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INTRODUCTION 

Vegetation is recognized as a sink for atmospheric pollutants, and efforts have been made to 

characterize the interactions between plants and pollutants. Studies of pollutant sorption by 

plants furnish information that can help in assessing the efficacy of atmospheric scrubbing 

and in understanding the fate of pollutant molecules within plants. Some of these moleculars 

can be phytotoxic and some can serve as plant nutrients (for example, Sand N pollutants). 

Nitrogen dioxide (NOJ, a major air pollutant, might conceivably serve in either role (Well burn 

1990). N02 is known to incorporate into plants through their stomata (Saxe 1986, Okano et 

al. 1989, Thoene et al. 1991), and in aqueous solution (e.g., in the apoplastic water around 

leaf cells) N02 is thought to react with water and this feature increases significantly the 

apparent solubility of N02 . Reaction of N0 2 with water is not just simple hydration producing 

nitric acid (HN03). Using data from conductivity experiments, Lee and Schwartz (1981) 

concluded that N02 undergoes a comparatively slow heterogeneous reaction with water to 

form dissolved N02 species which then reacts with itself to give both HN0 3 and nitrous acid 

(HNOJ. Over pH ranges that are biologically important, HN03 (pKa -1.4) and HN0
2 

(pKa 

-3.3) ionize to nitrate and nitrite, respectively. Then those ions are converted to organic 

compounds such as amino acids or proteins (Yoneyama and Sasakawa 1979, Kaji et al. 1980, 

Lee and Schwartz 1981, Well bum 1990, Nussbaum et al. 1993) through the nitrate assimilation 

pathway. Formation of 15N-Iabeled nitrate, nitrite, and arnino acids in plants fumigated with 

ISN-labeled N0
2 

has been reported (Yoneyama and Sasakawa 1979, Kaji et a!. 1980), and 

since then it has been assumed that N02 nitrogen is metabolized as similar to that of nitrate in 

plant cells. Whether a stoichiometric relationship exists between the total nitrogen (N) derived 

[rom N02 and the sum of reduced and nitrate/nitrite N has not, however, been studied. 
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In higher plants, nitrate and nitrite ions generated from N02 are generally thought to be 

reduced by nitrate reductase (NR; EC l.6.6.1) and nitrite reductase (NiR; 1.7.7.1) in their 

cytosol and chloroplast, respectively. Glutamine synthetase (GS; EC 6.3.1 .2) in conjunction 

with glutamate synthetase (GOGAT; EC 2.6.1.53) is thought to be important for a conversion 

of the reduced N02 nitrogen to the organic form. GS catalyzes the ATP-dependent condensation 

of an1monia, the ultimate inorganic form o[ nitrogen available to the plants, with glutamate to 

yield glutamine (Miflin and Lea 1980, Lea 1993) . Higher plant GS is an octomatic enzyme of 

350-400 kDa (Lea 1993) which occurs as a number of isoenzyn1es, the subunits of which are 

encoded by a small multigene [alnily (Tingey et al. 1987, Tingey et al. 1988, Sakamoto et al. 

1989, Peterman and Goodman 1991, Li et al. 1993) . These GS isoforms are located either in 

cytosol (OS 1) or chloroplast/plastid (OS2) and in different plant organs, and assimilate ammonia 

derived by different physiological processes (Edwards et al. 1990, Cullimore and Bennett 

1992, LaIn et al. 1995) . In roots, GS 1 assimilates N~ released by breakdown of nitrogenous 

resources during germination (Walker and Coruzzi 1989, Peterman and Goodman 1991, 

Watanabe et al. 1994) . In leaves, NH3 produced from photorespiration is assimilated by OS2 

(Wallsgrove et al. 1987, Edwards and Coruzzi 1989, I-Hiusler et al. 1994) . GS1 in stems and 

leaves is located primarily in the vascular system (Carvalho et al. 1992, Kamachi et al. 1992, 

Marsolier et al. 1995) and it is postulated that it functions to generate glutamine for nitrogen 

transport (Edwards et al. 1990, Kamachi et al. 1991). In root nodules, the primary [unction o[ 

the OS is the rapid assimilation of N~ excreted into the plant cytosol of infected cells by 

nitrogen-fixing bacteroids (Cullimore and Bennett 1988, Lea 1993). 

As [or the regulation of OS gene, induction by nitrogen compounds has been studied 

extensively. The gene expression of OS 1 is known to response to nitrate and ammonia (Hirel 
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et al. 1987, Kozaki et al. 1991, Miao et al. 1991, Stanford et al. 1993, Sukanya et al. 1994, 

Sakakibara et al. 1996), and recently Watanabe et al. (1997) suggested that the OSl transcript 

level was regulated in response to the ratio of cellular glutamine to glutamate, but not to the 

glutamine level alone in radish cultured cells. The other isofonn (GS2) is well characterized 

in various plant species as light regulation of the expression (Edwards and Coruzzi 1989, 

Peterman and OOOdlTIan 1991) and also was regulated by ammonia in rice (Kozaki et al. 

1992). 

In chapter I, I will describe the results of the sequence analysis of two cDNA and 

genon1ic DNA clones for gsRl (OS 1) and gsLl (OS2) isolated from the cDNA library or 

genomic DNA library of Arabidopsis thaliana, respectively. 

In chapter II, I will describe the results of Northern blot analysis for OSl and OS2 mRNA 

in Arabidopsis thaliana plants fun1igated with 4 ppm N02 . I will show that their accumulations 

changed in different manner in response to N02-fumigation in leaves. 

In chapter III, I will show here an in planta transient expression assay using particle gun 

device, in which transgenes are introduced into the cells of leaves that are attached to an 

intact plant. Using this method, a plasmid pSO containing 663-bp fragment of cDNA of the 

gene encoding OS in an antisense orientation under the control of cauliflower mosaic virus 

(CaMV) 35S promoter and nopaline synthetase (NOS) polyadenylation signal was bombarded 

into the leaves of Arabidopsis thaliana attached to intact plants. I will show the results of 

subsequent analyses including enzyme activity analysi~;, Western blot analysis and ion content 

analysis. 

In chapter IV, I will describe the transgenic Arabidopsis thaliana plants bombarded with a 

plasmid that OS 1 or OS2 cDNA in a sense or antisense orientation is under the control of 
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CaMV 35S promoter and NOS polyadenylation signal. I will show the results of the 

determination of OS enzymatic activity and Westernl blot analysis in leaves of transgenic 

lines. 

In chapter V, I will describe about the fate of N02 nitrogen taken up in plant leaves. I 

studied there by using 15N-Iabeled N02 C5NOJ and potassium nitrate (K 15NOJ to clarify 

whether the total 15N taken up in the leaves of Arabidopsis thaliana plants is equal to the 

amount of reduced 15N plus nitrate/nitrite 15N. I found that the metabolic fate of N0
2 

nitrogen 

in the leaves differs from that of nitrate. 
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CHAPTER I 

Nucleotide sequences of cDNAs and genolrnic DNAs for cytosolic and 

chloroplastic glutamine synthetse from Arabidopsis thaliana plants 

Glutarnine synthetase (OS; EC 6.3.1.2) is a key enzyme in the assimilation of ammonia, 

catalyzing the A TP-dependent condensation of ammonia with glutamate to yield glutamine 

(Miflin and Lea 1980, Lea 1993). In higher plants OS occurs as a number of isoenzymes and 

is encoded by a small multigene family, whose n1embers exhibit organ specific patterns of 

expression (Tingey et al. 1987, Peterman and Goodman 1991, Li et al. 1993, Marsolier et al. 

1995). Based on the subcellular location, OS can broadly categorized as cytosolic OS1 and 

chloroplastic OS2, which respectively is present in the vascular system or in mesophyll cells 

in plant leaves (Carvalho et al. 1992, Cock et al. 1992, Kamachi et al. 1992, Lam et al. 1995). 

So, the different isozymes of OS assimilate alnmonia produced by different physiological 

processes (Edwards et al. 1990, Cullimore and Bennett 1992, Lam et al. 1995), e.g., symbiotic 

N2 fixation, the reduction of nitrate or nitrite, photorespiration, amino acid catabolism (Lea 

1993), or N02-metabolism (Kaji et al. 1980, Wellburn 1990) and probably have different 

physiological requirements for optimal activity (Cullimore and Bennett 1988, Temple et al. 

1996). Peterman and 000dman(1991) has already isolated fourOS cDNA clones for Arabidopsis 

lhaLiana ecotype Columbia, in which it appear to possess a single nuclear gene for chloroplastic 

GS2 (gsLl) and at least three genes for cytosolic OS 1 (gsRl, gsR2, and gsKb6) and they 

diferentially express in the root, leaf, and seed organs. 

In this chapter, I describe the results of the sequence analysis of two cDNA and genomic 

DNA clones for gsRl (OS 1) and gsLl (OS2) isolated from the cDNA library or genomic 
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DNA library of Arabidopsis thaliana, respectively. 

MATERIALS AND METHODS 

RT-PCR 

Total RNA (l JAg) extracted from Arabidopsis thaliana leaves was reverse-transcribed by 

reverse transcri ptase (Superscri pt II; Gibco BRL, MD, U.S.A.) and a pnmer 

(5'OACTI ATCCT AAGACATTGC-3' or 5' -TTGAGAGACCACATAGACA-3 ') which 

were, respectively, corresponding to nucleotide 1209 to 1228 and 1401 to 1420 in the sequences 

of gsRl (GS1) and gsLl (GS2) cDNAs reported by Peterman and Goodman (1991). The 

first-strand cDNA was amplified by adding Taq DNA polYlnerase (Takara Shuzo Co., Ltd., 

Otsu, Japan) and further primer (5'-CTGTTACTATCATCCAAACC-3' or 5'-

TTCAAOTCCCAGGOA TCATC-3 '), which respectively correspond to nucleotide 20 to 39 

in OS 1 cDNA and 46 to 65 in GS2 cDNA in that report. Thirty-five cycle of amplification 

were performed (1 min at 95°C for denaturation; 2 miln at 55°C for annealing; and 1 nlin at 

72°C for extension). 

Screening of Arabidopsis thaliana GSl and GS2 cDNA clones 

A cDNA library was constructed in the Lambda ZAP II vector (Stratagene, La Jolla, CA, 

U.S.A.) using poly(At RNA from leaves and stems of Arabidopsis thaliana ecotype C24 

fumigated with 4 ppm N02 for 1 h, as a template. Both GS 1 and GS2 cDNA clones were 

screened from this library (about 2 X 106 pfu, respectively) according to plaque hybridization 

technique (Maniatis et al. 1982) using each cDNA amplified by RT-PCR (see above), as a 

probe. Full -length or near full-length representatives of each class in the positive plaques 
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obtain~d in the first round of screening were initially identified by PCR, and purified by 

additional round of screening. The positive OSl and OS2 cDNA clones gained were named 

as pGSR1 and pOSLl, respectively. 

Screening of Arabidopsis thaliana GS 1 and GS2 genorn~ic DNA clones 

A genomic library of Arabidopsis thaliana ecotype ColU111bia (6X 105 recombinant plaques; 

Clontech) constructed with the AEMBL3 vector was screened by plaque hybridization with 

full-length or near full-length OSl or OS2 cDNA (see above) as a probe. The representatives 

of each class in the posi ti ve plaques obtained in the first round of screening were purified by 

addi tional round of screening. 

DNA sequence analysis 

The pBluescript II SK( -) plasmids carrying the putative OS cDNA were in vivo excised from 

the AZAP II vector according to the protocol described by Stratagene. A DNA carrying the 

putative OS 1 or OS2 genOll1ic DNA was digested with Bam HI and Hind III or Bam HI, Xba 

I and Eco RV, respectively, and each DNA fragment was subcloned to pBluescript II KS(+). 

A series of nested dilations from both ends was generated for each clone using Exonuclease 

III according to Henikoff (1987). The DNA sequence of each dilation was determined by the 

dideoxy method using DNA sequencing kit Dye Primer Cycle Sequencing Ready Reaction 

M13 Reverse/-21M13 (Perkin Elmer Applied Biosysterns Co., Ltd., Foster City, CA, U.S.A.) 

in full for both strands of each clone. Sequence analysis was perfonl1ed using the DNA 

Sequencing Software version 2.1.2 (Perkin Elmer Applied Biosystell1s Co., Ltd., Foster City, 

CA, U.S.A.). 
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RESULTS 

Sequence analysis of GSl and GS2 cDNA 

Fig. lA and IB show the nucleotide sequences and deduced amino acid sequences of full-length 

or near full-length gsRl (OS 1) and gsLl (GS2) cDNA clones from Arabidopsis thaliana 

ecotype C24. Each nucleotide sequence data reported will appear in DDBJ/EMBL/GenBank 

nucleotide sequence databases under the accession number AB006029 and AB006030, 

respectively. The GSI cDNA clone contained a 1352 nucleotide insert. The first ATO of the 

sequence, the putative initiation codon, preceded an ORF of 1068 nucleotides. This ORF 

translates into a 356 amino acid protein and only three replaced amino acid was found, 

compared with that for ecotype Columbia reported by Peterman and Goodman (1991). Five 

kinds of the regions conserved in both prokaryotic and eukaryotic OS were also found in its 

ORF, which are associated with the OS active site (Rawlings et aI., 1987). In those regions, 

ATP-binding site was in the amino acid positions from 213 to 235 and glutamate-binding site 

also located in alnino acid positions fron1 289 to 298. 

The OS2 cDNA clone contained a 1538 nucleotide insert. The first A TO of the sequence, 

the putative initiation codon, preceded an ORF of 1290 nucleotides. This ORF translates into 

a 430 alnino acid protein and no replaced amino acid was found, compared with that for 

ecotype Colwnbia reported previously. This putative ORF also contained five conserved 

regions, in which ATP-binding site located in the amino acid positions from 291 to 312 and 

glutamate-binding site also located in amino acid positions from 367 to 376. 

Sequence analysis of GSl and GS2 genes 

A genomic library of Arabidopsis thaliana ecotype Col umbia was screened with OS 1 or GS2 
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cDNA as a probe and two or three of the positive phage clones were isolated, respectively. 

Each a representative containing OS 1 or OS2 gene was subcloned into pBluescript II vector 

and its sequence was determined in full for both stands of each clone. The nucleotide sequence 

of the gsRl (OSI) or gsLl (OS2) cDNA (Peterman and Ooodman, 1991) was identical to 

each of corresponding genomic clone, with the exception of the 5' and 3' franking regions, 

and intron region of these genes (Fig. 2). Each nucleotide sequence data reported will appear 

in DDBJ/EMBL/GenBank nucleotide sequence databases under the accession number 

AB006031 and AB015045, respectively . 

A OSI clone contained 5314 nucleotides, including 9 exons and 8 introns; the introns 

began with nucleotides AO and ended with ~T . A putative TAT A box was found in 52 

nucleotide upstream from the N-terminal end of the cDNA. On the other hand, a OS2 clone 

contained 7498 nucleotides, including 11 exons in which exon 1 was found in this 5' untranslated 

region of the cDNA and 10 introns beginning also with nucleotides AO and ended with ~T. 

A putative TATA box was found in 64-nucleotide-upstream from the N-terminal end of the 

cDNA . 

9 



3 
63 

123 

183 

243 

GCTCCTGGTGAAGACAGTGAAGTCATCTTATACCCTCAAGCCATATTCAAAGAT 303 
A P G E 0 S E V I L Y P Q A I F K 0 

CCTTTCCGTAGAGGAAACAACATTCTTGTCATGTGCGATGC(;TACACTCCCGCGGGTGAA 363 
P F R R G N NIL V M C 0 A Y T P AGE 
CCAATCCCGACTAACAAAAGACACGCTGCGGCTAAGGTCTT'l~AGCAACCCTGATGTTGCA 423 
PIP T N K R H A A A K V F S N P 0 V A 
GCTGAAGTGCCATGGTATGGTATTGAGCAAGAATACACTTTP'~CTCCAGAAAGATGTGAAG 483 

A E V P W Y G I E Q E Y T L L Q K D V K 
TGGCCTGTTGGTTGGCCTATTGGTGGTTATCCCGGCCCTCAG~CCGTACTATTGCGGT 543 

W V G W PIG GYP G P Q G P Y Y C G 
ATTGGAGCAGACAAATCTTTTGGCAGAGATGTTGTTGATTC'I'CACTACAAGGCCTGCTTA 603 

I GAD K S F G R 0 V S 
T CGCTGGGATCAACA'I'TAGTGTCATCAATGGAGAAGTCATG~CGGGTCAGTGGGAGTTC 663 

GI N I S r I N G E V M P G Q W E F 
CAGGTCGGTCCAGCTGTTGGTATCTCGGCCGCTGATGAAATTTGGGTCGCTCGTTACATT 723 

Q v G P A V GIS A A D E R Y I 
TTGGAGAGGATCACAGAGATTGCTGGTGTAGTGGTATCTTTT'GACCCGAAACCGATTCCC 783 

L E R T E V V P K PIP 
GGTGACTGGAACGGTGCTGGTGCTCACTGCAACTACAGTACCAAGTCAATGAGGGAAGAA 843 

G D W N GAG A HeN Y S T K S M R E E 
GGCGGTTACGAGATCATCAAGAAAGCAATCGATAAATTGGGACTGAGACACAAAGAACAC 903 

G G Y E I I K K A I D K L G L R H K E H 
ATTGCTGCTTACGGTGAAGGCAATGAGCGTCGTCTCACCGGTCACCACGAGACTGCTGAC 963 

I A A Y G E G N ERR LTG H H ET A D 
ATCAACACTTTCCTTTGGGGTGTTGCGAACCGTGGAGCATCGATCCGAGTAGGACGTGAT 1023 

I N T F L W G V A 
ACTGAGAAAGAAGGGAAAGGATACTTTGAGGATAGGAGGCCAGCTTCGAACATGGATCCT 1083 

K G Y FED R R PAS N M D P 
TACATTGTCACTTCCATGATTGCAGAGACTACAATCCTCTGGAATCCTTGATGATCATCA 1143 

Y I V T S M I A E TTl L W N P * 
GATCAAGAAAAAATCTTGAATGTCACTCAAATTTGTGTTTCT'TGCAAGATTCAAAGTTTG 1203 
TGTTCTCTATCAAGCAATGTCTTAGGATAAGTCAAAGATTTGCTCTGCTTATTCTGCTTT 1263 
TTATTTACTTCACATCCTATTGAAAACA'I'TTCTGTGTATTATTTATGAATAAACATTATC 1323 
TT~~~~uvuvvu~~ 

:ATP-binding site 
:Glu-binding site 
:Other conserved region 

Fig. lA Nucleotid and deduced amino acid sequences of the gsRI (GS 1) cDNA for Arabidopsis 
thaliana ecolype C24. The replaced amino acid compared with Arahidopsis thaliaoo ecotype 
Columbia is green-c lored and each color box shows the conserved regi n of GS gene for some 
pecies. Ast risk indicate the stop codon. 
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GCCATCTGTTACAAACA 17 
CCAAACTCTCCTGATTCATCAGTTTTAAGTCTTCTTCAAGTCCCAGGGATCATCAATCCA 7 7 
ATGGCTCAGATCTTAGCAGCTTCTCCAACATGTCAGATGA(;AGTGCCTAAACACTCATCA 1 37 

M A Q I L A ASP T C Q M R V P K H S S 
GTCATTGCATCATCATCCAAGTTATGGAGCTCTGTTGTGT~rGAAACAGAAGAAGCAGAGC 197 
V I ASS S K L W S S v V L K Q K K Q S 
AACAACAAAGTCAGAGGCTTTAGAGTTCTTGCTCTCCAA~~TGATAACAGTACTGTCAAT 257 

N N K V R G F R V L A L Q S D N S T V N 
AGAGTTGAGACTCTTCTCAATTTAGACACCAAACCTTACTCTGACAGGATCATTGCTGAA 31 7 

R VET L L N L D T K P Y S D R I I A E 
TACATTTGGATTGGAGGATCTGGAATTGACCTTAGAAGCA1~GTCAAGGACTATCGAAAAG 377 

Y I W IG G S G I D L R S K S R TIE K 
CCGGTGGAGGATCCTTCTGAGCTACCTAAGTGGAACTACGJ~TGGTTCGAGTACCGGTCAA 437 
P V E D P S E L P K W 

GCACCTGGTGAAGATAGTGAAGTGATTCTATACCCGCAAGC:TATCTTCAGAGATCCTTTC 497 

CGTGGAGGCAATAACATCTTGGTTATCTGTGATACTTGGACACCAGCTGGTGAGCCAATT 557 
G G N NIL V I C D T W T P AGE P I 

CCAACAAACAAACGTGCTAAAGCTGCTGAGATCTTCAG~lCAAGAAGGTCTCTGGCGAG 617 
P T N K R A K A A ElF S N K K V S G E 
GTTCCATGGTTCGGCATTGAACAAGAGTACACTTTACTTC1!~GCAAAACGTCAAATGGCCT 677 

V P W F G I E Q E Y T L L Q Q N V K W P 
TTAGGTTGGCCTG'r'l'GGAGCGTTCCCTGGTCCTCAGGGTCCTTACTACTGTGGAGTTGGA 737 
L G W P V G A F P G P Q G P Y Y C G V G 
GCTGACAAGATTTGGGGGCGTGACATTTCAGATGCTCATTA~CAAAGCTTGTTTATATGCT 797 
A D K I W G R DIS D A H Y K A C L Y A 

GGAATTAACATTAGTGGTACTAATGGTGAAGTTATGCCTGGACAGTGGGAGTTCCAAGTT 857 
GI N I S G T N 

GGCCCGAGCGTAGGAATCGATGCAGGTGATCATGTTTGGTGTGCTAGATACCTTCTTGAG 91 7 
G P S V G I D A G D H V W CAR Y L L E 

AGAATCACAGAACAAGCTGGTGTTGTCCTAACACTTGATCCCAAACCGATAGAGGGAGAC 977 
R I T E Q A G V V L T L D K PIE G D 

TGGAACGGTGCTGGTTGCCACACCAATTACAGTACAAAGAGCATGAGAGAGGAAGGAGGA 1037 
W G G C H T Y S T K S M R E EGG 

TTTGAGGTGATCAAGAAGGC TATCTTGAACCTC TCACTTCGCCACAAGGAGCACATCAGT 1097 
F E V I K K A I L N L S L R H K E HIS 

GCCTACGGTGAAGGAAACGAGAGAAGGTTGACCGGAAAGCACGAGACAGCTAGTATTGAC 1157 
A Y G E G N ERR LTG K H E TA SID 

CAGTTCTCATGGGGCGTGGCTAACCGTGGATGCTCTATTCGTGTGGGACGTGACACCGAG 1217 
Q F S W G V R G C S I V G R D T E 

GCGAAAGGAAAAGGTTACTTAGAAGATCGCCGTCCAGCATCTAACATGGACCCATACATT 1277 
A K G K G Y L 

GTGACCTCACTTTTGGCAGAGACCACACTCCTGTGGGAGCC.AACTCTTGAGGCTGAAGCC 1337 
L L A E TTL L W E P T LEA E A 

CTTGCAGCTCAAAAGCTTTCTTTGAATGTTTAAAATTAGTCGAAACTTTCATGAATCTGA 1397 
L A A Q K L S L N V * 
TGAACACACGTGTCTATGTGGTCTCTCAAGTTGTTTAAAC~TTCGGATTAAGACATTGTT 1457 
TGTTGTCTTTTCATTTGCATTTTTAAAACTCAGAATTGTAT~GGACAATGTTCATCCTTTT 1517 
ATATTGGTTCTTTTGACTGTTnfi~~~~uv~~~ 

:ATP-binding site 
:Glu-binding site 
:Other co served region 

Fig. IB Nucleotid equence and deduced amino acid sequence of the gsLl (GS2) cDNA for 
Arahidopsis thalian ecotype C24. Each color box shows the con erved region of GS gene £ r 
some species and asterisk indicate the stop codon. 
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II 23456789 
gsRl (GSl) 

I 
1 J 2 3 4 5 6 7 8 9 10 11 

gsLl (GS2) 

N 
lkb ......-i 

· ex on . intron : UTR 

Fig. 2 Structures of GS 1 and GS2 genes for Arabidopsis thaliana 



DISCUSSION 

I isolated full-length or near full-length of the gsRl (GS1) and gsLl (GS2) cDNAs from 

Arabidopsis thaliana leaf and tern library. These genes are thought to encode the 39 kDa and 

43 kDa of GS polypeptides, respectively, and each gene expression exhibits in different 

tissues (Peterman and Goodman 1991, Lam et a\. 1995). GSI gene expresses in root and 

germinated seed cells, whereas GS2 gene does in leaf cells mainly (Peterman and Goodman 

1991). 

Both these GS cDNA clones have five conserved regions (Rawlings et al. 1987). Those 

regions are conserved in both prokaryotic GS such like E. coli (Colombo and Villafranca 

1986) and eukaryotic GS as like Phaseolus vulgaris (Gebhardt et a\. 1986), alfalfa (Tischer et 

a\. 1986), rice (Sakamoto et a\. 1989) and Chinease hamster (Hayward et a\. 1986) . A striking 

feature about five conserved amino acid regions is that they are all associated with the 

proposed GS active sites, and third and forth conserved region numbered from the N-terminal 

end are deduced to be the ATP-binding site and glutamate-binding site, respecti vely (Rawlings 

et al. 1987). 

In the sequence of GS2 cDNA, the first 153 nucleotides of its ORF are 62% and 60% 

similar to that of the P. sativum and P. vulgaris chloroplast GS transit sequences, respectively 

(Peterman and Goodman, 1991). Furthermore, this region translates into a polypeptide with 

an unusually high proportion of basic amino acids residues (20%) that is completely devoid 

of acidic amino acids, both characteristics of chloroplast transit peptide sequences (Karlin­

Neumann and Tobin 1986, Peterman and Goodman, 1991). Such a region carrying a transit 

sequence was not found in the N-terminal end of GS1 eDNA. 

The GSI and GS2 genomic clones include a 1.4 and 1.3 kb of 5' flanking regions of the 
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genes, respectively . In those regions, respectively, the 17 and 14 binding sites for NIT-2 

protein factors were found (Table 1), which is the major regulatory factor of nitrogen metabolism 

in fungi (Fu and Maraluf 1990, Marzluf 1993). The sequence motifs have widely found in the 

5' flanking regions of genes for Arabidopsis thaliana NR and NiR, rice FNR, and maize Fd 

(Matsumura et al. 1997), which are known as nitrate responsible genes. The transcripts of GS 

and GOGAT genes are also thought to be significantly affected by cellular nitrogen status 

(Kozaki et al. 1991 , Watanabe et al. ]996, Watanabe et al. 1997), though little is known 

about it. Table 1 shows various length of the 5' flanking regions of GS1, GS2, and NADH­

OOGAT genes from Arabidopsis thaliana, Medicago sativa L., Phaseolus vulgaris L., Pisum 

sativum L., and Oryza sativa L. also exhibit some nUITlbers of the NIT -2 motifs . We also 

analyzed the putative sequence motifs in their 5' flanking regions, which are necessary for 

nitrate-dependent transcription of Arabidopsis thaliana NR genes and conserved in the 5' 

flanking regions of the other nitrate-inducible plant genes [A(C/G)TCA], suggested by Hwang 

et al. (1997), and consequently some nUlnbers of the motifs were found in their regions for 

OS and GOGAT genes from some kinds of plants (Table 1). The presences of these sequence 

motifs in the 5' upstream regions of their genes suggest that cellular nitrogen status affects 

the expressions of GS/GOGA T genes through the trans-regulatory factors as similar as those 

of the NR and NiR genes, though it is not clear yet about the presence of certain factors 

except for the NIT -2, and the direct nitrogenous signal(s) which affects their gene expressions, 

e.g. ) nitrate, ammonia, glutamine, and/or glutamate. 
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Table 1 The presences of the sequence motifs in the 5' flanking regions of GS and GOGA T genes 

Gene Length of 5' upstream No. of binding a No. of the similar motifs necessary b Reference 

region (bp) sites for NIT-2 for nitrate-dependent transcription 

A. thaliana GS 1 1394 17 6 This study 

A. thaliana GS2 1253 14 3 This study 

M. sativa GS 1 620 2 1 Tischer et al. (1986) 

P. sativum OS 1 (GS3A) 1833 25 3 Walker et al. (1995) 

P. sativum GS 1 (GS3B) 1140 14 1 Walker et al . (1995) 

P. vulgaris GS2 3006 16 5 Cock et al. (1992) 

M. sativa NADH-GOGAT 2333 21 2 Vance et al. (1995) 

O.sativa NADH-GOGA T 3700 22 4 Unpublished 

a Putative binding sites for NIT -2 [T ATC(TAG)(ACT) or (AGT)(TCA)GAT A]. 

b Similar sequence motifs necessary for nitrate-dependent transcription of Arabidopsis thaliana NR genes and conserved in the 

5' flanking regions of other nitrate-inducible plant genes [A(C/G)TCA] (Hwang et al. 1997). 
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CHAPTER II 

Expression of GS genes in response to fumigation with nitrogen dioxide 

Plants are reported (Rogers et al. 1979, Yoneyama and Sasakawa 1979, Well burn 1990) to 

assimilate the nitrogen in nitrogen dioxide (N02) to organic compounds, including amino 

acids in their leayes (Kaji et al. 1980). OS is known to be a key enzylne to incorporate 

ammonia derived from N02 to glutalnine. However, the response of OS isozymes to NOl in 

the levels of InRNA and enzyme activity have not been cleared yet. 

In this chapter, I show the results of Northern blot analysis for gsRl (OSI) and gsLl 

(OS2) mRNAs in leaves of Arabidopsis thaliana fumigated with 4 ppm NO l . I show that 

their accun1ulations changed differntially for up to 10 h after the start of NOl-fumigation. 

MATERIALS AND METH:ODS 

Plant material 

Arabidopsis thaliana ecotype C24 plants were sown in vermiculite and perlite (1: 1, v/v) in 

plastic pots, and the pots placed in a growth chamber (model ER-20-A; Nippon Medical & 

Chemical Instruments Co., Osaka, Japan) . After germination, seedlings were grown under 

continuous light (70 JAE m-2 s-l ) at 22.0+0.3°C at a relative humidity of 70+40/0 and irrigated 

at 4-day intervals with a half-strength solution of the inorganic salts of Murashige and 

Skoog's medium (Murashige and Skoog 1962) that contained 19.7 mM nitrate and 10.3 mM 

ammonium salts. 
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Fumigation with NOz 

Six-week-old Arabidopsis thaliana seedlings in the plastic pots were placed in a fumigation 

chamber (NC-1000-SC, Nippon Medical & Chemical Instruments Co., Osaka, Japan) and 

treated with 4.0+0.3 ppm N02 for up to 10 h under continuous light (70}tE m -2 
S-I), 340 +80 

ppm CO2 at 22.0 +0.3 °C, and a relative humidity of 70+40/0. The pots were covered with 

polyethylene bags to avoid dissolution of N02 into the soil layer. 

peR amplification 

Each PCR amplification of the 3'UTR fragment of gsRl (GSl) or gsLl (GS2) cDNA was 

perfonned with plasmid DNA pGSR1 and pGSLl (see Chapter I) as a template, respectively. 

The primer sequences used for amplifications of the cDNA fragments were, respectively, 

5' -CCGGATCCGATGA TCA TCAGATC-3' (sense) and 5' -

CCGAATTCCAATAGGATGTGAAG-3' (antisense) for amplification of a fragment carrying 

153 bp of GS1 cDNA, and 5'-CCCGAATTCGAATCTGATGAACACACGTG-3' (sense) 

and 5' -CCCCTCGAGCGTTTGGACATGCTCTAACA-3' (antisense) for amplification of a 

fragment carrying 164 bp of GS2 cDNA. Thirty-five cycles of amplification, each of which 

consisted of 1 min at 95°C for denaturation, 2 min at 60
Cl

C for annealing, and 1 min at 72°C 

for extension, were made. Each amplified cDNA fragment was used for subsequent Northern 

blot analysis as a specific probe. 

Northern blot analysis 

Leaves were harvested 0, 1, 2, 4, 8, 10 h after the start of N0
2
-fumigation, frozen in liquid 

nitrogen immediately, and stored at -80°C. Total RNA was extracted according to the procedure 
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of Chirgwin et al. (1979). Total RNA was loaded (10 JAg per line) on 1 % agarose gel 

containing 2 M formaldehyde, and electrophoresed. Trans to Hybond-N Plus nylon filter 

(Amersham , Buckinghamshire, England) and UV -crosslinking to immobilized RNA was done 

as described by Church and Gilbert (1984). Filters were hybridized to gene probes in 500/0 

formamide, 1 % SDS, 1 O~ dextran sulfate, 0.05 M Na-Pi buffer, S X standard saline citrate 

(SSC ; 1 XSSC=150 mM NaCI, 15 mM sodium citrate) and 100 JAg mI '[ denatured salmon 

spenn DNA at 42°C for 12 to 24 h. 32P-Iabeled gene probes were prepared by random primer 

method (T7 Quick Prime Kit; Pharmacia Inc., Piscataway, NJ, USA) using 3 'UTR fragments 

of the GS 1 or GS2 eDNA (see above) , and 0.9 kb Bam HI-28S rRNA fragment from pED30 

plasmid which containing Arabidopsis thaliana 28S rRNA eDNA, as templates. Filters were 

then washed three times in 2 X SSC, 1 % SDS at 42°C for 5 min and twice in 0 .1 X SSC, 0.10/0 

SDS at 65°C for 15 min. Quantitative analysis of the hybridization signals derived from GSl 

and GS2 transcripts, which were calibrated with the signals from 28S rRNA, was done using 

a BAS 3000 Bio-Imaging Analyzer (Fuji Film Co., Tokyo, Japan). 

RESULTS 

Fig. 1 shows changes of relative levels of gsRl (GSl) and gsLl (GS2) mRNAs in Arabidopsis 

thaLiana leaves fumigated with4 ppm N02forupto 10 h. Theircoding regions had approximately 

70% identity while the identity of the UTR's was less than 400/0. So, these UTR sequences 

were used as probes for Northern blot analysis. The GS 1 mRNA level increased 2.5 times in 

response to fumigation with N02 1 h after the start of fumigation. Then it decreased to almo t 

60% of the peak level in another 1 h and reached more or less the initial level 10 h after the 

tart. On the other hand, the GS2 mRNA level decreased drastically to 220/0 of the initial level 
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], h after the start. I t was still low another 4 h and increased to almost same level of the start 

for up to 10 h. 

DISCUSSION 

I found that the OS 1 and OS2 mRNA levels changed in response to 4 ppm N02 fumigation 

by Northern blot analysis . However, the response was drastically different in each mRNA. 

The GS 1 111RNA increased transiently 1 h after the start of fumigation and the GS2 mRNA 

decreased 2 h after the start, and they were back to the level of the start for up to 10 h. The 

Arabidopsis tha/iana nitrate reductase (NR) and nitrite reductase (NiR) mRNAs also increase 

transiently, peaked 1 h after the start of fumigation, in response to 4 ppm N02 when plants 

had been previously starved for nitrate for 1 week (Morikawa et al. 1998b). The responses of 

these mRNAs to N02 are silnilar to that of OS 1 mRNA rather than that of OS2 mRNA. These 

gene expressions Inay be regulated by the similar transcriptional signals. 

The cytosolic OS 1 isoform locates in the vascular system (Carvalho et a1. 1992, Kamachi 

et a1. 1992, Marsolier et a1. 1995), and GS2 located onl y in the mesophyll cells of their leaves 

(Edwards et al. 1990). Their gene expressions are also different in plant organ, and are 

thought to be regulated by different signal factors, e.g., nitrate, nitrite, alnino acids as like 

glutamine and gl utamate, or li ght. When Arabidopsis thaliana plants were fumigated with 4 

ppm N02 for 4 h, the 2.4- and 1.5-folds of the accum ul ation of nitrite and ammonium ions 

were detected in their leaves, respectively (data not shown). Such nitrogen compounds Inay 

activate and/or repress their gene expressions. With the ai.m of improving our under tanding 

of OS gene regulation, several researches will be perfonned, e.g., investigating of transgenic 

plants and an immunochemical analysis of OS isozymes. 
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Fig. 1 Time course of the changes of OS 1 and OS2 n1RNA levels in response to 4 ppm 
nitrogen dioxide in Arabidopsis tha Liana leaves . The OS mRNA levels in each lane was 
normalized against that of rRNA level. 
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CHAPTER III 

in planta Assay for The Effect of Antisense GS cDNA Introduced into 

Arabidopsis thaliana Leaves by Particle Bombardment 

OS is a key enzyme in nitrogen metabolism in various organisms (McNally and Hirel 1983), 

and in higher plants OS plays an essential role in the assimilation of ammonia generated from 

various reduction processes including ni trate reduction and photorespiration (Key et a!. 1978, 

Minin and Lea 1980, Wallsgrove et al. 1987, Edwards and Coruzzi 1989). Plants can uptake 

nitrogen dioxide (N02 ) through stomata in leaves and assimilate its nitrogen into amino acids 

and proteins through the OS Iglutamate synthetase (OOOA T) pathway in plastids (Yoneyama 

et al. 1979 , Well burn 1990) . 

In this chapter, I show the new Inethod of efficient delivery of transgenes into the leaves 

that were attached to an intact Arabidopsis thaliana plant by particle gun. Successful transient 

expression of uid A under the control of CaMV 35S promoter and NOS polyadenylation 

signal is described here. Using this method, an expression vector for an antisense OS cDNA 

was bombarded into the leaves attached to an intact Arabidopsis thaliana plant. Bombarded 

plants were subjected to standing in the atmosphere wit.hout added N02, or to fumigation 

with 4 ppm nitrogen dioxide (N02 ), and analyzed biochemically. I describe the results or 

enzyme activity analysis, Western blot analysis, and ion content analysis. 
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MATERIALS AND METI-:IODS 

Plan! material 

The growth conditions of Arabidopsis thaliana ecotype C24 were described in chapter II. 

Prior to further experiments for in planta assay, the plants were transferred to a fun1igation 

chamber and kept in the chamber with no added N0
2 

for 24 h under the conditions described 

in chapter II. 

Bombardment 

Plants in pots were taken out from the fUlnigation chamber, and a disk of 0.60/0 agarose gel 

was (or not) placed underneath the leaves of a target plant on the surface of the soil in a pot 

so that each of the leaves was solidly held onto the gel surface. Then the plant in a pot was 

placed in he bombardment box of the particle gun device (Rehbock model 260, Rehbock Co., 

Japan; Morikawa, et a\., ] 994), and bombarded with gold particles coated with or without 

plasmid DNA as reported previously (Morikawa et aI., 1989; Iida et ai., 1990) with slight 

modifications; 4 jAg of plasmid DNA per mg of gold particles (1.1 jAm, diameter, Tokuriki 

Honten Co., Tokyo, Japan) ,0.1 or 0.2 mg of DNA-coated gold particles per projectile, 6 cm 

of sample-to-stopper distance, and 375 m S·I of initial velocity of the projectile. Two to six 

shots were given to cach targct plant. Arter being bombarded and the agarose gel plate being 

removed from the pots, bombarded plants were transferred back to the humidity-controlled 

chamber (70+40/0). Some other plants were treated in the same way as for bombarded plants 

except that shots were given wi th projectiles wi thout gold particles, after which these 

nonbombarded control plants also were transferred back to the chamber. These bombarded 

and nonbombarded plants were subjected to fumigation experiments. 
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Fumigation experiments 

To the fumigation chamber, in which bombarded or nonbombarded plants had been placed, 

N02 gas at the concentration of at 4 .0 +0.3 ppm N0
2 

was applied, and plants were kept for 

lip to 2 h in the condition described in chapter II. Standing treatments of bombarded or 

nonbombarded plants in the atmosphere were made exactly the same ways as fumigation 

treatment except that no N0
2 

gas was added. 

CLoning of GS eDNA and construe/ion of pLasmid DNA 

Total RNA was isolated from leaves of 5-week-old plants and used for a template for the 

amplification of the first strand of OS cDNA using an RNA PCR Kit (Perkin Elmer Applied 

Biosystems Co., Ltd., Foster City, CA, U.S.A.) . A pair of PCR primers (5'­

AGTGATTCT A T ACCCGCAAGC-3' and 5'-CTCTCGTTTCCTTCACCOT AG-3'), which 

corresponds respectively to nucleotide bases from 452 to 472 and those from 1094 to 1114 in 

the sequence of a GS cDNA clone (gsLl) encoding GS2 polypeptide (Peterman and Goodman, 

1991). Thirty-five cycles of amplification, each of which consisted of 1 min at 95°C for 

denaturation, 2 min at 65°C for annealing, and 1 min at 72°C for extension, were made. A 

663-bp product thus obtained was cloned using pCR-ScriptSK.(+) Cloning Kit (Stratagene, 

La Jolla, CA, U.S.A .). The nucleotide sequence or a clone (pAGSLFl) was identical to that 

of the corresponding region of GS2 cDNA (Peterman and Goodman, 1991). A 704-bp Bam 

HI/Sac I fragment from pAGSLF1 was inserted into the 3.8-kb deletion vector, in which the 

uidA was deleted from pBI221 by digestion with BamHI and Sad, and this leads to plasmid 

pSG. Note that the GS cDNA fragment was connected tQi cauliflower mosaic virus (CaMV) 

3SS promoter and nopali ne synthetase (NOS) polyadenyJation signal in an antisense orientation . 

23 



Protein extraction and enzyme assay 

All leaves were harvested from a bombarded target plant, and from theln total soluble protein 

extracts were prepared at 4°C by homogenization of tissues in grinding buffer using a mortar 

and pestle. The grinding was prepared as 50 mM Tris-HCI, 10 mM MgCI2, 10 mM 2-

mercaptoethanol and l.70/0 polyvinylpyrrolidone (pH 7.6). The extracts were clarified by 

centrifugation for 10 n1in at 18,000Xg. Protein concentra.tion of the extracts were determined 

according to the method of Bradford (1976) using bovine serum albumin (BSA) as a standard. 

OS enzyme acti vity in the extracts was determined according to Rhodes et a1. (1975). 

Western blot analysis 

The proteins in the leaf extracts were analyzed by 100/0 SDS-polyacrylamide gel electrophoresis 

(PAGE) according to Laemmli (1970). Proteins were transferred electrically from SDS-PA 

gel to nitrocellulose filters following the procedure ofTowbin et al. (1979). Following transfer, 

the filters were blocked overnight in TBST (20 mM Tris-11CI pH 7.6, 1 mM EDT A, 150 mM 

NaCI, 0.0050/0 Tween 20) containing 20/0 skim milk (Difco Laboratories, Detroit, MI, U.S.A.). 

Afterwards, the blocking solution was substituted by TBST containing rabbit anti-lettuce 

GSI antibody (a gift from Dr. Go Takeba, Kyoto Prefectural University) and incubated for 2 

h. The blot was washed three times with TBST and incubated with C25 I]-goat anti-rabbit IgG 

for another 1 h. After being washed in TBST, the filters were subjected to autoradiography 

and quantitative analysis of the signal intensities was made by using BAS 3000 Bio-imaging 

analyzer (Fuji Photo Filln Co., Ltd., Tokyo, Japan). 
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Determination of the contents of N03 , N0 2 and NH4 + ions 

Leaf tissues (50 mg fresh weight) were homogenized in 25 }il of 0.1 % SDS and subsequently 

200 ytl chloroform using a mortar and pestle made of agate (Sanplatec Corp., Tokyo, Japan) 

for determination of N03 " and N02 " ion content. For determination of NH4 + ion content, leaf 

tissues were homogenized in 400 }il of ultrapure water using the teOon mortar and pestle. The 

homogenates were clarified by centrifugation twice at 18,000Xg for 10 min, after which the 

respective ion contents were analyzed by using a capillary ion analyzer (Kawamura et al. 

1996) . The amount of total chlorophyll in the extracts was determined according to the 

method of Mackinney et al. (1941). The ion contents were expressed in }imoles or nmoles per 

mg of total chlorophyll of the sample. 

RESULTS 

GUS expression in intact leaves attached to Arabidopsis thaliana plant 

I studied the efficient bombardlnent of transgenes into the leaves that were attached to an 

intact Arabidopsis thaliana plant. The leaves that were being held or not held onto the gel 

plate were bombarded with pBI221 (CaMV 35S pro-uidA gene-NOS ter) and then subjected 

to histochemical assay for GUS expression. The results are summarized in Table 1. Clearly, 

in the bombarded leaves holding onto the agarose gel plate, there was more blue spots of 

GUS-expressing cells than in the leaves not held to the plate. At most, a total of 515 spots on 

GUS expression cells per plant were observed for two shots of 0.2 111g gold particles per 

projectile each, in which more than 50 of the blue spots per leaf were detected. In the 

following experiments, bombardments were made to the attached leaves that were held to 

agarose plate. 
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Table 1 Transient expression or the GUS gene In the leaves attached to Arabidopsis 

lhaliana plants 

Experiment Holding mgAu No. of No. of GUS-expression 

No. or leaves a / projectile shot uni ts / plant b 

0.1 2 4 

2 0.1 4 2 

3 0.1 4 2 

4 0.1 4 6 

5 0.2 2 3 

6 0.2 2 4 

7 0.2 2 5 

8 0.2 2 9 

9 + 0.1 4 63 

10 + 0.1 4 148 

11 + 0.1 4 222 

12 + 0.1 4 292 

13 + 0.1 6 225 

14 + 0.2 2 125 

15 + 0.2 2 502 

16 + 0.2 2 515 

17 + 0.2 3 108 

18 + 0.2 3 157 

19 + 0.2 3 380 

a The leaves, which were in the state of attachment to the plants , were held (+) or not (-) on 

a disk or agarose gel. 

b The number or GUS-expression units (bl ue spots) in a plant. 
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Changes in GS activity 

Fig. 1 shows changes 111 GS activity 111 the leaves of Arabidopsis thaliana plants as a 

[unction of time for standing in the atmosphere without added N02 (Fig. 1A) or for fumigation 

\Vith 4 ppm N02 (Fig. 1B). Prior to "standing" or "fumigation" treatment, plants were not 

bombarded (thereafter they are designated as NB plants), or mock bombarded, i.e., bombarded 

with noncoated gold particles (MB plants), or bombarded with pSG-coated gold particles 

(SO plants) . When NB and MB plants were stood in the atmosphere without added N02, no 

appreciable changes in the enzyme activity were observed. On the other hand, when these 

plants were subjected to fUlnigation with N02, gradual increases in GS activity in the leaves 

were observed. Thus, fumigation treallnent of nonbombarded or mock born barded Arabidopsis 

fhaliana plants with N0 2 seems to induce an increase in OS activity in their leaves. When 

SG plants were stood in the atmosphere, OS activity in the leaves decreased gradually over 

2 h. Thus, introduction of an antisense GS cDNA seeln to cause a decrease in GS enzyn1e 

activity in Arabidopsis thaliana leaves. This decrease in GS activity in SG plants became 

more pronounced upon fumigation with N02. Reason(s) for this is not fully understood yet. 

It is likely that fumigation with N02 is harmful to SG plants (see beloW). 
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Fig. 1 Changes in GS activity in the leaves of Arabidopsis lhaLiana plants. Nonbombarded ( 

. ), mock bombarded (0), and pSG-bombarded (0) plants were subjected to standing 
treatment in the atmosphere without added N02 (A). NB, MB and SG plants were subjected 
to fumigation with 4 ppm N02 (B). One unit of GS activity is defined as 1 }tmol of y­
glutamylhydroxamate formed per min. Each point represents the mean of results from 3 to 4 
plants with SD indicated by vertical lines. 
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Changes in polypeptide level of GS 

Fig. 2 shows results of Western blot analysis of OS polypeptides in the leaves of NB, MB and 

SG plants of Arabidopsis thaliana after standing in the atmosphere without added N02 for 2 

h (lane 1 to 3) or fumigation with N02 for 2 h (lane 4 to 6). There were observed two bands 

around at 43 kDa and 39 kDa (see inserts in Fig. 2), which correspond respectively to 

chloroplast- and cytosol-specific GS polypeptides as reported in Arabidopsis thaliana by the 

previous authors (Peterman and Goodman, 1991). In general the signal of the 39-kDa band 

was weaker than that of 43-kDa one in the leaves. This keeps line with the previous authors' 

resul t (Peterman and Goodman, 199]). 

Change in total intensities of these two GS bands were shown in Fig. 2B, where total 

intensity of these bands of the sample taken from NB plants immediately before standing-in­

the-atmosphere treatment being taken as ] 00 (shown in lane 0). 

When NB and MB plants were stood in the atmosphere without added N02 for 2 h, no 

appreciable changes in GS polypeptide level were observed (lane 1 and 2, respectively). 

When these plants were subjected to fumigation treatment with N02 for 2 h, the average 

values of GS polypeptide level (lane 4 and 5) were slightly increased over the control plants. 

The latter result is harmony with the fact that fumigation treatment of nonbombarded or 

mock bombarded Arabidopsis thaliana plants with N02 induces an increase in GS activity in 

their leaves as shown in Fig. 1. When SG plants were stood in the atmosphere for :2 h, GS 

polypeptide level in the leaves distinctly decreased (lane 3). Silnilar decrease in the level of 

GS polypeptides was observed when SG plants were fumigated with N02 (compare lane 3 

with 6). These results keep line with the observed decreases in GS enzyme activity as 

described above (see Fig. 1). 
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Visible damages of leaves upon fumigation with N02 

Fig. 3 shows Arabidopsis thaliana plants before (A) and after (B) bombardment of a plasmid 

pSG followed by fumigation with N02 for 2 h. Clearly, alrnost all of the leaves were more or 

less damaged in fumigated SG plants (compare A and B). These visible damages on the 

leaves became detectable approximately 30 min after the start of fumigation. On the other 

hand, as shown in Fig. 3C, no visible damages were detected on their leaves when pSG­

bombarded plants were stood in the atmosphere wi thout added N02. Also, M13 plants did not 

show any visible damages on their leaves when they were stood in the atmosphere or fumigated 

with N02 (data not shown). It is thus conceivable that visible damages on the leaves observed 

\Vhen SG plants were fumigated with N02 are attributable to the decrease in the level of the 

activity of GS enzymes due to introduction of antisense GS eDNA. Decrease in GS enzyme 

level may result in the accumulation of ammonium ion in leaf celis, which is harmful to the 

cells. Thus, effects of bombardment of plasmid pSG and fUlnigat ion with N02 on the ion 

contents in the leaves were analyzed. 
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Fig. 2 Western blot analysis of GS polypeptides in the leaves of Arabidopsis thaliana plants. 
Nonbombarded , mock bombarded and pSG-bombarded plants were subjected to standing 
treatment in the atlTIosphere without added N02 for 2 h (lanes 1,2 and 3 , respectively) . NB , 
MB and SO plants were subjected to fun1igation with 4 ppm N02 for 2 h (lanes 4, 5 and 6, 
respectively) . Lane 0 shows the result of the sample taken from nonbombarded plants 
immediately before standing-in-the-atmosphere treatment. The size of the two bands is shown 
at the left of the inserts . The relative amounts of GS polypeptides estimated from total 
intensities of these two bands (the mean of 3 experiments with SD indicated by vertical lines) 
are shown in the bottom where the result of lane 0 being taken as 100. 
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Fig. 3 Photographs of Arabidopsis thaLiana plants before (A) and after (8 and C) bombardment 
of an antisen e GS cDNA. A plant was bombarded three times with plasmid pSG at the 
posi lions indicated by red dots in (A) . This plant was then subjected to fumigation treatment 
with N02 for 2 h (B). Another plant was bombarded in the same way and tood in the 
atmosphere without added N02 for 2 h (C). Bar represents 1 Cln. 
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Analysis of the contents of N03 ~ ' N0 2~ and NH4 + ions 

Table 2 shows the contents of N0
3

-, N0
2
- and NH4+ ions in the leaves of NB , MB and SG 

plants of Arabidopsis thaliana that were not fumigated (i .e., stood in the atmosphere without 

added NOJ or fumigated with N0 2 for 2 h. The values of N03 - content of these three types of 

Arabidopsis thaliana plants with or without fumigation treatment were coincided within 

experimental eITors, indicating that the N03- content in the leaves is rather stable and not 

affected by fumigation with N02 and/or by bombardment of antisense GS eDNA . Similar 

results were obtained with NH/ content except that the content of this ion significantly 

increased , not by fUlnigation with N02 but by bombardment of plaslnid pSG; 4.6+0.3, 6.1 + 

0.5 and 6.0+0.6 JAmol mg 1 total chlorophyll (average of 3 experiments + SD) , respectively, 

for nonfumigated NB plants , nonfumigated SG plants and fumigated SG plants. 

Fumigation treatment of NB plants tended to increase N02- content in the leaves; the 

average value of the content increased ca. 1.7 times upon fumigation . Similar result was 

obtained with MB plants. However, due to relatively large experimental errors in these cases 

whether or not N02 - content in the leaves of Arabidopsis tha/iana plants is increased in 

response to fumigation treatment can not be concluded. N02 - content in the leaves of 

nonfumigated SG plants did not differ from that of nonfumigated NB or MB plants . Thus, 

bombardment of plasmid pSG itself did not seem to affect N02 - content, which is in contrast 

to the case of NH/ content (see above) . On the other hand, fumigation of SG plants markedly 

increased N02- content in the leaves; 5.7 + 2.7 and 22.8 + 4.5 (nmol mg~ 1 total chlorophyll) 

respectively before and after fumigation. This four-fold increase in N0
2
- content in the leaves 

of SO plants could have caused visible damages of their leaves in response to fumigation 

with N0
2

. 
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Table 2 Effects of bombardment of pSG and fumigation with N02 on ammonia, nitrite and nitrate content in Arabidopsis thaliana leaves 

Bombardment Ammonia a 

(umol mg·l total chlorophyll) 

None 

Noncoated gold particles 

pSG-coated gold particles 

Nonfumigatedb 

4.6:+-0.3 

4.4+l.1 

6.1 +0.5 

a Each value is the mean of results of 3 plants with SD. 
b Stood in the atmosphere for 2 h. 
C Fumigated with 4 ppm N0

2 
for 2 h. 

FumigatedC 

3.9+0.5 

4.2+0.5 

6.0+0.6 

Ni trite Nitrate 
(nmol mg-! total chlorophyll) (umol mg·! total chlorophyll) 

Nonfumigated Fumigated Nonfumigated Fumigated 
7.2+2.4 12.3 +3.5 154.0+29.7 117.0+29.5 
5.4+ l.6 8.6+0.8 123.6+ 5.2 116.5+ 5.1 
5.7+2.7 22.8+4.5 132.2 + 4l.9 lIlA + 7.1 

~ 
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DISCUSSION 

The present results showed that bombardment of an antisense OS cDNA fragment into the 

leaves of Arabidopsis thaliana attached to intact plants by particle bombardluent induced 

important changes in biochemical characteristics of the plant leaves ; distinct decreases in 

both enzyme activity and polypeptide level of OS (see Figs. 1 and 2), and an increase in NH4+ 

content (see Table 2). This result can best be interpreted as an indication that transient 

expression of the introduced antisense OS cDNA induced inhibition of a part of de novo 

synthesis of OS polypeptides , which resulted in a decrease in the level of OS activity and 

increased in the NH4+ content. Because the cDNA fragment of OS used here has 100 identity 

with leaf-specil"ic OS2 eDNA and 70 to 73 0/0 identity with root-specific GS1 cDNA (Petennan 

and Goodman 1991) , it is likely that the synthesis of both types GS polypeptides are inhibited 

by the introduction of the antisense OS cDNA. Fumigation treatment of pSG-bombarded 

plants (SG plants) with N02 strengthened the decreases in both OS enzyme activity and 

polypeptide level in their leaves . Molecular mechanism of this" addi ti ve effect" of the fumigation 

treatment is not known. Fumigation treatment of SG plants induced a four-fold increase in the 

content of nitrite ions in the leaves . Thus, this increase in the level of the toxic ion could have 

caused damages in the cells of the leaves as shown in Fig. 3, and these damages are likely 

causes for accelerated decreases in the enzyme activity and polypeptide level. 

The present result provides evidence that introduction of transgenes into intact tissues 

attached onto intact plants by a particle gun, and subsequent biochemical and molecular 

biological analyses of the bombarded tissues (in plan/a assay) will be a rapid and useful tool 

Cor the study of the function of transgenes in plant cells. 
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CHAPTER IV 

Stable Transformations of Arabidopsis thaliana Introduced with the GS 1 

and GS2 cDNAs in a Sense or Antisense Orientation 

The different GS isozymes assimilate ammonia produced by different physiological processes 

(Edwards et al. 1990, Lam et al. 1995) and probably have different physiological requirements 

for optimal activity (Cullimore and Bennett 1988, Temple et al. 1996). Chloroplastic GS2 has 

been proposed to serve two functions in leaves. One is the assimilation of ammonia reduced 

from nitrate or nitrite in the plastid (Fentem et al. 1983), and the second is in the assimilation 

of photorespiratory ammonia (Wallsgrove et al. 1987, Lam et al. 1995). On the other hands, 

cytosolic OS 1 is thought to assimilates ammonia released by breakdown of nitrogenous 

resources during germination in roots and germination seeds (Walker and Coruzzi 1989, 

Peterman and Goodman 1991, Watanabe et al. 1994), and in leaves and stems it is postulated 

that it functions to generate gl utamine for ni trogen transport (Edwards et al. 1990, Kan1achi 

et al. 1991). However little is known about it. 

With ain1 of gaining a better understanding of functions of GS isozymes, I attempted to 

alter OS levels in Arabidopsis thaliana by introduction of plasmids that contain a full length 

or fragment of OS 1 or GS2 cDNA in sense or antisense orientation under the control of 

CaMV 35S promoter and NOS polyadenylation signal. In this report, I will brieOy discuss the 

results investigated about their transformations. 
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MATERIALS AND METHO~DS 

Plan! materials 

Seedlings of Arabidopsis thaliana ecotype C24 were grown, and root sections were prepared 

as described previously (Sawasaki et al. 1994). Briefly, four- to five-five old seedlings that 

had been aseptically grown on germination medium (OM) containing MS salts and vitamins 

(Murashige and Skoog 1962), 30/0 sucrose and 0.60/0 agarose under 16 h light / 8 h dark at 

22°C were harvested, and roots were excised and cut into sections (0.5-1 cm long). 

Approximately 200 root sections were spread in circle (35 mm diameter) on a filter paper on 

callus-inducing medium (CIM) containing MS salts and vitamins, 20/0 sucrose, 0.5 mg 1"1 

2,4-dichlorphenoxyacetic acid, 0.05 mg 1-1 kinetin and 0.30/0 gellan gum (pH 5.6). After being 

cultured for three days under the conditions described above, they were subjected to particle 

bombardment. 

Plasmid DNA 

The Xba I-Eco RI fragments containing approximately 1335-bp of gsRl (OS 1) cDNA and 

1545-bp of gsLl (OS2) cDNA, respectively, were inserted into the 3 .8-kb deletion vector in 

sense orientation, in which the uidA was deleted from pBl221 by digestion with Xba I and 

Eeo RI. These lead to plasmids pAOS 1 and pAGS2, respectively. On the other hand, The Sac 

I-Xho I fragment containing 153-bp of 3'UTR for OSl cDNA and Sac I -Xba I fragment 

containing 164-bp of 3 'UTR for GS2 cDNA, respectively (I..:ee chapter 11), were inserted into 

the 3.8-kb deletion vector which the uidA was deleted from pB1221, in the antisense oIientation. 

These lead to plasmids pASO 1 and pAS02, respectively. Note that the OS cDNA fraglnents 

were connected to cauliflower mosaic virus (CaMV) 35S promoter and nopaline synthetase 
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(NOS) polyadenylation signal (Fig . 1) . 

Bombardment 

The pneumatic particle gun device and the methods for gene delivery to root sections using 

this device were essentially as reported previously (Takahashi and Morikawa 1996) with 

slight modifications. The plasmid DNA, pAGSl, pAGS2, pASGl, or pASG2 was separately 

mixed with pCH (CaMV 35S promoter-hpt-NOS terminator) (Goto et al. 1993) in a molar 

ratio of 1: 1 and co-precipitated in ethanol. Bombardment conditions were as follows: 4 JAg of 

plasmid DNA per mg of gold particles (1.1 JAm, diameter, Tokuriki Honten Co., Tokyo, 

Japan), 0.2 mg of DNA-coated gold particles per projectile, 10 em of sample-to-stopper 

distance, and 375 m s I of initial velocity of the projectile. Two shots were given to each 

target tissue sample. 

Selection of hygromycin-resistant caLLuses 

After being bombarded, the root sections on the filter papers were cultured on CIM for 3 days 

(Takahashi and Morikawa 1996). The root sections were then divided into small clumps, and 

they were transferred onto shoot-inducing medium (SIM) containing MS salts and vitamins, 

3% sucrose, 5 mg 1'1 NG-(2-isopentenyl)adenine, 0.3 mg 1-1 IAA, and 0.30/0 gellan gum (pH 

5.6), and supplemented with 20 mg II hygromycin. They were cultured, by being transferred 

fortnightly onto a fresh SIM, under the same conditions as described above. Two to four 

weeks after bombardment, green spots consisting of the hygrOlTIycin-resistant callus became 

clearly visible on callus clumps. 

38 



Formation of transgenic plants from hygromycin-resistant calluses 

Approximately five weeks after bombardment, hygromycin-resistant shoots were formed 

from the green spots of hygromycin-resistant calluses. The shoots were allowed to grow on 

the same mediUln (hygromycin-containing SIM) for another three to fifteen weeks to confirm 

their hygromycin resistance, after which they were transferred onto hygromycin-free shoot­

elongation medium (SEM) containing MS salts and vitamins, 1 % sucrose and 0.30/0 gellan 

gum in a cylindrical plastic container (ca. 7 cm diameter and 11 cm tall; Agripot, Kirin Co., 

Tokyo, Japan) to allow their rapid elongation for two to five weeks. Each of the elongated 

putative transgenic shoots was then detached from the callus clulnp and transplanted onto 

hygromycin-free rooting medium (RM) containing MS salts and vitamins, 1 % sucrose, 1 mg 

I-I IAA, and 0.30/0 geUan gum in the container for root fonnation. About two weeks after the 

transplantation, the shoots were rooted . The plants were then transferred to a rock wool 

irrigated with a half-strength solution orMS salts and allowed to set seeds by self-pollination. 

peR analysis 

Genomic DNAs were extracted from Arabidopsis fhaliana leaves (Saghai-Maroof et al. 1984). 

Each PCR amplification or the trans-gene fragment containing partially CaMV 35S promoter 

and each OS cDNA was performed with the genomic DNA as a template, respectively. A 

sense primer sequence were 5' -OACGCACAATCCCACTATCC-3' which locate in nucleotide 

positions from 795 to 814 for CaMV 35S promoter. Antisense primer sequence used for the 

each alnplification of cDNA carrying the plasmid pAGS 1, pAOS2, pASO 1 or pAS02 were 

5'GACTTATCCTAAGACA TTGC-3', 5' -TTCAAA TCCTCCTTCCTCTC-3', 5'-

CCGGATCCOA TOATCATCAOATC-3', and 5'-
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CCCOAATTCOAATCTOATOAACACACOTO-3', which correspond respectively to 

nucleotide 1217 to 1236, 1024 to 1043, 1133 to 1147, or 1390 to 1409 in the sequence of 

GS] or OS2 eDNA. Thirty-five cycles of amplification, each of which consisted of 1 min at 

95°C for denaturation, 2 min at 60°C for annealing, and 1 min at 72°C for extension, were 

made. 

Assays of enzyme activity and Western blot 

Arabidopsis fhaliana plants were grown in vermiculite and perlite for 5 weeks described in 

chapter II. The methods for the extraction of total proteins from the leaves, the protein 

quantification, and the assay of OS enzyme activity were described in chapter III. The 

procedures of SDS-PAOE and Western blot analysis for the detection of OS polypeptide 

signals were basically followed as described in chapter III, but the OS signals on the filter 

were detected by reaction with a peroxides labeled goat anti-rabbit IgO (VECTOR Laboratories 

Inc., Burlingame, CA, U.S.A.) and subsequently ECL (Amersham Life Science, 

Buckinghamshire, England) after the reaction with rabbit anti--Iettuce OS 1 antibody. Quantitative 

analysis of the signal intensities was made by Quantity One Ver. 2.7. 
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pAGSl 
5.2 Kb 

pASGl 
4.0 Kb 

Sense GSI 
eDNA 

Antisense 
GSI eDNA 

NOS tcr 

pAGS2 
5.4 Kb 

pASG2 
4.0 Kb 

NOS ter 

Sense GS2 
eDNA 

Antisense 
GS2eDNA 

NOS ter 

Fig. 1 Schematic maps of pAGS 1, pAOS2, pASO 1, and pASG2. Constracts introduced are 
pAGS 1 containing full length (1335 bp) of OS 1 cDNA in sense orientation, pAOS2 containing 
full length (1545 bp) of OS2 cDNA in sense orientation, pASO 1 containing 153-bp of 3 'UTR 
for GS 1 cDNA in antisense orientation, and pASG2 containing 164-bp of 3 'UTR for OS2 
eDNA in antisense orientation . Each of cDNA fragments was under the control of CaMV 35S 
promoter (CaMV 35S pro) and nopaline synthetase polyadenylation signal (NOS ter) . 
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RESULTS AND DISCUSSION 

We have cloned cDNAs for gsR / (OS 1) or gsLl (OS2) of Arabidopsis thaliana co type C24. 

Their coding regions had approximately 700/0 identity while the identity of untranslated 

region (UTR) was less than 400/0. Using these sequences , four kinds of constructs that contain 

a full length or 3 'UTR fragment of OS 1 or OS2 cDNA in sense or antisense orientation, each 

of which is under the control of CaMV 35S promoter and NOS polyadenylation signal were 

made (see Fig. 1) . Each constnlct was separately introduced into root sections of Arabidopsis 

Ihaliana C24, and, in consequence, twenty transgenic lines carrying the OS transgenes were 

selected by PCR in up to T2 generation. 

Fig . :2 shows the total activity of OS enzyme detected in the T2 generations of the 

transgenic plants, determined by transferase activity assay (Rhodes et al. 1975). All these 

transgenic plants used for the determination of OS activity were previously checked whether 

their genomes were carrying trans OS cDNAs in sense or antisense orientation, by PCR. 

Nontransrormed control plants (WT) had OS activity of 2 .35+0.31 (unitshng protein). OS 

activity or transrormant lines containing OS2 cDNA in sense or antisense orientation varied 

greatly (the average value was respectively 2.28 to 4 .88 or 0.91 to 4.28 units/mg protein). 

The lines 2A09 , 2S10 and 2S11 had more than 2-fold higher OS activity than that of the 

control (4.28+0.29, 4.88+] .37 and 4.70 +0.75 units/mg protein, respectively). On the other 

hand, those lines containing OSI cDNA in sense or antisense orientation showed much lower 

GS activity (the average value was respectively 0.70 to l.01 or l.18 to 2 .92 units/mg protein), 

except a line (line 2A09). Co-suppression can be a cau e for the suppressed OS activity in the 

transformants with OS 1 cDNA in sense orientation. 

Fig . 3 shows the signals of OS pol ypeptides in the T 2 generations of transgenic plants and 
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a control plant (WT) detennined by Western blot analysis. There were observed two bands 

around at 43 kDa and 39 kDa (see inserts in Fig. 3), which correspond respectively to 

chloroplast GS2 and cytosolic GS 1 polypeptides as reported in Arabidopsis thaliana by the 

previous authors (Petennan and Goodman, 1991). Lines 2S10 and 2S11 containing GS2 

cDNA in sense orientation had higher level of GS2 polypeptides than the control (180 and 

1460/0 of the control, respectively), and also line 2S10 had Inore GS1 (1230/0 of the control). 

Line lA 12 containing GS 1 cDNA in antisense orientation had lesser GS 1 (60/0 or a control 

plant) and the other line containing GS 1 cDNA in antisense orientation had a new band 

below the GS 1 signal. It may be formed the digestion of GS polypeptides. On the other hand, 

lines IS01 and IS24 had less polypeptides in both GSI and OS2, regardless of containing 

GS1 cDNA in sense orientation. It agrees well with the results of GS activity in those lines. 

Also, it is likely that the synthesis of both types of GS polypeptides are slightly inhibited in 

lines 2A03 and 2A 17 containing GS2 cDNA in antisense orientation. 

SOine transgenic plants enriched or reduced GS have been previously obtained (Temple et 

al. 1994, Kozaki and Takeba 1996, Temple and Sengupta--Gopalan, 1997), however, only a 

few molecular and biochemical analysis have been available so far as I know. I also successfully 

obtained some transgenic plants which were overexpressing or down-regulating GS isozymes, 

whereas I have not studied physiological and biochemical analyses in those transgenic lines 

yet. I think surely those transgenic lines would exhibit some physiological changes or different 

responses to the nitrogen-signals cOlnpared with the wild type plants, in consideration of the 

results for a potent inhibitor of OS (MSX) (see chapter V) and the effects of antisense GS 

cDNA in in planta assay (see chapter III)_ I currently am working on this, and results will be 

published elsewhere_ 
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Fig. 2 OS enzyme actIvlty in leaves of various transgenic lines of Arabidopsis thaliana. 
Leaves from five-weeks old transformed or untransfonned (WT) Arabidopsis thaliana plants 
were harvested and total OS enzyme activity was determined by transferase activity assay 
after the protein extractions. One unit of OS activity is defined as 1 JAmol of y­
glutamylhydroxamate fonned per min . Values are means with SD of results for 2 to 4 samples . 
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Fig. 3 Western blot analysis of OS polypeptides in various transgenic lines of Arabidopsis 
thaliana . Total soluble proteins of Arabidopsis wild type ('NT) and each transgenic line were 
separated by 100/0 SDS-PAOE, blotted to nitrocellulose, and identified OS polypeptides by 
Western blot analysis. The molecular weight (kDa) of OS polypeptides is indicated on the 
right. 
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CHAPTER V 

Metabolic fate of nitrogen dioxide nitrogen in pliant leaves 

Nitrogen dioxide (N02 ) is a major atmospheric pollutant, and plants act as a sink for it 

(Rogers et al. 1979, Yoncyama and Sasakawa 1979, Yoneyama et al. 1979, Okano ct al. 

1988, Morikawa ct al. 1998a, Morikawa ct al. 1998b). In aqucous solution (e.g. , in the 

apoplastic water around leaf cells) N02 rapidly produces nitrate and nitrite ions which then 

are converted to organic compounds such as amino acids or proteins (Yoneyama and Sasakawa 

1979, Kaji et al. 1980, Lcc and Schwartz 1981, Wcllburn 1990, Nussbaum et al. 1993) 

through the nitrate assilnilation pathway. Fonl1ation of ISN·-labeled nitrate, nitrite, and amino 

acids in plants fumigated wi th ISN-iabeled N02 has been reported (Yoneyama and Sasakawa 

1979, Kaji et al. 1980), and since then it has been assumed that N02 nitrogen is metabolized 

similarly to the nitrate in plant cclls. Whether a stoichiometric relationship exists betwecn the 

total ni trogen (N) deri ved from N02 and the sum of reduced and ni trate/ni tri le N has not, 

however, been studied. I therefore used lsN-labeled N0
2 

CSNOJ and potassium nitrate (K lsN03) 

to clarify whether the total 15N takcn up in thc Icaves of Arabidopsis thaliana plants is equal 

to the alnount of reduced 15N plus nitrate/nitrite ISN. I found that the metabolic fate of N0
2 

nitrogen in the leaves differs from that of nitrate nitrogen. 
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MATERIALS AND METHODS 

Plant material 

The growth conditions of Arabidopsis thaliana ecotype C24 were described in chapter II. 

Seedlings of 5- to 6-week-old plants were used for the experiments. 

Fumigation with 15 NO 2 before and after treatment with MSX 

The Arabidopsis thaliana seedlings in the plastic pots were placed in a fumigation chalnber 

and treated with ISN02 (51.6 atom%) at concentrations of 0.1 to 4.0 ppm for up to 4 h under 

the conditions described in chapter III. Relative variation in the N02 concentrations among 

the experiments was less than 100/0. The pots were covered with polyethylene bags to avoid 

dissolution of N02 into the soil layer. Alternatively, before fumigation with N02, 1 mM 

L-methionine sulfoxilnine (MSX, Siglna Chemical Co., St. Louis, MO, U.S.A.) solution was 

applied to the plants. They were kept for 24 h in the fumigation chamber under the conditions 

described, except that no N02 was added, after which they were fumigated with N02 as 

descri bed above. 

Treatment with K15N0 3 

Arabidopsis thaliana seedlings were treated with 1 mM K 1SN03 (50.0 atom% ISN), 20 or 50 

mM K 1SN0
3 

(10.0 atolno/O ISN) and kept in the fumigation chalnber with no added N0
2 

for up 

to 8 h under the conditions described above. 
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Preparation of leqf samples 

Leaves were harvested from Arabidopsis thaliana plants treated with ISN02 or K 1SN0 3 were 

rinsed with distilled water. Unless otherwise stated, the treated leaves were dried at 80°C [or 

12 to 24 h, then the dried leaves of 6 to 10 plants (50 to 150 mg DW) were combined and 

ground into powder wi th a JTIortar and pestle, and stored in a desiccator until used. 

Determination of NO::.-derived (or nitrate-derived) nitrogen in the total, reduced, ammoniurn, 

and nitrate/nitrite N fractions 

Total Nfraction 

Approximately I mg samples of the powdered leaves were weighed in containers made of tin 

for use in an elemental analyzer (EA/NA; Fisons Instrument, Milano, Italy). The ISN (atom% 

excess) content was detennined with a mass spectrometer (Delta C; Finnigan MAT, Bremen, 

Germany) connected directly to the elelnental analyzer (EA/NA; Fisons Instrument, Milano, 

Italy). The amount of N02-derived (or nitrate-derived) nitrogen, here defined as the total 

nitrogen (total N) expressed in nanograms of nitrogen per milligralTI of dry leaves [ng N (mg 

OW)I], was estilTIated from these values . 

Reduced N fraction 

The reduced nitrogen (reduced N) fractions of the dried leaf samples were prepared by the 

Kjeldahl method, and the total amount of reduced N was detennined by titration as described 

elsewhere (Morikawa et al. 1998a). To quantify the ISN content in the distillates by mass 

spectrometry, the amlnonia in the distillates was concentrated by the Conway diffusion method 

(Conway and Byrne 1933). Two milliliters of distillate was added to 2 ml of 50/0 boric acid 

bufrer (pH 10) in the outer chamber of a Conway diffusion unit whose inner chamber 
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contained 55 )AI of 0.5 N H2S04 , After the lids wcre secured, the units were kept at 25°C for 

24 h. The distillate in the outer chamber then was replaced with fresh distillate, and thc unit 

kept for another 24 h at 25°C. This procedure was repeated up to three times depending on 

the concentration of ammonia in the distillate. Fifty microliter portions of the solution were 

transferred from the Conway unit to the tin containers of the EA-MS analyzer, and the 15N 

(atom% excess) content in each solution was quantified . Using the 15N value and total amount 

of reduced N dctermined by titration, we estimated the quantity of N02-derived (or nitrate­

deri\'ed) reduced N in each sample, expressed by Eng N (mg DW)I]. 

Ammonium N fraction 

A mortar and pestle made of agate (Kawamura et al. 1996) was used to homogenize leaf 

powder (30 to 50 mg DW) in pure water frOlTI a Milli-Q system (7MQ2167, Nihon Millipore 

Kogyo K.K., Yonezawa, Japan) in order to prepare the amlTIonium nitrogen (ammonium N) 

fraction of the dried leaf samples. The homogenate was centrifuged twice at 18,000Xg for 10 

min . Total ammonia in the supernatant (sup) was detennined by capillary electrophoresis 

(Kawamura et al. 1996). The ammonia in the sup was concentrated using Conway diffusion 

units as described above, and the 15N (atom% excess) content of each solution was detennined 

by mass spectrometry. Using these two values, we estilTIated the quantity of N0
2
-derived (or 

nitrate-derived) ammonium N in each salTIple, expressed by Eng N (mg Dwyl]. 
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Nitrate/nitrite N fraction 

Leaf powder (20 to 30 mg DW) in 0.1 % SDS was homogenized with the agate mortar and 

pestle to prepare the dried-leaf fraction containing both niltrate and nitrite (nitrate/nitrite N 

fraction). The homogenate was centrifuged twice at 18,000 Xg for 10 min. The total nitrate 

and nitrite in the sup of each homogenate was detennined by capillary electrophoresis 

(Kawalnura et al. 1996). 

For quantification of the 15N content in the fraction, the nitrate and nitrite In the 

homogenate were separated by ion exchange chromatography, 2 ml of the sup being applied 

to a column (0.8 X l.3 cm) of Dowex SOW hydrogen form (Fentcm 1983), and 5 ml of pure 

water added. The total eluates (7 ml) were combined and brought to 20 ml with pure water, to 

which 1 Inl of ION NaOH and 0.8 g of Devarda alloy (100 mesh) had been added to reduce 

nitrate and nitrite to ammonia (Gatley and Shea 1991). The reaction mixture was left for 24 h 

at room temperature, after which the ammonia in it was recovered by distillation, as done 

with the Kjeldahl digests, then concentrated in Conway diffusion uni ts as described above . 

The 15N (atom% excess) content of each solution was determined by mass spectrometry. 

Using this val ue and the total amount of nitrate and ni tri te determined by capillary electrophoresis 

(see above), we estimated the quantity of N02-derived (or nitrate-derived) nitrate/nitrite N in 

each sample, expressed by [ng N (mg DWrl]. 

Fractionation of leaf homogenate 

Leaf powder samples (150 mg DW) prepared from Arabidopsis thaliana plants fumigated 

with 4 ppm 15N02 for 4 h were homogenized in 0.1 % SDS. The homogenate then was 

centrifuged at 18,000Xg for 10 min. The contents of N02-derived total and reduced N in the 
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sup and pellet fractions were detennined by mass spectrometry as descri bed above. 

Preparation of symplast and apoplast solutions 

Leaves were harvested from plants fumigated with 4 ppm ISN02 for 4 h, and symplast and 

apoplast solutions prepared by the method of Sakurai & K:uraishi (1988). A vacuum pump 

was used to inriltrate leaves from 7 plants (approximately 800 mg FW) with distilled water 

for 2 min. The leaves were cut into seglnents (approxiJnately 0.5 cm long) and placed on a 

stainless-steel mesh in the barrel of a 2.5 ml plastic syringe. The whole was placed on an 

Eppendorf tube (l.5 ml) in a centrifuge tube and centrifuged at 8,000Xg for 15 min to collect 

the apoplast solution (AP solution). To prepare the symplast solution (SY solution), segments 

were frozen in liquid nitrogen immediately after centrifugation, then thawed and recentrifuged 

at 8,OOOXg for 15 min to separate the cell sap (SY solution) and residue. The contents of 

N02-derived total and reduced N in the symplast and apoplast solutions and residue were 

determined by mass spectrometry. 

lon-exchange chromatography 

Leaf powder samples (150 mg DW) prepared from Arabidopsis thaliana plants fumigated 

with 4 ppm ISN0 2 for 4 h were homogenized in pure water, after which the sup was obtained 

by centrifugation at 18,000Xg for 10 min . Two milliliters of the sup was applied to a column 

(0.8 X l.3 cln) of Dowex SOW hydrogen form, and 5 ml of pure water added . Combining the 

water eluates gave the non-cationic fraction . Next, 7 ml of 4 N HCI was applied to the 

column, and the resulting eluate gave the cationic fraction. The contents of N02-derived total 

and reduced N in the cationic and non-cationic fractions then were determined by mass 
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spectrometry. 

Gel-permeation of chromatography 

Leaf powder samples (150 mg OW) prepared fron1 Arabidopsis thaliana plants fumigated 

with 4 ppm N02 for 4 h wcre homogenized in 3 mM Tris-HCl buffer containing 0.15 M NaCl 

(pH 7.0). The homogenate was centrifuged twice at 18,OOOXg for 10 min,. The sup was 

passed through a Superdex 75 HR 10/30 column (Pharmacia Biotech, Uppsala, Sweden) and 

separated using a fast protein liquid chromatography (FPLC) system (Phannacia Biotech, 

Uppsala, Sweden). The elution buffer was 3 mM Tris-HCI that contained 0.15 M NaCI (pH 

7.0), and the now rate 0.4 1111 min-I. Eluate fractions of 3.2 lnl were collected. The N02-derived 

total N and reduced N contents of each fraction respectively were determined by mass 

spectrometry using 50 }tl and 2.6 ml of the eluate. 

RESULTS 

Recovery rate of nitrogen 

Table 1 shows the recovery rate of nitrogen frOln standard compounds before and after the 

various chemical and physical treatments. Direct analysis of their crystals or solutions gave 

almost 1000/0 recovery. Kjeldahl di gestion followed by distillation also gave almost 1000/0 

recovery. The ammonia concentration obtained by the Conway diffusion method, repeated 

three times, gave a recovery rate of 74.4 + 17.30/0. Separation of nitrate by ion exchange in a 

Dowex SOW column followed by the reduction of nitrate to alnmonia with Devarda alloy, 

and a single concentration of ammonia by the Conway diffusion method gave a high recovery 

rate (85.8 + 1.20/0). It should be noted that the recovery rate of 15N in the ammonia N fraction 
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and that of the nitrate/niLIitc N fraction (sec Matcrials and Methods) were estimated to bc 

1000/0 because the recovery of ammonia, nitrate or nitrite detennined by capillary electrophoresis 

was very closc to 1000/0 (Kawamura et al. 1996). Also, note that the values for ammonium 

nitrogen found by EA-MS, capillary electrophoresis , and titration coincided within the 

experimental errors. 

Uptake rate of N02 and nitrate in Arabidopsis thaliana plants 

Fig. 1 shows the uptake rate for 4 h in the light of the total N derived from 15N02 or K 15N03 

in the leaves of Arabidopsis thaliana plants fumigated with 0.1 to 4 ppm 15N02 or fed 1 to 50 

111M K I5N03at thcir roots. Thc results agree well with those reported previously (Rogers and 

Campbell 1979, Ramge et al. 1993). Notc that treatments with 0.1 ppm 15N02 and 1 mM 

KI5N03 gave very similar contents for the total N derived from 15N02 and nitrate in the cells. 

This also was the case with 4 ppm 15N02 and 50 mM K 15N03. 

Upon fumigation with 0.1 or 4 ppm 15N02 for 4 h or treatment with 1 or 50 mM K15N03 

for 4 h, the nitrate ion level in the leaves of Arabidopsis thaliana plants, detern1ined by 

capillary electrophoresis (Kawamura et al. 1996), was 10 to 15 jAg N (mg DWyl . The nitrite 

ion level, however increased with fumigation, e.g., 2.4-fold with 4 ppm 15N02 for 4 h, but not 

with the nitrate-treatments. 
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Table 1 Recovery of nitrogen before and after various chemical and physical treatments of 

standard com pounds 

Treatment 

None" 

Kjeldahl digestion 

and distillation d 

Conway diffusion 

method (three times) e 

Ion exchange, reduction, 

and Conway diffusion method r 

Saillple 

Crystals b 

KN03 or (NH4)2S04 solution C 

Glutamine or 

(NHJ2S04 sol ution 

KN03 solution 

a Direct measurement in an EA-MS analyzer. 

Recovery (%) 

100.0 + 0.5 

97.3 + 1.9 

98.6 + 4.3 

74.4 + 17.3 

85.8 + 1.2 

b Crystals (0.5 to 1 mg) of acetanilide, cyc1ohexanone-2,4-dinitrophenylhydrazone, or atropine 

were weighed in the tin container and placed in the sample port of the EA-MS analyzer to 

quantify the nitrogen content of the sample. 

C Fifty lnicroliters of 5,000 ppm KN03 or (NHJ2S04 solution was placed in the tin container, 

and dried . Then the nitrogen content was determined in an EA-MS analyzer. 

dOne Inilliliter of 10,000 ppm glutamine or (NH4)2S04 solution was placed in 20 n11 of 

Kjeldahl digestion solution. The mixture was digested, and the ammonia in it distilled. The 

ammonia in the distillates was determined by titration . 

e Ammonia, in 6 ml of 1,000 ppill (NHJ2S04 solution, was concentrated in the Conway 

diffusion unit. The nitrogen content was determined in an EA-MS analyzer. 

r Two milliliters of 5,000 ppm KN0 3 solution was applied to a Dowex SOW column. The 

nitrate fraction was separated and collected, then reduced by Devarda alloy to ammonia. The 

ammonia was concentrated in the Conway diffusion unit. The nitrogen content was determined 

in an EA-MS analyzer. See text for details. 
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Fig. 1 The amount of total N taken up by leaves of Arabidopsis thaliana plants fumigated 
with lsN02 or fed K 1SN0

3
. Plants were fumigated with 0.1,0.5, I, or 4 ppm lsN02 for 4 h (. 

), or fed 1, 20, or 50 mM K 1SN03 for 4 h (0) . Leaves were harvested, and their total N 
contents determined. Values are means with SD of results for three samples. 
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MetabolicJate oIN02 -N and nilrale-N 

Fig. 2 shows the total, reduced, and nitrate/nitrite N derived from N02 or nitrate in the leaves 

of Arabidopsis thaliana secdlings fumigated with 15N02 (0.1 or 4 ppm) for up to 4 h then 

transferred to an atmosphere without added N0
2 

for another 8 h and in roots fed K 15N03 (1 or 

50 mM) for up to 8 h. 

Fumigation with 0.1 ppm (Fig. 2A) or 4 ppm (Fig. 2B) N02 increased the total and 

reduced N derived frOln the N02 levels , and these remained relatively constant after transfer 

of the plants to an allnosphere without added N0
2

. The nitrate/nitrite N derived froIn the N02 

level, however, remained low l2 to 4 0/0 of the N02-derived total N, except at 1 h (130/0) and 2 

h (70/0) after fUlnigation with 0.1 ppm NOJ throughout the experiment. The value was too 

low to account for thc differcnce bctwccn the N02-derivcd total Nand rcduccd N. Thc total N 

derived frOln N02 therefore was not equal to the sum of the N0 2-derived reduced and 

nitrate/nitrite N, indicative of the presence of an unknown organic or inorganic nitrogen 

compound(s) in the leaves of plants fumigated with N02. This type of nitrogen, called 

unidentified nitrogen (UN) hereafter, was estimated to be approximately 20 to 300/0 of the 

total N derived from N02 (Table 2). Possible candidates for the compound(s) containing UN 

are organic compounds that are indigestible by the Kjeldahl method, inorganic ones that arc 

difficult to reduce to ammonia by the Devarda alloy, or both. 

In the case of treatment with 1 mM (Fig. 2C) or 50 mM (Fig. 2D) K 15N03, the levels of 

the total, reduced, and nitrate/nitrite N derived from nitrate increased almost linearly with the 

period of treatment, and the nitrate-derived total N coincided, within the experimental errors, 

with the sum of the nitrate-derived reduced N and nitrate/nitrite N, much less or no UN being 

present in the leaves of plants fed K15N03 (Table 2) . It should be noted that in the case of 
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treatment with K 1SN03 , substantial amounts of nitrate-derived total N (40 to 600/0 ) were 

accounted for by the nitrate/nitrite N , in marked contrast to the finding for N02-derived 

ni trogen. These rcsul ts are clear evidence that the metabolic fate of N02 ni trogen differs from 

that of nitrate nitrogen in leaves of Arabidopsis fha/iana plants. 
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Time (h) Time (h) 

Fig. 2 Amounts of total, reduced, and nitrate/nitrite N in leaves of Arabidopsis thaliana 
B1ants fumigated wi th 15N02 or fed K 15N03· Plants were fumigated with 0.1 (A) or 4 (B) ppm 
5N02 for up to 4 h then transferred to an atmosphere without added N02 and kept there for 4 
to 8 h. Alternatively, plants were fed 1 (C) or 50 (D) mM K 15N03 for up to 8 h. The leaves 

were harvested at various times, and their total ( _ ), reduced Ce ) and nitrate/nitrite (0) N 
determined. Values are means with SD of results for three samples. 
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Table 2 Amounts of unidentified nitrogen (UN) derived from N0 2 in the leaves of Arabidopsis thaliana plants 

Time (h) a UN deri ved from N02 [ng (mg DWyl] b UN derived from nitrate [ng (mg DWyl] b 

0.1 ppm N02 4 ppm N02 1 mMKN03 50 mM KN03 

1 1.4 + 1.6 (27) 8.8 + 34.3 (7) 

2 1.5 + 0.8 (22) 79.5 + 26.1 (27) 3.5 + 1.8 (15) -0.6 ± 11.2 (0) 

4 3.0+1.1 (22) 164.4 + 42.8 (31) -0.5 + 0.4 (-2) 40.1 + 38.0 (7) 

8 3.3 + 2.3 (26) 119.4 + 42.3 (22) 2.5+8.1 (4) 49.2 + 96.0 (4) 

12 2.8 + 1.0 (23) 139.5 + 8.6 (23) 

a Time after the start of fumigation with 15N02 or treatment with K15N03. Note that fumigation was terminated at 4 h, 

and thereafter plants were transferred into the atmosphere without added N02 (see legend for Fig. 2) . 

b Mean of 3 experiments + SD. The numbers in parentheses show percent mean values of the total N derived from 

either N02 or nitrate. 
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Effects of MSX treatment 

To clarify whether the UN in fumigated Arabidopsis thaliana plant leaves is formed before or 

after the reduction of N02 to ammonia, we studied the effect of MSX, a potent inhibitor of 

glutamine synthetase (OS) which assimilates amn10nia into organic matter (Lea 1991). Fig. 3 

shows the N02-derived total , reduced, and ammonium N, and UN contents of Arabidopsis 

thaliana plants treated (A) or not treated (B) with MSX before fumigation with 4 ppm lsN02. 

MSX treatment decreased the amount of the N02-derived total N to almost half that of the 

control. In the MSX-treated plants, the N0
2
-derived ammonia content was almost the same as 

that of the N02-derived reduced N, whereas the ammonia level in the control was less than 

140/0 of the total N derived from N02. These results are consistent with the activity of OS 

enzyme detected in the leaves of MSX-treated plants , deteImined by transferase activity 

assay (Rhodes et al. 1975), being 3 to 11 % that of the control 2 and 8 h after the start of 

fumigation. UN contents in MSX-treated plants ranged froin 29 to 380/0 of the total N derived 

from N02 , values close to or slightly higher than the values for the control (without MSX). 

This suggests that the compound(s) bearing the UN is formed before the reduction of N02 

ni trogen to ammonia. 

Stability of UN 

Arabidopsis fhaliana plants were fumigated with 4 ppm ISN02 for 4 h then kept for 1 

week in pots. The N02-derived total and reduced N, and UN contents were analyzed daily 

from day 0 to 7. Both the N02-derived total N and UN in leaves were relatively constant even 

1 week after fumigation, which suggests that the UN fraction is scarcely metabolized during 

this period (data not shown). 
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Fractionation o/the leaf homogenat.e 

To further clarify the characteristics of the UN, leaf homogeJrlates prepared frOlTI Arabidopsis 

fhaliana plants fumigated with 4 ppm ISN0
2 

for 4 h were fractionated into sup and pellet 

fractions, and their N02-derived nitrogen contents analyzed (Fig. 4A). The total N derived 

from N02 was distributed in the sup and pellet fractions in the ratio of 7 to 3. The N0 2-derived 

total N and reduced N contents were almost the same in the pellet but differed in the sup 

fraction . This suggests that the UN is present in the sup but not the pellet fraction . On the 

average, 18 percentage points of UN were estimated to be recovered in the sup fraction, 

indicative that the most of the UN is located in this fraction. 

When the sup fraction wa separated in a Dowex SOW column, about 900/0 of the 

N02-derived total N was recovered in the cationic fraction, and the rest in the non-cationic 

fraction (Fig. 4B). About 11 percentage points of the UN were estimated to be recovered in 

the cationic fraction, but only 1 percentage point of UN in the non-cationic fraction. This 

suggests that the most of the UN-bearing compound(s) is cationic. 

Fumigated plant leaves were fractionated into apoplast (AP) and syn1plast (SY) solutions 

and a residue. The N02-derived total N and reduced N contents of each of these fractions 

were analyzed (Fig. 4C). Glucose-6-P dehydrogenase activit.y, measured by the method of 

BrulCert el al. (1973), indicated that contamination by SY solution in the AP solution was less 

than 0.1 (fo . About 69(1'0 of the N02-derived total N in the leaves was recovered in the SY 

solution, the ratio of total N to reduced N being approximately 6: 4. Almost all the N0
2
-derived 

nitrate/nitrite N was recovered in the SY solution. N02-derivedl total N and reduced N contents 

were almost the same in the AP solution and the residue, but not in the SY solution (see Fig. 
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4C) , suggesting that the UN is present only in the SY solution. The SY solution was estimated 

to contain 22 percentage points of UN. 

The sup fraction of the leaf homogenate prepared from Arabidopsis thaliana plants 

fumigated with 4 ppm ISN02 for 4 h was separated by gel-permeation chromatography (OPC). 

Each of the OPC fractions was analyzed for N0
2
-derived total N and reduced N (Fig. 40). 

Approximately 8, 66, and 70/0 of the N02-derived total N of the sup fraction were recovered, 

respectively, in fractions 4, 5 and 6. Most of the UN appeared to be contained in fraction 5, 

with some in fraction 6. When nitrate (mol wt = 62), phenylalanine (165), and cystine (240) 

were co-chromatographed, fraction 5 contained 91 % of the nitrate, 1000/0 of the phenylalanine, 

and no cystine. The cOlnpound(s) bearing the UN appears to have a low molecular weight 

similar to the weights of nitrate and phenylalanine. Fraction 5 was estimated to contain 18 

percentage points of the UN. Prelilninary analysis of the fraction 5 by OC/MS detected 

15N-bearing N-nitrosodiphenylamine (mol wt = 198), which accounted for about 100/0 of the 

UN. 

To determine whether the UN-bearing compound(s) is water- or lipid-soluble, 150 mg of 

the dry matter of the fumigated leaves was homogenized in 3 ml sodium phosphate buffer 

(pH 7.0), after which 700 ttl of the sup fraction was mixed with an equal amount of ether. 

Analysis of the excess ISN in the ether and water layers showed that almost 1000/0 of the total 

N derived from N02 was recovered in the water layer, therefore the UN-bearing compound(s) 

is hydrophilic. 
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Fig. 3 Effects of MSX treatment on the total, reduced, anlmonium, and unidentified N 
contents of Arabidopsis thaliana leaves. Plants were treated (A) or not treated (B) with 1 mM 
MSX for 24 h followed b~ fumigation with 4 ppIll lsN02 for 4 h, then transferred to an 
atmosphere without added sN02 for another 4 h. Leaves were harvested at various times, and 

total (_ ), reduced (e ), ammonium (D), and unidentified (6) N contents determined. Values 
are means with SD of results for three samples .. 
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fumigated with 4 ppm J5N02 for 4 h. A, total and reduced N contents in the whole leaf Inatter 
(W) and in the supernatant (S) and pellet (P) fractions of the homogenates . B, the contents of 
total and reduced N in cationic (CA) and non-cationic (NC) fractions separated by ion-exchange 
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reduced N fractions of the supernatant separated by gel-permeation chromatography in Superdex 
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bars the SD. 
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DISCUSSION 

In my analysis of the excess lsN in the total, reduced, and nitrate/nitrite N fractions of leaves 

of Arabidopsis thaliana plants that had been fumigated with lsN02 or fed K 1SN0
3

, I found 

that the metabolism of N02 nitrogen in the plant leaves differs from that of nitrate nitrogen. 

The fates of the nitrogen of these compounds differed in two respects~ whether the nitrogen 

was pooled in the nitrate/nitrite pool or whether the total lsN excess taken up by the leaves 

was accounted for by the sum of the lsN excess of the reduced and nitrate/nitrite N fractions . 

In plants fed 1 or 50 mM K 1SN03 for up to 8 h, 40 to 600/0 of nitrate-derived total N was 

detected as ni trate/ni tri te N, whereas less than 40/0 of the NOf-deri ved total N was detected as 

nitrate/nitrite N in plants fumigated with 0.1 or 4 ppm lsN02 for a similar period. In sunflower 

and spinach leaves fumigated with N02, only 1 % of the N02.-derived total N was present in 

the nitrate/nitrite fraction (Kaji et al. 1980). In contrast, Ammann et al. (1995) reported that in 

spruce shoots a large amount of N02-derived N is accumulat.ed in the nitrate pool. Why the 

accumulation of N02-derived N in the nitrate/nitrite pools varies among plant species is not 

known. We elsewhere reported that the nitrate and ni trite contents of plant leaves differed 

respectively by factors of 5,000 and more than 100 in 11 plant species (Morikawa et al. 

1998b). Differences in the pool sizes of nitrate and nitrite in plant species may affect N02 

nitrogen accumulation in the nitrate/nitrite pools . 

Twenty to 300/0 of the total N deIived from the N02 taken up by the leaves of Arabidopsis 

thaliana plants fumigated with 0.1 or 4 ppm N02 could not be accounted for by reduced N or 

nitrate/nitrite N. This difference was designated UN (unidentified nitrogen). An MSX study 

indicated that this UN is fonned before the conversion of N02 to organic matter. In the 

fractionation of leaf samples from fumigated plants, the UN was recovered in the sup of the 
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symplast fraction of the leaf cells, suggesting that this compound(s) is soluble in the leaf cell 

cytoplasm. Ion exchange chron1atography indicated that the compound(s) bearing the UN is 

cationic, and gel permeation chromatography that it has a Il10lecular weight similar to the 

weights of nitrate and phenylalanine. 

Compounds bearing oxidized forms of nitrogen, organic nitro, nitroso, and azo compounds 

are known not to be converted to amn10nia under the Kjeldahl digestion conditions I used 

(Christian 1986, Day and Underwood 1986). In fact, no ammonia was detected after the 

digestion of acetaldehyde oxime, ni trotyrosine, KN03 , NaN02, and N 20 under those conditions. 

This suggests that organic nitro, nitroso, and azo, or the inorganic nitrous oxide used are 

candidates for the UN-bearing compound(s). Sodium thiosulfate as an additional oxidizing 

agent with copper sulfate as the catalyst in the Kjeldahl digestion mixture effectively reduces 

oxidized inorganic nitrogen to ammonia (McKenzie and Wallace 1953, Pace et a1. 1982). 

Kjeldahl digestion of leaf samples under the conditions I used reduced the UN content by 

about 10 percentage points. Therefore, the UN-bearing compound(s) can not be reduced to 

ammonia even under those digestion conditions. 

Nitrogen dioxide has an unpaired electron which make it a strong one electron oxidant 

(Beckman 1996), and it efficiently initiates free radical oxidation of unsaturated lipids, thiols, 

and proteins (Pryor and Lightsey 1981, Pryor et al. 1982, P'rUtz et al. 1985, Ramge et al. 

1993) to form nilrodcrivatives such as nitrotyrosine. Nitro and nitroso compounds are difficult 

to digest by the Kjeldahl method (see above). The UN-bearing compound(s) is not likely to 

be a lipid because it appears to be hydrophilic. Nitration of proteins in the cells by N02, if 

any, also is unlikely because the UN-bearing compound(s) has a low molecular weight. 

Fumigation of plants with N02 resulted in the accumulation of nitrile ion in leaf cells of 
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Arabidopsis thaliana plants. Similar results have been reported for pea, tomato, Nicotiana 

glutinosa , sunflower, kidney bean, spinach, and corn (Zeevaart 1976, Yoneyama and Sasakawa 

1979, Yoneyama et al. 1979, Yu et al. 1988). At an acidic pH, ni trite ion reacts like nitrosonium 

ion (Beckman 1996) which also is highly reactive and fonlls nitroso compounds such as 

nitrosoamines with the amino acids and amines present in plant cells . Plant cells have substantial 

amounts of polyamines. Plant cells have substantial amounts of polyamines (Slocum 1991) . 

The ni trosoamines formed between pol yamines and ni trogen dioxide therefore are candidates 

for the UN-bearing compound(s). Consistent with this is the fact that preliminary analysis of 

the fraction 5 by GC/MS detected lsN-bearing N-nitrosodiphenylamine (mol wt = 198) which 

accounted for about 100/0 of the UN (see above) . 

At a neutral pH, nitrite ion produces nitric oxide (NO) (Klepper 1979) and nitrous oxide 

(N20) (Porter 1969). An in vivo nitrate reductase assay, in which soybean leaf segments are 

suspended in a buffer, shows that a high concentration of nitrite ion results in the formation 

of NO and N20 (Harper 1981, Dean and Harper 1986) and acetaldehyde oxime (Mulvaney 

and Hageman 1984). Some of these compounds also are poorly digested by the Kjeldahl 

method or are poorly reduced by Devarda alloy. Therefore they are possible candidates for 

the UN-bearing compound(s). The characteristics of the UN must be studied further in order 

to identify the UN-bearing compound(s) and its physiological function. Such information is 

important if we are to clarify the effects of this air pollutant on plant growth and the global 

environment. I currently are working on this, and results will be published elsewhere. 
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CONCLUSIONS 

I have studied the role of OS isoenzymes in N02-assimilation pathway and the fate of N0 2 

nitrogen in Arabidopsis thaliana leaves. My findings reported in the preceding chapters can 

be summarized as follows: 

CHAPTER I 

The cDNA clones for cytosolic and chloropJastic glutamine synthetase (OS 1 and OS2, 

respectively) were isolated from cDNA library of Arabidopsis thaliana ecotype C24 and fully 

sequenced. The gsRl (OS 1) and gsLl (OS2) cDNA clones contained, respectively, 1344 and 

1556 nucleotide inserts, and each ORF translated into a 356 or 430 amino acid proteins . 

Three replaced amino acid was found in OSI clone, compared with the cDNA for ecotype 

Columbia reported previously. Also, each ORF contained five kinds of the regions conserved 

in both prokaryotic and eukaryotic OS enzymes. ON the other hand, the genomic clones for 

OS 1 and OS2- were isolated from Arabidopsis thaliana genomic library and fully sequenced. 

Compared with their cDNA sequences, each clone was concluded to be a OSI gene composed 

by 9 exons and 8 introns or a OS2 gene composed by 11 exons and 10 introns, and they have 

a 1.4 and].2 kb of 5' Ilanking regions of the genes, respectively . In their 5' upstream region, 

we identified putative binding sites for NIT-2 and similar sequencc motifs necessary for 

nitrate-inducible transcliption of A. thaliana NR genes. These sequence lTIotifs was also 

conserved in the 5' upstream region of OS and OOOAT genes from the other plant species. 
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CHAPTER II 

Northern blot analysis showed changes of relative levels of gsRl (GSl) and gsLl (GS2) 

mRNAs in Arabidopsis thaliana leaves fumigated with 4 ppm N0 2 for up to 10 h. The GSl 

mRNA level increased 2 .5 times in response to fumigation with N02 ] h after the start of 

fumigation. Then it decreased and reached the initial level 10 h after the start. On the other 

hand , the GS2 mRNA level decreased drastically to 22% of the initial level 2 h after the start 

and increased to almost same level of the start for up to 10 h. This result suggest that N0
2 

exhibit the different signals for gene regulations for GSI and GS2 in plant leaves. 

CHAPTER III 

I report here an in planta transient expression assay USIng particle gun device, in which 

transgenes are introduced into the cells of leaves that are attached to an intact Arabidopsis 

thaliana plant. Using this method , a plasmid pSG containing 663-bp fragment of eDNA of 

the gene encoding GS in an antisense orientation under the control of cauliflower mosaic 

virus (CaMY) 35S promoter and nopaline synthetase (NOS) polyadenylation signal was 

bombarded into the leaves attached to intact plants. Bombarded plants were subjected to 

standing in the atmosphere wi thout added N02, or to f umi gation wi th 4 ppm ni trogen dioxide 

(NOJ, and analyzed biochemically. Both GS enzyme activity and polypeptide levels in the 

leaves decreased when pSG-bombarded plants were stood in the atmosphere. Fumigation of 

pSG-bombarded plants with N02 much strengthened these decreases, and caused withering 

damages on their leaves . The analysis of the contents of nitrate, nitrite, and ammonium ions 

in the leaves revealed that the content of ammonium ion .. 3 increased by 1.3-fold upon 

bombardment of pSG. Fumigation treatment of pSG-bombarded plants did not changed the 
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contents of N03· or NH/ ions but did increase (4-fold) the content of nitrite ion. This increase 

in the toxic ions was thought to cause damages of the leaves of pSG-bombarded plants upon 

fumigation. The present results provide evidence that OS is a key enzyme in the metabolism 

of N02 in Arabidopsis fha/iana plants. 

CHAPTER IV 

Four kinds of plasmids that contain a full length or 3' UTR fragment of OS 1 or OS2 cDNA 

in sense or antisense orientation under the control of CaMV 35S promoter and NOS 

polyadenylation signal were separately introduced into root set/tions of Arabidopsis thaliana. 

OS activity of T2 lines containing GS2 cDNA in sense or antisense orientation varied greatly 

(the average value was respectively 39 to 2080/0 of the control) in their leaves. On the other 

hand , those lines containing GS 1 cDNA in sense or antisense orientation showed much lower 

OS activity (the average value was respectively 30 to 1240/0 iQf the control) in their leaves. 

Western blot analysis showed some transgenic lines had overproduced and down-regulated 

OS 1 and/or GS2 isozymes in their leaves_ 

CHAPTER V 

I analyzed the excess lsN levels in the total, reduced, ammoni UIn, and ni trate/ni tri te ni trogen 

(N) fractions from leaves of Arabidopsis tha/iana plants fumigated with 15N02 or fed K 1SN0
3

_ 

Lack of stoichiometry between the total N derived from N02 and the sum of (Kjeldahl) 

reduced and nitrate/nitrite N indicated that 20 to 300/0 of the total N is in the form of 

unidentified nitrogen (UN) in plants fumigated with 15N02_ In contrast, there was stoichiometry 

between total N and the sum of reduced and nitrate/nitrite N in plants fed K 15N0
3

_ Forty to 
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60 0/0 of the nitrate-derived total N was found in the nitrate/nitrite N fraction , more than 

lO-fold the value for N02 -derived nitrogen. A compound(s) bearing UN, formed before the 

conversion of N02 nitrogen to glutamine, that was recovered in the supernatant fraction of 

leaf symplasts was Inetabolically stable for at least a week. Ion exchange and gel permeation 

chromatography indicated that the UN-bearing compound(s) is cationic and of low molecular 

weight. Preliminary analysis by GC/MS detected 15N-bearing N-nitrosodiphenylamine (mol 

\vt = 198), which accounted for about 100/0 of the UN . These findings clearly indicate that the 

metabolic fate of N02 nitrogen differs from that of nitrate. 

71 



ACKNOWLEDGMENT 

I wish to express my sincere thanks to Professor HirOlnichi Morikawa, Hiroshima University, 

for his invaluable guidance, discussion, continuous encouragement throughout dissertation 

research and his critical reading my dissertation . 

I ain grateful to Processor Konosuke Fujita, Dr. Hirofumi Saneoka, and Professor Naoki 

Sakurai, Hiroshima University for their technical helps. 

I thank Professor Eiji Hirasawa, Osaka City University, Professor TOlnoyuki Yamaya and 

Dr. Toshihiko Hayakawa, Tohoku University for their guidances and invaluable discussions 

of my work. 

Special thanks must be gIven to Dr. Naoki Goshilna, Dr. Misa Takahashi, and Dr. 

Yasutomo Kisu , Hiroashima University, and Kohei lrifune, Hiroshima Prefecture University 

for their technical helps , kindly advice, and warm encouragernents. 

I thanks all melubers of Graduate Department of Gene Science, Faculty of Science, 

Hiroshilua University for their unflagging encouragements. 

Finally, I wish to express my deep appreciation to my Inother, wife, and daughter for their 

unflagging encouragements, n1ental and financial supports throughout ll1y study. 

72 



REFERENCES 

Ammann, M., Stalder, M., Suter, M., Brunold, C., Baltensperger, U., Jost, D.T., TUrler, A. 

and Gaggeler, H.W. (1995) Tracing uptake and assimilation of N02 in spruce needles 

with 13N. 1. Exp. Bot . 46: ]685-169l. 

Beckman, 1.S. (1996) The physiological and pathological chemistry of ni tric oxide. In Nitric 

Oxide. Principles and Actions. Edited by Lancaster, J ., Jr. pp. 1-82. Academic Press, San 

Diego, CA. 

Bradford , M. (1976) A rapid and sensitive method for the quantitation of microgram quantities 

of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72: 248-254. 

Brulfe-it, J. , Guerrier, D . and Queiroz, 0. (1973) Photoperiodism and enzylne activity: Balance 

between inhibition and induction of the crassulacean acid metabolism. Plant Physiol. 51: 

220-222. 

Carvalho, H. , Pereira, S ., Sunkel , C. and Salema, R. (1992) Detection of cytosolic glutamine 

synthetase in leaves of Nicotiana tabacum L. by immunocytochemical methods . Plant 

Physiol. 100: 1591-1594. 

Chirgwin, J .M., Przybyla, A.E., MacDonald, R.1. and Rutter, W .1. (1979) Isolation of 

biologically active ribonucleic acid from sources enriched in ribonucleases . Biochem. 18: 

5294-5299. 

Christian, G.D. (1986) Analytical Chemistry. 4th ed. pp. 213-·215. John Wiley & Son, New 

York. 

Church, G.M. and Gilbert, W. (1984) Genomic sequencing. Proc. Natl. acado sci. USA 81: 

1991-1995. 

Cock, 1.M. , Hernon, P. and Cullimore, J.Y . (1992) Characterization of the gene encoding the 

73 



plastid-located glutamine synthetase of Phaseolus vulgaris: regulation of p-glucuronidase 

gene fusions in transgenic tobacco. Plant Mol. Biol. 18: 1141-1149. 

Colombo, G. and Villafranca, J.J. (1986) Amino acid sequence of Escherichia coli glutamine 

synthetase deduced from the DNA nucleotide sequence. 1. Biol. Chern. 261: 10587-10591. 

Conway, E.J. and Byrne, A. (1933) An absoption apparatus for the micro-determination of 

certain volatile substances. 1. The micro-determination of ammonia. Biochern. 1. 27: 

419-429. 

Cullimore, J.Y. and Bennett, M.J . (1988) The molecular biology and biochemistry of plant 

glutamine synthetase from root nodules of Phaseolus vulgaris L . and other legumes. 1. 

Plant Physiol. 132: 387-393. 

Cullimore, J.Y. and Bennett, M.l (1992) Nitrogen assin1ilat.ion in the legume root nodule: 

current status of t.he molecular biology of the plant enzymes. Can. 1. Microbial. 38: 

461-466. 

Day, R.A., Jr. and Underwood, A.L. (1986) Quantitative Analysis. 5th ed . p. 181. Prentice-Hall, 

Englewood Cliffs . 

Dean, J.Y. and Harper, lE. (1986) Nitric oxide and nitrous oxide production by soybean and 

winged bean during the in vivo nitrat.e reductase assay. Plant physiol. 82: 718-723. 

Edwards, J.W. and Coruzzi, G.M. (1989) Photorespiration and light act in concert to regulate 

the expression or the nuclear gene ror chloroplast glutamine synthetase. Planl Cell I: 

241-248. 

Edwards, lW., Walker, E.L. and Coruzzi, G.M. (1990) Cell-specific expression in transgenic 

plants reveals nonoverlapping roles for chloroplast and cytosolic glutamine synthetase. 

Proc. Nall. Acad. Sci. USA 87: 3459-3463. 

74 



Fenten1 , P.A., Lea, P.l and Stewart, G.R. (1983) Ammonia assimilation in the roots of 

nitrate- and ammonia-grown Hordeum VuLgare (cv Golden Promise). PLant PhysioL. 71: 

496-501 . 

Fu, Y.-H. and Marzluf, G.A . (1990) nit-2, the major positive-acting nitrogen regulatory gene 

of Neurospora crassa, encodes a sequence-specific DNA-binding protein . Proc. NaIL. 

Acad. Sci. USA 87: 5331-5335. 

Gatley, S.l and Shea, C. (1991) Radiochemical and chemical quality-assurance methods for 

[,3NJ-ammonia made from a small volume H/ 60 target. AppL. Radial. ISOl. 42: 793-796. 

Gebhardt, C ., Oliver, lE., Forde , B.G. , Saarelainen, R. and Minin, B. (1986) Primary structure 

and differential expression of glutamine synthetase genes in nodules, roots and leaves of 

PhaseoLus vuLgaris. EMBO 1.5: 1429-1435. 

Goto , F. , Toki , S. and Uchimiya, H . (1993) Inheritance of a cotransferred foreign gene in the 

progenies of transgenic rice plants. Ttansgenic Res. 2: 300-305. 

Harper, lE. (1981) Evol ution of ni trogen oxide(s) during in vivo nitrate reductase assay of 

soybean leaves. PLan! PhysioL. 68: 1488-1493. 

Hausler, R.E., Blackwell , R.D., Lea, P.J. and Leegood, R.C. (1994) Control of photosynthesis 

in barley leaves with reduced activities of glutamine syn thetase or glutalnate synthetase. 

1. Plant characteristics and changes in nitrate, ammoniun1 and amino acids. PLanla 194: 

406-417. 

Hayward, B.E., Hussain, A., Wilson , R.H., Lyons , A., Woodcock, V., McIntosh, B. and 

Harris, T.J .R. (1986) The cloning and nucleotide sequence of cDNA for an amplified 

glutamine synthetase gene from the Chinease hamster. NucL. Acids. Res. 14: 999-1008. 

Henikoff, S. (1987) Unidirectional digestion with endonuclease III in DNA sequence 

75 



analysis .Meth. Enzymol. 155: 156-165. 

Hwang, C.-F , Lin , Y ., D1Souza, T . and Cheng, C.-L. (1997) Sequences necessary for nitrat 

dependent transcription of Arabidopsis nitrate reductase genes. Plant Physiol. 113: 853-862. 

Iida, A., Seki , M. , Kan1ada, M ., Yamada, Y . and Morikawa, H. (1990) Gene delivery into 

cultured plant cells by DNA-coated gold particles accelerated by a pneumatic particle 

gun. Theor. Appl. Genet. 80: 813-816. 

Kaji , M. , YoneyaJTIa, T ., Totsuka, T. and Iwaki, H. (1980) Absorption of atmospheric N02 by 

plants and soils VI. Transformation of N02 absorbed in the leaves and transfer of the 

nitrogen through the plants . Res. Rep. Natl. Inst. Environ. Stud . I 1: 51-58. 

Kamachi , K., Yamaya, T ., Hayakawa, T. , Mae, T . and Ojin1a, K. (199l) A role for glutamine 

synthetase in the remobilization of leaf nitrogen during natural senescence in rice leaves. 

PLant Physiol. 96: 411-417. 

Kamachi , K. , Yamaya, T ., Hayakawa, T., Mae, T . and Ojima, K .. (1992) Vascular bundle-specific 

localizaiton of cytosolic glutamine synthetase in rice leaves. Plant Physiol. 99: 1481-1486. 

Karlin-NeUlTIann G.A. , and Tobin E.M. (1986) Transit peptides of nuclear-encoded chloroplast 

proteins share a common amino acid framework. EMBO 1. 5: 9-13. 

Ka\\,amura, Y. , Takahashi , M ., ArilTIUra, G ., Isayama, T., lrifune, K., Goshima, N. and 

Morikawa, H. (1996) Determination of levels or N03 ' , N02 ' , and NH/ ions in leaves or 

various plants by capillary electrophoresis. Plant CeLL Physiol. 37: 878-880. 

Keys , A.J ., Bird, I.F, Cornelius, M.J., Lea, P.J., Wallsgrove, R.M. and Mitlin, B.J. (1978) 

Photorespiratory nitrogen cycle. Nature 275: 741-743. 

Klepper, L. (1979) Nitric oxide (NO) and nitrogen dioxide (NOJ emissions from herbicide­

treated soybean plants. Atmos. Environ. 13: 537-542. 

76 



Kozaki, A., Sakamoto, A. and Takeba, G. (1992) The promoter of the gene for plastidic 

glutamine synthetase (GS2) from rice is developmentally regulated and exhibits substrate­

induced expression in transgenic tobacco plants. Plant Cell Physiol. 33, 233-238. 

Kozaki, A., Sakamoto, A., Tanaka, K. and Takeba, G. (1991) The promoter of the gene for 

glutalnine synthetase from rice shows organ-specific and substrate-induced expression in 

transgenic tobacco plants. Plant Cell Physiol. 32, 353-358. 

Kozaki, A. and Takeba, G. (1996) Photorespiration protects C3 plants from photooxidation. 

Nature 384: 557-560. 

Laelnmli, U.K. (1970) Cleavage of structural proteins during the assen1bly of the head of 

bacteriophage T4. Nature 227: 680-685.0 

Lam, H.-M., Coschigano, K., Schultz, C., Melo-Oliveira, R., Tjaden, G., Oliveira, 1., Ngai, 

N., Hsieh, M.-H. and Coruzzi, G. (1995) Use of Arabidopsis mutants and genes to study 

amide amino acid biosynthesis. Plant Cell 7: 887-898. 

Lea, P.l (1991) The inhibition of ammonia assimilation: a mechanism of herbicide action. In 

Herbicides. Edited by Baker, N.R. and Percival, M.P. pp. 267-298. Elsevier Science 

Publishers B. V., Amsterdam. 

Lea, P.l (1993) Nitrogen metabolism. In Plant Biochemistry and Molecular Biology. Edited 

by Lea, P.l and Leegood, R.C. pp. 155-180. John Wiley & Sons, Chichester. 

Lee, Y.-N. and Schwartz, S.E. (1981) Reaction kinetics of nitrogen dioxide with liquid water 

at low partial pressure. 1. Phys. Chern. 85: 840-848. 

Li M.-G., Villemur, R., Hussey, P.l SilOow, C.D., Gantt, lS. and Snustad, D.P. (1993) 

Differential expression of six glutamine synthetase genes in Zea mays. Plant Mol. Biol. 

23: 401-407. 

77 



Mackinney, G. (1941) Absorption of light by chlorophyll solutions. 1. Biol. Chern. 140: 

315-322. 

Maniatis, T., Fritsch, E.F and Sambrook, l. (1982) Molecular cloning: A laboratory manual. 

Cold Spring Harbor Laboratory, New York. 

Marsolier, M.-C., Debrosses, G. and Hirel, B. (1995) Identification of several soybean cytosolic 

glutamine synthetase transcripts highly or specifically expressed in nodules: expression 

studies using one of the corresponding genes in transgenic Lotus corniculatus . Plant Mol. 

Biol.27: 1-15. 

Marzlui', G.A . (1993) Regulation of sulfur and nitrogen metabolism in filamentous fungi. 

Annu. Rev. Microbial. 47: 31-55. 

Matsumura, T ., Sakakibara, H., Nakano, R., Kimata, Y., Sugiyama, T. and Hase, T. (1997) A 

nitrate-inducible ferredoxin in maize roots. Genomic organization and differential 

expression of two nonphotosynthetic ferredoxin isoproteins. Plant Physiol. 1 ]4: 653-660. 

McKenzie, H.A. and Wallace , H.S . (1953) The Kjeldahl determination of nitrogen: A critical 

study of digestion conditions--Temperature, catalyst, and oxidizing agent. Aust. 1. Chern. 

7: 55-70. 

McNally, S . and Hirel, B. (1983) Glutamine synthetase isoforms in higher plants. Physiol. 

Veg. 21: 761-774. 

Miao, G .-H., Hircl, B., Marsolicr, M.C., Ridge, R .W. and Verma, D.P.S . (1991) Ammonia 

regulated expression o/" a soybean gene encoding cytosolic glutamine synthetase in 

transgenic Lotus corniculatus. Plant Cell 3: 11-22. 

Mirlin, B.J. and Lea, P.l. (1980) Ammonia assilnilation. In The Biochemistry of plants, vol. 

5. Edited by Miflin, B.J . pp. 169-202. Academic Press . 

78 



Morikmva , H ., Iida, A . and Yamada, Y . (1989) Transient expression of foreign genes in plant 

cells and tissues obtained by a simple biolistic device (particle-gun). Appl. Microbiol . 

Biotechnol. 31: 320-322. 

MOlikawa, H., Chiba, K ., Irifune , K. , Iida, A., Seki , M., Nishihara, M., Tanaka, T ., Yamashita, 

T . and Asakura, N. (1994) Transformation of plant cells and tissues by pneumatic particle 

gun. In Particle BOlnbardment Technology for Gene Transfer. Edited by Yang, N.S. and 

Christou, P. pp. 52-59. Oxford University Press, New York. 

Morikawa, H ., Higaki, A. , Nohno, M., Takahashi, M., KaInada, M., Nakata, M., Toyohara, 

G., Okamura, Y. , Matsui, K ., Kitani, S. , Fujita, K, Irifune, K. and Goshima, N . (1998a) 

More than a 600-fold variation in nitrogen di oxide assi ll1ilation among 217 plant taxa. 

Plant Cell Environ 21: 180-190. 

Morikawa , H ., Takahashi, M. and lrifune, K. (1998b) Molecular mechanism of the metabolism 

of nitrogen dioxide as an alternative fertilizer in plants . In Stress Responses of Photosynthetic 

Organisms. Edited by Satoh, K. and Murata, N. pp. 227-237. Elsevier Science B.Y., 

A 111Sterdam. 

Mulvaney , C.S. and HageInan , R.H. (1984) Acetaldehyde oxime, a product formed during the 

in vivo nitrate reductase assay of soybean leaves. Planl Physiol. 76: 118-124. 

Murashige, T. and Skoog, F. (1962) A revised medium for rapid growth and bioassays with 

tobacco tissuc cui tures. PhysiuL. PLanl. 15: 473-497. 

Nussbaum, S. , von Ballmoos , P. , Gfeller, H. , Schlunegger, U.P. , Fuhrer, J. , Rhodes, D. and 

Brunold, C. (1993) Incorporation of atmospheric ISN0 2-nitrogen into free aInino acids by 

Norway spruce Picea abies (L.) Karst. Oecologia 94: 408-414. 

Okano, K. and Machida, T. (1989) Differences in ability of N02 absorption In vanous 

79 



broad-leaved tree species. Environ. Pollut. 58: 1-17. 

Okano, K. , Machida, T. and Totsuka, T . (1988) Absorption of atmospheric N02 by 

several herbaceous species: estimation by the 15N dilution method. New Phytol. 109: 203-210. 

Pace, G.M., MacKown, C.T. and Yolk, R.1. (1982) Minimizing nitrate reduction during 

Kjeldahl digestion of plant tissue extracts and stem exudates. Application to 15N studies. 

Plant Physiol. 69: 32-36. 

Petennan, T.K. and Goodman, H.M. (1991) The glutamine synthetase gene family of 

Arabidopsis fhaliana: light-regulation and differential expression in leaves, roots and 

seeds. Mol. Gen. Genet. 230: 145-154. 

Porter, L.K. (1969) Gaseous products produced by anaerobic: reaction of sodium nitrite with 

oxime compounds and oximes synthesized from organic matter. Soil Sci. Soc. Amer. 

Proc. 33: 696-702. 

PrUtz, A.A., Monig, H., Butler, 1. and Land, E.1. (1985) Reactions of nitrogen dioxide in 

aqueous lnodel systems: Oxidation of tyrosine units in peptides and proteins. Arch. Biochem. 

Biophys.243: 125-134. 

Pryor, W.A., Church, D.P., Govindan, C.K. and Crank, O. (1982) Oxidation of thiols by 

nitric oxide and nitrogen dioxide: Synthetic utility and toxicological implications. 1. Org. 

Chern. 47: ] 56-159. 

Pryor, W.A. and Lightsey, J.W. (1981) Mechanisms of nitrogen dioxide reactions: Initiation 

or lipid peroxidation and the production of nitrous acid. Science 214: 435-437. 

Ramge, P., 8adeck, F -W., Plochl, M. and Kohlmaier, O.H. (1993) Apoplastic antioxidants as 

decisive elilnination factors within the uptake process of nitrogen dioxide into leaf tissues. 

New Phytol. 125: 771-785. 

80 



Rawlings , D.E., Jones , W.A. , O'Neill , E.G. and Woods, D.R. (1987) Nucleotide sequence of 

the glutamine synthetase gene and its controlling region from the acidophilic autotroph 

Thiobacillusferrooxidans. Gene 53: 211-217. 

Rhodes , D. , Rendon, G.A . and Stewart, G .R. (1975) The control of glutamine synthetase 

level in Lemna minor L. Plan/a 125: 201-21l. 

Rogers , H.H ., Campbell , lC. and Yolk, R.J. (1979) Nitrogen-IS dioxide uptake and 

incorporation by Phaseolus vulgaris (L.). Science 206: 333-335. 

Saghai-Maroof, M.A., Soliman, K.M. , Jorgensen , R.A . and Allard, R.W. (1984) Ribosomal 

DNA spacer-length polymorphisms in barley: Mendelian inheritance, chronlosolnal 

location , and population dynamics. Pro. Natl. Acad. Sci. USA 81: 8014-8018. 

Sakakibara, H., Shimizu , H., Hase, T., Yamazaki , Y. , Takao, T., Shimonishi, Y. and Sugiyama, 

T. (1996) Molecular identification and characterization of cytosolic isoforms of gl utamine 

synthetase in maize roots. 1. Biol. Chern. 271: 29561-29568. 

Sakamoto, A. , Ogawa, M ., Masumura, T. , Shibata, D., Takeba, G., Tanaka, K. and Fujii, S. 

(1989) Three eDNA sequences coding for gl utamine synthetase polypeptides in Oryza 

sativa L. Plant Mol. Biol. 13: 611-614. 

Sakurai , N. and Kuraishi, S. (1988) Water potential mechanical properties of the cell walloI' 

hypocotyls of dark-grown squash (Cucurbita maxima Duch.) under water-stress conditions. 

Plant Cell Physiol. 29: 1337-1343. 

Sawasaki, T., Seki, M., Anzai, H., Irii'une, K. and Morikawa, H. (1994) Stable transfo1111ation 

of Arabidopsis with the bar gene using particle bombardment. Transgenic Res. 3: 279-286. 

Saxe, H. (1986) Stolnatal-dependent and stomatal-independent uptake of NOx' New Phytol. 

103: 199-205. 

81 



Slocum , R .D. (1991) Tissue and subcellular localization of polyamines and enzymes of 

polyamine metabolism. III Biochemistry and Physiology of Polyamines in Plants. Edited 

by SloCUlTI, R.D. and Flores , H.E. pp. 93-103. CRC Press, London. 

Stanford, A .C. , Larsen , K ., Barker, D.O . and Cullimore, lV. (1993) Differential expression 

within the glutamine synthetase gene family of the model legume Medicago truncalula. 

Plant Physiol. 103: 73-81. 

Sukanya, R. , Li , M.-G. and Snustad, D.P. (1994) Root- and shoot-specific responses of 

individual glutamine synthetase genes of maize to nitrate and ammonium. Plant Mol. 

Biol. 26: 1935-1946. 

Takahashi, M. and Morikawa, H. (1996) High frequency stable transfoImation of Arabidopsis 

thaliana by particle bombardment. 1. Plant Res . 109: 331--334. 

Temple, S.J., Bagga, S. and Sengupta-Gopalan, C. (1994) Can glutamine synthetase activity 

levels be modulated in transgenic plants by the use of recombinant DNA technology? 

Biochem. Soc. Transact. 22: 915-920. 

Temple, S.l , Kunjibettu, S., Roche, D. and Sengupta-Gopalan, C . (1996) Total glutamine 

synthetase activity during soybean nodule development is controlled at the level of 

transcri ption and holoprotei n turnover. Plant Physiol. 112: 1723-1733. 

Temple, S.J. and Sengupta-Gopalan, C. (1997) Manipulating amino acid biosynthesis. In A 

Molccular Approach to Primary Metabolism in Highcr Plants. Edited by Foyer, C.H. and 

Quick W.P. pp. 155-177. , Taylor & Francis, London. 

Thoene, B., Schroder, P., Papen, H., Egger, A. and Rennenberg, H. (1991) Absorption of 

atlnospheric N0
2 

by spruce (Picea abies L. Karst.) trees. 1. N02 inOux and its correlation 

with nitrate reduction. New Phytol. 117: 575-585. 

82 



Tingey, S . V., Walker, E.L. and Conlzzi , G.M. (1987) Glutamine synthetase genes of pea 

encode distinct polypeptides which are differentically expressed in leaves, roots and 

nodules. EMBO 1. 6: 1-9. 

Tingey , S.V., Tsai , F. -Y ., Edwards , J.W., Walker, E.L. and Coruzzi, G.M. (1988) Chloroplast 

and cytosolic glutamine synthetase are encoded by homologous nuclear genes which are 

differentially expressed in Vivo. 1. BioI. Chem. 263 : 9651-·9657. 

Tischer, E. , DasSan11a, S. and Goodman, H.M. (1986) Nucleotide sequence of alfalfa glutamine 

synthetase gene. Mol. Gen. Genet. 203: 221 -229. 

Towbin, H. , Staehelin, T . and Gordon, J . (1979) Electrophoretic transfer of proteins from 

polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. Natl . 

Acad. Sci. USA 76: 4350-4354. 

Vance , C.P., Miller, S.S ., Gregerson, R.G., Samac, D.A., Robinson, D .L. and Gantt, J.S. 

(1995) Alfalfa NADH-dependent glutalnate synthase: structure of the gene and importance 

in symbiotic N2 fixation . Plant 1. 8: 345-358. 

Walker, E.L. and Coruzzi, G.M. (1989) Developmentally regulated expression of the gene 

falnily for cytosolic glutamine synthetase in Pisum sativu,m. Plant Physiol . 91: 702-708. 

Walker, E.L., Weeden, N.F. , Taylor, C.B ., Green , P. and Coruzzi, G.M. (1995) Molecular 

evolution of duplicate copies of genes encoding cytosolic glutamine synthetase in Pisum 

salivum. PLant Mol. BioL. 29: 1111-1125. 

Wallsgrove , R.M ., Turner, J.C ., Hall , N.P., Kendall , A.C. and Bright, S.W.J. (1987) Barley 

mutants lacking chloroplast glutamine synthetase. Biochemical and genetic analysis . PLant 

Physiol. 83 : 155-158. 

Watanabe, A., Hamada, K ., Yokoi, H. and Watanabe , A. (1994) Biphasic and differential 

83 



expression of cytosolic glutamine synthetase gene of radish during seed germination and 

senescence of cotyledons. Plant Mol. Biol. 26: 1807-1817 .. 

Watanabe, S. , Sakai, T., Goto, S., Yaginuma, T., Hayakawa, T. and Yalnaya, T. (1996) 

Expression of NADH-depcndent glutamate synthetase in response to the supply of nitrogen 

in rice cells in suspension culture. Plant Cell Physiol . 37: 1034-1037. 

Watanabe, A., Takagi, N ., Hayashi, H., Chino, M. and Watanabe, A. (1997) Internal Gln/Glu 

ratio as a potential regulatory parameter for the expression of a cytosolic glutamine 

synthetase gene of radish in cultured cells. Plant Cell Physiol. 38: 1000-1006. 

Wellburn, A.R. (1990) Why are atlnospheric oxides of nitrogen usually phytotoxic and not 

alternative fertilizers? New Phytol. 115: 395-429. 

Yoneyalna, T. and Sasakawa, H. (1979) Transronnation of atmospheric N02 absorbed In 

spinach lea\ cs. Plant Cell Physiol . 20: 263-266. 

Yoneyama, T., Sasakawa, H., Ishizuka, S. and Totsuka, T. (1979) Absorption of atmospheric 

N0
2 

by plants and soils. (II) Nitrite accumulation, nitri te reductase activity and diurnal 

change of N0
2 

absorption in leaves. Soil Sci. Plant Nutr. 25: 267-275. 

Yu, S.-W, Li , L. and Shimazaki , K.-I. (1988) Response of spinach and kidney bean plants to 

ni trogen dioxide. Environ. Pollut . 55: 1-13. 

Zeevaart, A.J . (1976) Some effects of fUlnigating plants for short periods with N02· Environ. 

Poilu!. 11: 97- 108. 

84 


