNR3423 as a probe for isolating full- 
length NR cDNA clones. The insert length was checked by 
PCR, and 14 of the largest clones were selected. The clones 
were transferred to pBluescript by the in vitro excision 
procedure and purified by PEG precipitation, and the nu- 
cleotide sequences of the 5‘ and 3’ ends were partially 
determined. The deletion series of two clones (pBnNR1405 
and pBnNR1412) were constructed using a Kilo-sequence 
Deletion Kit (Takara Shuzo Co., Shiga, Japan) to determine 
complete nucleotide sequences in both strands. DNA se- 
quencing was performed by the dideoxynucleotide chain- 
termination method using a model 373A sequencer (Ap- 
plied Biosystems). 

Northern Hybridization 

Twenty micrograms of total RNA were separated by 2.2 
mM formaldehyde gel electrophoresis and transferred onto 
nylon membranes. A digoxigenin-labeled riboprobe was 
hybridized to the blot. For hybridization and signal detec- 
tion, a digoxigenin Nucleic Acid Detection Kit (Boeringer 
Mannheim) was used according to the instructions of the 
manufacturer. 

Quantitative RT-PCR Analysis 

An upper primer (5’-ACT CAT CTG GAA CCT CAT-3’) 
and a lower primer (5’-CCA GGG TGG TCT TTC AAG-3’) 

were used for RT-PCR. The upper primer was 5‘ labeled by 
fluorescein isothiocyanate, and during the reaction RT-PCR 
products of each cycle were taken out and digested with 
the restriction endonucleases PvuII and EcoRV. Reaction 
products were separated by 4.5% PAGE, and the relative 
amounts of the PCR products derived from the two 
different NR genes were quantitated using a fluorescent 
image analyzer (model FI575, Molecular Dynamics, Sunny- 
vale, CA). 

In Vitro NR Enzyme Activity Assay 

Embryo or leaf samples were frozen with liquid nitro- 
gen, powdered with a mortar and pestle, and homogenized 
with protein extraction buffer containing 50 mM sodium 
phosphate buffer (pH 7.0), 10 mM EDTA, 0.1% Sarcosyl 
(Fluka), 0.1% Triton X-100, and 0.1 mM 2-mercaptoethanol. 

After centrifugation, the supernatant was saved and 
crude protein concentration was determined using the Pro- 
tein Assay Kit (Bio-Rad). NADH:NR enzyme activity was 
measured as described by Hageman and Reed (1980). 

In Situ Hybridization 

In situ hybridization to cross-sections was performed as 
described by Kouchi and Hata (1993). Whole-mount in situ 
hybridization was done according to Engler et al. (1994). In 
a11 of the experiments, sense probes were used as negative 
controls to estimate the leve1 of nonspecific signals. 

RESULTS 

Cloning of N R  cDNA Clones 

As the first step in our study on regulation of NR ex- 
pression during androgenetic embryogenesis in rapeseed 
microspore culture, we tried to obtain NR cDNA clones. It 
has been reported that the positions of introns in an NR 
gene are conserved among many higher-plant species 
(Caboche and Rouzé, 1990). We screened nucleotide se- 
quences that are conserved in exons 3 and 4 among tobacco 
(Vaucheret et al., 1989), tomato (Daniel-Vedele et al., 1989), 
Arabidopsis (Wilkinson and Crawford, 1993), and squash 
(Crawford et al., 1986) and synthesized the corresponding 
primers (5’-CCC TGC AGC AAG TAC TGG TGT TGG 
TG-3’ and 5’-CCG GAT CCG TGC CAG CAT TGA T-3’) to 
amplify a short NR cDNA fragment from rapeseed mRNA. 
Using genomic DNA as the PCR template, the presence of 
an intron was confirmed in the genomic sequence between 
the two PCR primers (data not shown). Thus, we could 
easily distinguish by size mRNA-derived RT-PCR products 
from the products derived from genomic DNA contamina- 
tion. The amplified NR cDNA fragment was inserted into a 
plasmid vector, and the resulting clone (pBnNR3423) was 
sequenced. Deduced amino acid sequences obtained from 
the nucleotide sequence showed high homology to known 
plant NR sequences (data not shown). Using this clone as a 
probe, we screened the cDNA library from torpedo-shaped 
androgenetic embryos to isolate full-length NR cDNA 
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clones. Forty-six positive clones were isolated from 200,000 
plaques, and 14 of them showed sizes that corresponded to 
nearly full-length inserts (>2.7 kb). These clones were par- 
tially sequenced with M13 universal and reverse primers, 
and we identified two isogenes by examining sequences of 
putative nontranslated regions. Thus, we completely deter- 
mined nucleotide sequences of two clones, BnNR1405 (2919 
bp) and BnNR1412 (2994 bp), which corresponded to the 
isogenes NR1 and NR2, respectively. They had open read- 
ing frames of the expected lengths for NR protein and were 
87% homologous at the nucleotide level in the putative 
coding region (Fig. 1). The nucleotide sequences and de- 
duced amino acid sequences showed a high degree of 
homology to the known NR sequences of higher plants 
(data not shown). 

Stage-Specific NR mRNA Accumulation in 
Androgenetic Embryos 

Total RNA samples were extracted from androgenetic 
embryos at O, 4, 8, and 14 DAP, and NR mRNA accumu- 
lation was examined by northern hybridization with the 
coding region of NR cDNA clones as probes. Although the 
two cDNA clones (BnNR1405 and BnNR1412) had such 
high homology in their sequences that we could not dis- 
tinguish between them by hybridization experiments, it 
was found that NR mRNA accumulated only in the 14- 
DAP embryos (Fig. 2A). This result corresponds with our 
previous result that NR enzyme activity was detected only 
in 14-DAP embryos. 

The 14-DAP embryos were not homogeneous as to their 
developmental stages. The most advanced embryos 
reached the torpedo-shaped stage, but some of them were 
in the heart-shaped stage and the rest were in the globular 
stage. Whole-mount in situ hybridization of the NR cDNA 
probe to 14-DAP embryos showed that embryos in the 
heart-shaped and torpedo-shaped stages accumulated NR 
mRNA, whereas no hybridization signal was detected in 
embryos at the globular stage (Fig. 28). No nonspecific 
signal was detected using the sense probe as a negative 
control (Fig. 2C). This result indicated that NR mRNA 
accumulation was developmental stage specific and was 
not related to the culture period. 

Developmental Stage and NR mRNA Accumulation in 
Zygotic Embryogenesis 

To determine whether the stage-specific accumulation 
of NR mRNA was unique to the androgenetic embryo- 
genesis or a general phenomenon in the zygotic em- 
bryos, ovules at 10, 13, 17, and 21 DAF were collected 
and subjected to in situ hybridization with digoxigenin- 
labeled NR cDNA probes. As shown in Figure 3A, NR 
mRNA was not detected in embryos at the globular 
stage. A faint signal could be detected in heart-shaped 
embryos (Fig. 3C), and an obviously positive signal was 
observed when embryos reached the torpedo-shaped 
stage at 17 DAF (Fig. 3E) and the cotyledonary stage at 
21 DAF (Fig. 3G). Nonspecific signals were effectively 
eliminated (Fig. 3, B, D, F, and H). This result indicated 
that the developmental-stage-specific accumulation of 

NR mRNA observed during androgenetic embryogene- 
sis was not unique to the development under artificial 
culture conditions in vitro, but was common to zygotic 
embryogenesis in vivo. 

Effects of Nitrogen Source on NR mRNA Accumulation in 
Developing Embryos 

To identify the relationships between the form of nitro- 
gen source and NR mRNA accumulation, NLN-Q, NLN- 
NH4E, and NLN-NH4EN03 media were used instead of 
NLN for microspore culture. Nitrogen source compositions 
of the media are summarized in Table I. Since NLN-NH4E 
and NLN-NH4EN03 contained no Gln, it was impossible 
to induce embryogenesis when these media were used at 
the initiation of the culture. Therefore, in the Gln-deficient 
treatment with these media, the culture was initiated with 
NLN and the NLN media were replaced with Gln-deficient 
media at 4 DAP. No nitrate or Gln carryover from NLN 
was detected by ion chromatography (data not shown). NR 
mRNA accumulation was examined at 14 DAI' by northern 
hybridization. To compare the NR regulation in embryos 
with the regulation in a vegetative organ, seedlings of 
rapeseed were grown aseptically with the same media 
and 30-d-old true leaves were harvested for further 
experiments. 

As shown in Figure 4B, the leaves of the seedlings sup- 
plied with nitrate (NLN or NLN-NH4ENO3) accumulated 
high levels of NR mRNA. Only a trace of mRNA accumu- 
lation was observed with the samples that were supplied 
with nitrate-deficient media (NLN-Q or NLN-NH4E). NR 
enzyme activity correlated with the level of NR mRNA 
accumulation. These results suggested that in rapeseed, as 
has previously been reported for many higher-plant spe- 
cies, transcriptional and nitrate-inducible regulation is one 
of the major mechanisms of NR activity expression in 
leaves. 

On the other hand, as shown in Figure 4A, 14-DAP 
embryos accumulated high levels of NR mRNA regardless 
of the type of nitrogen source, which was quite different 
from the result observed in leaves. Although NLN-Q and 
NLN-NH4E contained no nitrate, NR mRNA accumulation 
was detected in the embryos obtained from these nitrate- 
deficient media at almost the same level as was found in 
the embryos that developed in the nitrate-containing me- 
dia. This result indicated that NR mRNA accumulation was 
induced in a developmental-stage-specific manner rather 
than in response to nitrate induction. In addition, although 
embryos obtained from NLN-NH4E contained abundant 
NR mRNA, an extremely low enzyme activity was de- 
tected. This suggested a posttranscriptional suppression of 
NR enzyme activity. 

Estimation of the Number of Structural Genes lnvolved in 
Specific Regulation 

Sequence analysis of the two cDNA clones BnNR1405 
and BnNR1412 revealed some specific restriction sites in 
each gene. We synthesized a PCR primer pair to amplify 
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pBnNR1405  ATGGCPCCT CCGTCGATAA CCGCCAFTAT CCCCGCCTCA $CTCCGCC$T AAACGGCGE GTT$TT?CT CCTTCAAACC TCCTCTCfTf CCTTCYFFTT CCC?fF?$CG 

pBnNR1412  ATGGCCACCT CCGTCGATAA CCGCCATTAC CCCCGCCTCA ACCCCGCCAT AAACGGCGTC GTT---CGCT CCTTCAAACC TCCTCCCATT CCTTC----T CCC-----CG 

pBnNR1405  TFACCAAYAC fAGAFGTF?  ?C$TCfAAC CGAAAAATfC $TCG?CAAA? FfACCMA;; ;;;;;;;;;; GA$GAC$GTT TCGACTCCAG TGACGACGAG GACGAGAGCC 

pBnNR1412  WACCAAAAC AAGACCGTAT CCTITCTAAC CGAAAAGGTC ATCGTCAAAG AAACCAAAAA CGACGCCGTG GATGACAGTT ACGACTCCAG CGACGACGAG GACGAGAGCC 

pBnNR1405  ACAACCGTA CGTCTCfTAC TACMGGAGA TGGYCTCAA A T C C P C T F C  GATfTAGAAC CG$CGG$TCT ?GACTCGCGA GACGAATCCA CGGFTGACAA $TGGATCCAC 
p B n N R l 4 1 2  ACAACCGTAA CGTCTCGTAC TACAAGGAGA TGATACGCAA ATCCCACAGC GACGTAGAAC CGTCGATCCT GGACTCGCGA GACGAATCCA CGGCTGACAA CTGGATCCAC 

pBnNRI.405 CGTAACTCCT CTATGGTGCG TCTCACFGA AAACACCCCT TCAACGCCGA T C T C C F C T C  CCfCGCCTCA TGCACCACGG CTTCATCACF CCCGTCCCTC TCCACTACGT 
pBnNR1412  CGTAACTCCT CTATGGTGCG TCTCACGGGA AAACACCCCT TCAACGCCGA GCCTCCTCTC CCTCGCCTCA TGCACCACGG CTTCATCACT CCCGTCCCTC TCCACTACGT 

200 

400 

p B n N R l 4 0 5  CCGCAACCAC G%FGTCC CFAAAGCCGA ~TGGTCGGAF TGGTCCGTCG A G ~ T ~ A C C G G  FTCGTCAAG C ~ C C G G C ~  F;GFTCACCAT GGATA~CTF ATCTCCGAGT 
p B n N R l 4 l Z  CCGCAACCAC GGCACCGTCC CAAAAGCCGA CTGGTCGGAA TGGACCGTCG AGATCACCGG ACTCGTCAAG CGTCCGGCGA AGTTCACCAT GGAGGAACTT ATCTCCGAGT 

g B n N R 1 4 0 5  TCCCFAGCCG CGAGTTTCCF GTGACFTCG TFTGCGCCGG $AACCGCCG$ AAFAGCAGA ACATGGTGAA GCAGACfATF GGtTTCAACT GGGGCTCCGC CGTGTGTCC 

pBnNR1412  TCCCAAGCCG CGAGTTTCCG GTGACTCTCG TATGCGCCGG TAACCGCCGG AAAGAGCAGA ACATGGTGAA GCAGACGATA GGATTCAACT GGGGCTCCGC CGGAGTGTCC 

pBnNR1405  ACCTCfCT$T GGAtAGGFGT T$CTCT$AG$ GAFFCCTCf  GfCG$TGCGG FFTfTACAGf FGAGAGGCG GCGCTCTCAA CGTFTGCTTF G A A Y G C G G  AGGATCTTCC 
pBnNRI.412 ACCTCTCTCT GGAAAGGTGT TCCTCTCAGT GAGATCCTCG GTCGATGCGG GATATACAGT AGGAGAGGCG GCGGGCTCAA CGTCTGCTTT GAAGGAGCGG AGGATCTTCC 

pBnNR1405  CGGAGG$GG$ GGGTCTAAGT A C Y A C G A G  FATCAAGAAT GAGATGGCFA TGGAfCC$GC GAGAGAFAT? ATATTFCGT ACATGCAGAA CGGFGAGCTT CTYACGCCGG 
pBnNR1412  CGGAGGAGGC GGGTCTAAGT ACGGAACGAG TATCAAGAAA GAGATGGCGA TGGATCCTGC GAGAGATATC ATATTAGCGT ACATGCAGAA CCGCGAGCTT CTGACGCCGG 

pBnNR1405  ATCACGGGTT FCCGGTTCGG $TCATT?TAC CCGGTTTCAT C G G C F C G G  ATGGTTAAtT GGTTGAAlifG fATfATCGTC ACGCCTCAAG A t T C $ G A C e  TTACTAfCAF 
pBnNR1412  ATCACGGGTT TCCGGTTCGG ATCATCGTAC CCGGTTTCAT CGGCGGTCGG ATGGTTAAAT GGTTGAAAAG AATTATCGTC ACGCCTCAAG AATCCGACAG TTACTATCAT 

pBnNR1405  TACAA?GACA AfAGAGTfCT $CCTTCTT$$ GT$GATGCTG AFTG$CAAA TGPGAATCT TGGTGGTACA $GCCGGA$TA TATAATCAAC GAGCTTAATA TAAACTCGGT 
pBnNR1412  TACAAGGACA ATAGAGTTCT GCCTTCTCTT GTCGATGCTG AACTGGCAAA TGCAGAAGCA TGGTGGTACA AGCCGGAATA CATAATCAAC GAGCTTAATA TAAACTCGGT 

pBnNR1405  FATAAC$ACA CCTGGTCACt A$GAGATTTT GCC$ATFAAT GC?TT$AC$A CTCAGAAGCC F A C A C F F  AAAGGCTATG CTTACTCTGG AGGAGGGAAG AAGGTAACGA 
pBnNR1412  AATAACAACA CCTGGTCACC AAGAGATTTT GCCTATTAAT GCGTTTACCA CTCAGAAGCC GTACACGTTA AAAGGCTATG CTTACTCTGG AGGAGGGAAG AAGGTAACGA 

pBnNR1405  GtGTGGAGGT GACTCTAGAF GGAGGAGAFA C$TGGAG$GT GTGTGAFTT GACCACCAAG AGAAFCAAA CAAGTATGGC AAGTTCTGGT GCTGGTGFTT CTGGTCIjCTT 

pBnNR1412  GGGTGGAGGT GACTCTAGAT GGAGGAGACA CATGGAGTGT GTGTGACCTT GACCACCAAG AGAAACCAAA CAAGTATGGC AAGTTCTGGT GCTGGTG TTT CTGGTCACTT 

pBnNR1405  GACGTTGAGG TTCTTGATCT FTTAGTGCT AAAGA$GT?G CTGTTCGAGC CTGGGACGAG TCTTPFAACA CCC%CCTGA ?AAACTCATC TGGAACCTCA TGGGyATGAT 
pBnNR1412  GACGTGGAGG TTCTTGATCT CCTTAGTGCT AAAGACG'ITG CGGTTCGAGC CTGGGACGAG TCTTTCAACA CCCAGCCTGA TAAACTCAT C TGGAACCTCA TGGGCATGU 

600 

800 

1000 

1200 

1400 t 

pBnNR1405  GAAFAAFTGC TGGTTCAGGA TCAAAACCAA FGTGTGCAAG CCTCACA$AG GAGAGATAGG TATFGTTTTC GAACACCCGA CCCGACCCGG AAACCeTCG GGfGGGTGGA 
pBnNR1412  m m  C G  GG cc c GG 

pBnNR1405  TGGCAAAGGA ACGTCAG$T$ G A G Y T C C T  CfGAGTCAFA CCCTAFTTTG W T C $ G  TTTCFCACC TTTCATGAAC ACTFCTCAA AGATGTACTC AATGTCCGAA 

pBnNR1412  TGGCAAAGGA ACGTCAGCL C T  G AGAT GTACTC AATGTCCGAA 

1600 

oRV 
TCTGCA TGGATCATFG TCCACGGTCA CAT:TACGAC TG~ACACGTT TCTTGAAAGA CCACCCTGGT GGTTC~GACT CTATCCTCAT pBnNFtI.405 GTTAG:AAAC ACAACT 

pBnNR1412  -CAGT TFBPTCTGCA TGGATCATTG TCCACGGTCA -GAC TGTACACGTT TCTTGAAAQ CCACCCTGG A GGCTCAGACT CGATCCTCU 
1800 

p B n N R 1 4 0 5  CAACGCTGGf ACTGATTGCA CfGA$GAGTT FGAAGCfATT CATTCEjGACA A A G C p G A A  G C T T C T t G U  GATTACCGTA TCGGTGAfCT TATTACYCf GGfTACGACT 
p B n N R l 4 1 2  m C G C G G G A  AC- CAGAAGAGTT TGAAGCTATT CATTCAGACA AAGCCAAGAA GCTTCTTGAA GATTACCGTA TCGGTGAACT CATCACGACC GGCTACGACT 

pBnNR1405  CTTCtCCTAA 2GTFTCtGTC CACGGTGGCT CGA$TGT$?T 5TCTTTGfTA GCTCCTATCA $A$AG$TAGC TCCTtCTAAG AACATAGCTT TSjGTCAACCC ACGTGAGAAA 

pBnNR1412  CTTCTCCTAA TGTTTCAGTC CACGGTGGCT CGACCGCAGT TTCTTTGTTA GCACCTATCA AAGAGTTAGC TCCTTCAAAG AACATAGCTT TAGTCAACCC ACGTGAGAAA 

pBnNR1405  GTCCCGGTA FCTCATFGA GAAGACTTCp ATCTCFCAFG ACGTFGTAG $TTCCGFTC GC$TTACC$T CTGAAGATCA GCAGCTTGGT CTACCTGTFG GGAb+CACAT 

pBnNR1412  GTCCCGGTCA CACTCATAGA GAAGACTTCT ATCTCTCATG ACGTACGTAG GTTCCGGTTC GCATTACCAT CAGAAGATCA GCAGCTTGGT CTACCGGTAG GGAAGCACAT 

pBnNR1405  CTTFCTCTGC GCCAFTATfA ACGACAAYCT TTGTCTTAGA GCCTATACTC CGACCAGCAC GGTCGACGCY GTTGGgAFA TCGACTTGGT CflTCAAtGTT TACTTCAAF? 

pBnNR1412  CTTTCTCTGC GCCAACATCA ACGACAAACT TTGTCTTAGA GCCTATACTC CGACCAGCAC GGTCGACGCC GTTGGGCATA TCGACTTGGT CGTCAAAGTT TACTTCAAAG 

pBnNR1405  ACGTFCATCC AAGATTCCCf AACGGAGGF TCATGTCFA GCACfFAGAC TCGTT?CC$A TCGGT$CGGT TTT?$ACATC AAAGGTCCFT TAGGACATAT TGAGTACCY 
pBnNR1412  ACGTTCATCC AAGATTCCCT AACGGAGGAC TCATGTCACA GCACTTAGAC TCGTTGCCCA TCGGGTCGGT TTTGAACATC AAAGGTCCAT TAGGACACAT CGAGTACCTA 

pBnNR1405  GGCA5AGGTA A$TTCATGGT CAFGGTAAA C C p G T T T G  CTAATAAACT AGCCATGCTT GC?GGAGGA$ CFGGTATPC T C C p T C T A C  CA$GTCATTC AATC5ATAFT 
pBnNR1412  GGCAAAGGCA ATTTCATGGT CACCGGTAAA CCTAAGTTTG CCAAGAAACT AGCCATGCTT GCCGGAGGAC CAGGCATTAC TCCTATCTAC CAGGTCATTC AATCAATATT 

pBnNR1405  PGTGAFCCf  GAGGAFGMA CCGAGATGTP TGTGGTTTAC GCYAAFCGAA CCGAGGATGA TATTCTTGTG AGAGAAGAGC TAGAAGGATG GGCTAFTAAG TTTffGGACA 

pBnNR1412  GAGTGATCCA GAGGATGMA CCGAGATGTT TGTGGTTTAC GCAAATCGAA CCGAGGATGA TATTCTTGTG AGAGAAGAGC TAGAAGGATG GGCTAATAAG CATAAGGACA 

pBnNR1405  GGCT$AAG?T TTGGTACGTT GTTGAfATTG CTAAAGAAGG TTGG$A$TAf AGCACtGGGT TTATCACFGA ?FTGT$CTT AGAGAACATG TCCCTGAAGG tTTAGAAGGC 

pBnNR1412  GGCTTAAGGT TTGGTACGTT GTTGAAATAG CAAAAGAAGG TTGGAACTAT AGCACCGGGT TTATCACTGA GCCTGTACTT AGAGAACATG TCCCTGAAGG TTTAGAAGGC 
2736 

pBnNR1405  GA$TCTCT$G C C T p F ? T G  TGGACCACCG CCTATGATTC AGTTTGC$TT GCAGCCTAAT CTTGAGAAGA TGGGTTATfA RTAAGG?4 GATCTCTTGA TCTTCTAA 
pBnNR1412  GAATCACTAG CCCTAGCGTG TGGACCACCG CCTATGATTC AGTTTGCATT GCAGCCTAAT CTTGAGAAGA TGGGTTACAA CGTGAAGGAA GATCTCCTGA TCTTCTAA 

2000 

2200 

2400 

2600 

Figure 1. Comparison of nucleotide sequences of rapeseed NR cDNA clones pBnNR1405 and pBnNR1412. The deduced 
open reading frame sequences of the two NR cDNA clones were aligned using the Cenetics Computer Croup (Madison, WI) 
program package. Asterisks indicate differences between the sequences. The sequences corresponding to the sequences 
conserved among the known NR sequences that were used for RT-PCR primers in order to obtain a rapeseed NR cDNA 
fragment (cloned as pBnNR3423) are underlined. The conserved position of an intron between exons 3 and 4 among the 
known NR genes is indicated by an arrowhead. The region used for RT-PCR for estimation of relative amount of mRNA is 
double-underlined, and unique restriction sites for PvulI and EcoRV in each clone are highlighted. 
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Figure 2. mRNA accumulation in developing androgenetic embryos. A, Northern hybridization of the rapeseed NR cDNA
probe to total RNA samples extracted from androgenetic embryos. RNA samples extracted from embryos at 0, 4, 8, and 14
DAP were electrophoresed in lanes indicated by 0, 4, 8, and 14, respectively. NR mRNA is indicated by an arrowhead. B,
Whole-mount in situ hybridization of the NR antisense probe to 14-DAP embryos. Developmental stage is indicated as: g,
globular; h, heart shaped; t, torpedo shaped. C, Whole-mount in situ hybridization of the NR sense probe as a negative
control to 14-DAP embryos.

336-bp NR cDNA fragments (indicated in Fig. 1) in
which restriction sites for Pvull (specific to NR1) and
EcoRV (specific to NR2) were included. The relative
amounts of transcript corresponding to the two genes
were estimated by quantitative RT-PCR using the
same RNA samples as in Figure 4. RT-PCR products of
each cycle were digested with Pvull plus EcoRV and
separated by gel electrophoresis, and the fluorescein
isothiocyanate-labeled 260-bp fragment (NR1) and
160-bp fragment (NR2) were quantitated with a fluores-
cent image analyzer. Figure 5 shows the relative fluores-
cent intensities of the two fragments at each PCR cycle.
The data might not be sufficient for strict quantitation of
the transcript because an internal standard of known
amount was not included in the experiment. How-
ever, preliminary experiments in which mixtures of
pBnNR1405 and pBnNR1412 in various ratios were used
as PCR templates confirmed that the ratio of the relative
amount of PCR products in the logarithmic phase could
represent quantitatively the initial ratio of the templates
(data not shown). As shown in Figure 5, RT-PCR prod-
ucts derived from NR1 mRNA were always about 10 or
more times more abundant than those from NR2 in all
samples regardless of organ type and nitrogen source
composition. Therefore, the results suggested that NR1,
a structural gene corresponding to pBnNR1405, was a
common major gene being activated under flexible reg-
ulation that was stage specific and nitrate independent
through embryogenesis and nitrate inducible in vegeta-
tive organs.

DISCUSSION

In past years, isolated microspore culture of rapeseed has
been developed to be one of the most efficient systems for

obtaining androgenetic embryos in vitro (Keller et al.,
1987). Embryogenesis progresses in the same way as in
zygotic embryos through globular, heart-shaped, and tor-
pedo-shaped embryos. The resulting cotyledonary haploid
embryos can germinate and grow normally to the flower-
ing stage. Embryo-specific accumulations of storage pro-
teins and lipids were also detected in the androgenetic
embryos as they were in zygotic embryos (Crouch, 1982;
Taylor et al., 1990). In addition, more than 104 embryos
can easily be obtained from a 10-mL culture. Therefore,
microspore-derived embryos can be a suitable material for
investigating the early events of embryogenesis.

In the present study, we found that NR mRNA did not
accumulate until the embryos reached the heart/torpedo-
shaped stage. This corresponded to our previous results
that enzyme activity was detected only at 14 DAP, sug-
gesting that the NR expression in embryogenesis was
transcriptionally regulated. Transcription of the NR gene
has been reported to be induced by nitrate in many
higher-plant species (Wray, 1988). Microspore culture of
rapeseed was initiated with NLN medium containing 5.5
mM nitrate, which would have been sufficient to induce
NR mRNA transcription in vegetative organs, i.e. leaves
and roots. Therefore, the restricted accumulation of NR
mRNA, which was not seen until the heart/torpedo-
shaped stage in androgenetic embryogenesis, might
indicate that the development of certain nitrate-
responding mechanisms was not completed until the
embryos reached this stage. However, the analysis of
mRNA accumulation at 14 DAP using media containing
various nitrogen sources revealed that NR mRNA accu-
mulation through the embryogenesis process had no
relationship to nitrate in the medium. Although Gin was
reported to be a factor suppressing NR transcription and
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Table I. Nitrogen source compositions of the media used in the
experiments

-, Not present.

Medium

NLN
NLN-Q
NLN-NH4E
NLN-NH4ENO3

NO3

5.5
-
-

5.5

Nitrogen Source

NH4 Gin Glu

5.5
8.25

5.5 - 11.0
5.5 - 11.0

Total
nitrogen

16.5
16.5
16.5
22.0

ut*

Figure 3. In situ hybridization of antisense (A, C, E, and G) and sense
(B, D, F, and H) NR cDNA probes to developing zygotic embryos at
10 DAF (A and B), 13 DAF (C and D), 17 DAF (E and F), and 20 DAF
(C and H). In A and B, arrowheads indicate embryos (em).

a cause of circadian fluctuation in NR activity in tobacco
leaf (Deng et al., 1990, 1991), the embryos obtained from
culture in NLN-Q exhibited almost the same level of NR
mRNA accumulation and enzyme activity as did the
control. If Gin were limiting the growth of embryos, it
might appear to enhance not only NR but also various
other enzymes. However, the growth rate of embryos
was not significantly affected by the media (NLN,
NLN-Q, NLN-NH4E, and NLN-NH4ENO3) from the
globular stage onward (Y. Ohkawa, M. Maeda, H.
Fukuoka, and T. Ogawa, unpublished data). This sug-
gests that Gin does not enhance whole growth and ac-
tivity of the embryos at the globular- to torpedo-shaped

stages. The embryos from NLN-NH4E also accumulated
NR mRNA, which was quite different from the results of
previous reports on NR regulation in vegetative organs
(Crawford et al., 1986). Our results reveal the state of
mRNA accumulation and not real transcriptional activ-
ity. Further work is required to clarify the relationships
among mRNA level, transcriptional activity, and mRNA
stability.

Many other factors such as light (Rajasekhar et al., 1988;
Melzer et al., 1989), cytokinin (Lu et al., 1990), and carbon
metabolites (Vincentz et al., 1993) have been reported to
affect transcriptional regulation of NR gene expression. It is
possible that some of these could be artificial factors from
the culture medium for in vitro-specific regulation of
mRNA transcription. The experiment involving in situ hy-
bridization of ovules, however, revealed that the stage-
specific accumulation of NR mRNA was common to zy-
gotic embryogenesis in vivo. This suggests the existence of
certain genetic mechanism(s) that regulate stage-specific
and nitrate-independent transcription, even though the de-
tails are not clear. It has been reported in barley that within
4 h after nitrate is supplied, the level of NR mRNA accu-
mulation dramatically increased, whereas almost no in-
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NO3
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Figure 4. Relationships among nitrogen source, NR mRNA accumu-
lation, and NADH-NR activity in 14-DAP androgenetic embryos (A)
and leaves of 30-d-old seedlings (B). Media and northern hybridiza-
tion signals are indicated below. For NR activity, the means and SE
values of three replicates are given.
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Figure 5. Quantitative RT-PCR for the two N R  genes, N R 1  (O) and NR2 (O), in 14-DAP embryos and leaves of 30-d-old 
seedlings grown in the presence of various nitrogen sources. Vertical axes show the relative fluorescence of the products in 
each PCR cycle. Nitrogen sources are shown at the top. 

crease in nitrate concentration was detected in the tissues 
(Melzer et al., 1989). This observation suggests that NR 
transcription would not be regulated in parallel with the 
nitrate concentration in cells, and that a particular signal 
transduction cascade would be involved. When developing 
embryos reached the heart/ torpedo-shaped stage, factor(s) 
that reside farther downstream than the nitrate signal 
may activate NR expression. Kende et al. (1971) reported 
that BA enhanced NR activity in excised embryos of 
Agrostemma githago. They demonstrated that after nitrate- 
deficient treatment, NR activity was reinduced by cytoki- 
nin but not by nitrate. At the time of reinduction, no nitrate 
was detected in extracts of the embryos. This result indi- 
cates a direct effect of cytokinin on NR expression without 
nitrate. Schmerder and Borriss (1986) reported that in dark- 
grown, isolated embryos of A. githago, NR activity was 
strongly induced by cytokinin and ethylene without ni- 
trate. These results suggest that in developing rapeseed 
embryos, cytokinin might play an important role in nitrate- 
independent regulation. 

Although androgenetic embryos obtained from culture 
in NLN-NH4E medium, like those obtained from nitrate- 

containing media, contained abundant NR mRNA, their 
enzyme activity was extremely low. Further work is 
required to determine whether the regulation is at the 
translational or the posttranslational (protein) level. NR 
regulation in ChloreIla was found to involve ammonium- 
dependent inactivation of NR enzyme (Losada et al., 
1970), and cyanide was suggested to be involved in the 
conversion of the enzyme into the inactive form (So- 
lomonson, 1974; Solomonson et al., 1984). There are, 
however, few reports of ammonium-related posttran- 
scriptional regulation of NR in higher plants. Deng et al. 
(199l),demonstrated that exogenous ammonium reduced 
the level of NR mRNA accumulation in tobacco roots 
that were grown on a relatively low concentration (1 
mM) of nitrate. Because C, plants release to cells a high ’ 
level of ammonia produced by photorespiration (Walls- 
grove et. al., 1983), participation of ammonium in NR 
regulation would be improbable, especially in leaves 
(Sakakibara and Sugiyama, 1991). When plants were 
supplied with ammonium as the sole nitrogen source, 
the NR mRNA level in leaves was low. The accumulation 
of NR mRNA in ammonium-treated embryos found in 
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our work would be a n  example of the  latent relationship 
between a m m o n i u m  a n d  NR expression i n  higher plants. 

Cheng e t  al. (1991) reported on t w o  Arabidopsis  NR 
genes that  were regulated differently. Since our nor thern  
hybridizat ion could not dis t inguish isogenes, it is possi- 
ble t o  suppose tha t  these complicated regulatory mech- 
anisms were due t o  the  isogenes that  a re  regulated 
specifically in each situation. Another  possibility is that  
the  multifunctional regulatory system directed t h e  ex- 
pression of one major s t ructural  gene. From t h e  analysis 
of the relative m R N A  levels of the  t w o  NR genes using 
quant i ta t ive RT-PCR, it was suggested that  w i t h  each 
type of nitrogen-source t reatment  a n d  i n  both  leaves and 
androgenet ic  embryos, the  m R N A  derived from t h e  NR1 
gene corresponding t o  pBnNR1405 accumulated t o  a 
m u c h  higher  leve1 compared  t o  the  m R N A  der ived  from 
NR2 (pBnNR1412). Since rapeseed is  amphidiploid,  we 
cannot  rule o u t  the possibility of other expressed N R  
genes. However ,  a11 of the  isolated 46 positive clones had 
specific EcoRV o r  PvuII sites a n d  a11 of the 14 nearly-full- 
length cDNA clones had 5’ and 3‘ nontranslated region 
nucleotide sequences identical t o  those of pBnNR1405 or 
pBnNR1412. Furthermore,  in t h e  quant i ta t ive RT-PCR 
experiment, there were no products  that  were not di- 
gested by ei ther  PvuII o r  EcoRV. These resul ts  suggest 
that  a major port ion of NR m R N A  originates from NR1 
or NR2. Thus, t h e  resul ts  suggest that  the flexibility a n d  
variability of NR activity expression specific t o  organ, 
ni t rogen metabolite, and developmental  s tage in each 
s i tuat ion was not  due t o  specific isogenes but was caused 
principally by regulat ion of one major s t ructural  gene, 
NR1. 

Our results demonstrate the unique regulation of N R  
genes in embryogenesis and that the state of the regulation 
changes depending on the developmental stage. Further- 
more, investigation of the nitrogen assimilatory status 
must  be important for the establishment of i n  vitro culture 
systems that  provide efficient induction of somatic embry- 
ogenesis. The nitrogen source composition would change 
i n  the course of differentiation and development. 

ACKNOWLEDCMENTS 

We wish to thank K. Matsuba at Chugoku National Agricultura1 
Experiment Station and T. Kuboyama at the University of Tokyo 
for their helpful comments concerning in situ hybridization 
experiments. 

Received November 27, 1995; accepted February 14, 1996. 
Copyright Clearance Center: 0032-0889/96/ 111/0039/09. 
The accession numbers for the sequences reported in this article 

are D38219 and D38220 for pBnNR1405 and pBnNR1412, respec- 
tively. 

LITERATURE ClTED 

Caboche M, Rouzé P (1990) Nitrate reductase: a target for molecular 
and cellular studies in higher plants. Trends Genet 6 187-192 

Cheng CL, Acedo GN, Dewdney J, Goodman HM, Conkling MA 
(1991) Differential expression of the two Arabidopsis nitrate 
reductase genes. Plant Physiol 9 6  275-279 

Chomczynski P, Sacchi N (1987) Single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-chloroform 
extraction. Ana1 Biochem 162 156-159 

Crawford NM (1995) Nitrate: nutrient and signal for plant growth. 
Plant Cell 7: 859-868 

Crawford NM, Campbell WH, Davis RW (1986) Nitrate reductase 
from squash: cDNA cloning and nitrate regulation. Proc Natl 
Acad Sci USA 83: 8073-8076 

Crouch ML (1982) Non-zygotic embryos of Brassica napus L. con- 
tain embryo-specific storage proteins. Planta 156: 520-524 

Daniel-Vedele F, Dorbe MF, Caboche M, Rouzé P (1989) Cloning 
and analysis of the tomato nitrate reductase-encoding gene: 
protein domain structure and amino acid homologies in higher 
plants. Gene 85: 371-380 

Deng MD, Moureaux T, Cherel I, Boutin JP, Caboche M (1991) 
Effects of nitrate metabolites on the regulation and circadian 
expression of tobacco nitrate reductase. Plant Physiol Biochem 

Deng MD, Moureaux T, Leydecker MT, Caboche M (1990) Ni- 
trate-reductase expression is under the control of a circadian 
rhythm and is light inducible in Nicotiana tabacum leaves. Planta 

Engler JA, Van Montagu M, Engler G (1994) Hybridization in situ 
of whole-mount messenger RNA in plants. Plant Mo1 Biol Rep 

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of 
suspension cultures of soybean root cells. Exp Cell Res 50 151-158 

Hageman RH, Reed AJ (1980) Nitrate reductase from higher 
plants. Methods Enzymol 69: 270-280 

Hoff T, Truong HN, Caboche M (1994) The use of mutants and 
transgenic plants to study nitrate assimilation. Plant Cell Envi- 
ron 17: 489-506 

Keller WA, Fan Z, Pechan P, Long N, Grainger J (1987) An 
efficient method for culture of isolated microspores of Brassica 
napus. In Proceedings of the 7th International Rapeseed Con- 
gress. Plant Breeding and Acclimatization Institute, Poznan, 
Poland, pp 152-157 

Kende H, Hahn H, Kays SE (1971) Enhancement of nitrate reduc- 
tase activity by benzyladenine in Agrostemma githago. Plant 
Physiol 48: 702-706 

Kouchi H, Hata S (1993) Isolation and characterization of nove1 
nodulin cDNAs representing genes expressed at early stages of 
soybean nodule development. Mo1 Gen Genet 238: 106-119 

Lichter R (1982) Induction of haploid plants from isolated pollen 
of Brassica napus. 2 Pflanzenphysiol 105: 427-434 

Li10 C (1994) Light regulation of nitrate reductase in green leaves 
of higher plants. Physiol Plant 90: 616-620 

Losada M, Paneque A, Aparicio PJ, Vega JM, Cárdenas J, Herrera 
J (1970) Inactivation and repression by ammonium of the nitrate 
reducing system in Chlorella. Biochem Biophys Res Commun 38: 

Lu JL, Etrl JR, Chen CM (1990) Cytokinin enhancement of the 
light induction of nitrate reductase transcript levels in etiolated 
barley leaves. Plant Mo1 Bio l l4  585-594 

Melzer JM, Kleinhofs A, Warner RL (1989) Nitrate reductase 
regulation: effects of nitrate and light on nitrate reductase 
mRNA accumulation. Mo1 Gen Genet 217: 341-346 

Ohkawa Y, Maeda M (1992) A role of amino acids in embryogen- 
esis of isolated B. napus microspores. In K Oono, T Hirabayashi, 
S Kikuchi, H Handa, K Kajiwara, eds, Plant Tissue Culture and 
Gene Manipulation for Breeding and Formation of Phytochemi- 
cals. National Institute of Agrobiological Resources, Tsukuba, 
Japan, pp 197-202 

Pelsy F, Caboche M (1992) Molecular genetics of nitrate reductase 
in higher plants. Adv Genet 30: 1 4 0  

Rajasekhar VK, Gowri G, Campbell WH (1988) Phytochrome- 
mediated light regulation of nitrate reductase expression in 
squash cotyledons. Plant Physiol 88: 242-244 

Sakakibara H, Sugiyama T (1991) Regulation of nitrate reductase 
gene expression and modulation of activity by environmental 
conditions. In T Asahi, T’Kuroiwa, H Harada, Y Yamada, A 
Watanabe, eds, Plant Cell Technology, Vol3. Shujunsha, Tokyo, 

29 239-247 

180 257-261 

12: 321-331 

1009-101 5 

pp 561-567 



Nitrate Reductase Gene Regulation in Rapeseed Embryogenesis 47 

Schmerder B, Borriss H (1986) Induction of nitrate reductase by 
cytokinin and ethylene in Agrostemma githago L. embryos. Planta 

Solomonson LP (1974) Regulation of nitrate reductase activity by 
NADH and cyanide. Biochim Biophys Acta 334 297-308 

Solomonson LP, Barber MJ, Howard WD (1984) Electron para- 
magnetic resonance studies on the molybdenum center of as- 
similatory NADHnitrate reductase from Chlorella vulgaris. J Biol 
Chem 259: 849-853 

Tang PS, Wu HY (1957) Adaptive formation of nitrate reductase in 
rice seedlings. Nature 179: 1355-1356 

Taylor DC, Weber N, Underhill EW, Pomeroy MK, Keller WA, 
Scowcroft WR, Wilen RW, Moloney MM, Holbrook LA (1990) 
Storage protein regulation and lipid accumulation in microspore 
embryos of Brassica napus L. Planta 181: 18-26 

Vaucheret H, Vincentz M, Kronenberger J, Caboche M, Rouzé P 
(1989) Molecular cloning and characterisation of the two homol- 

169: 589-593 

ogous genes coding for nitrate reductase in tobacco. Mo1 Gen . 
Genet 216 10-15 

Vincentz M, Moureaux T, Leydecker M-T, Vaucheret H, Caboche 
M (1993) Regulation of nitrate and nitrite reductase expression 
in Nicotiana plumbuginifolia leaves by nitrogen and carbon me- 
tabolites. Plant J 3: 315-324 

Wallsgrove RM, Keys AJ, Lea PJ, Miflin BJ (1983) Photosynthesis, 
photorespiration and nitrogen metabolism. Plant Cell Environ 6 

Wamer RL, Kleinhofs A (1992) Genetics and molecular biology of ni- 
trate metabolism in higher plants. Physiol Plant 85: 245-252 

Wilkinson JQ, Crawford NM (1993) Identification and character- 
ization of a chlorate-resistant mutant of Arabidopsis thaliana with 
mutations in both nitrate reductase structural genes NIAl and 
NIA2. Mo1 Gen Genet 239: 289-297 

Wray JL (1988) Molecular approaches to the analysis of nitrate 
assimilation. Plant Cell Environ 11: 369-382 

301-309 




