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Abstract 

A full sequence of lipoxygenase (LOX) genes were available from various plants, however, 

nucleonic or enzymatic examinations had not been reported for any citrus genera nor species. In 

this study, we have amplified the partial region of transcripts encoding LOX of rough lemon 

(Citrus jambhirl L. ) by reverse transcription-polymerase chain reaction (RT-PCR) with several 

primers designed from the alignment analysis of published plant LOX genes. The sequence of 

partial LOX coding region from rough lemon transcripts was identified by a direct sequencing 

from the RT-PCR product (601bp), and compared for homology with other plant LOX genes. 

Blast analysis indicated that the RT-PCR products encoding rough lemon LOX gene were 

homologous to other plant LOX genes known, and higher homology was found toward the 

defense reaction related LOX genes of Arabldopsis or rice. 
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Introduction 

The lipoxygenases (Ec 1.13.11.12) catalyzing the hydroperoxidation of specific pentadiene moieties 

in long-chain fatty acids, are enzyme families which widespread in higher plants and animals. It has 

been reported that an increase of lipoxygenase activity conelated with processes in development, 

maturation, and senescence"', and also implicated in responses to wounding or attack of microbes" ". 
Biosynthesis of signaling andlor regulatory compounds such as the jasmonates and hexenal~'~ 6', can be 

considered as the enzymatic role of the lipoxygenases in such diverse processes in plants. 

Sequence information for the LOX genes is available from various plants, such as ~ rab ido~s i s "  ", 
b a ~ e l ~ ' ~ ' ,  cucumbe~"~' , lentil"", pea"2', potato'13', rice'12', soybean"s l6 "', t ~ m a t o " ~  19', however, no 

nucleonic nor enzymatic examination had been reported for any citrus genera nor species. As the first 

step toward understanding the role and function of LOX in citrus plants, we generated multiple PCR 

primers by the alignment analysis of plant LOX sequences described above, and amplified a partial region 

of rough lemon (Citrus jarnbhlri L. ) LOX gene with these primers from mRNA of rough lemon leaves 

by using a reverse transcription-polymerase chain reaction (RT-PCR) . Sequence data of the partial region 

of the rough lemon LOX gene by a direct sequencing of the RT-PCR p~oducts, and the homology 

analysis to other plant LOX genes will be described. 
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Materials and Methods 

Plant and Fungal Materials 

Young trees or seeds of rough lemon (C jambhin L. ) was kindly provided from the Ministry of 

Agriculture, Forest & Fish, Kuchinotsu Experimental Station, Ehime Prefectural Fruit Research Station, 
and Tokushima Prefectural Fruit Research Station. The seeds were germinated and grown in vermiculite 

until the highs of the seedlings became about 10 to 15cm under a greenhouse condition with a minimum 

temperature of above 15°C. The seedlings were then transferred to pots and maintained under greenhouse 

conditions. 

Non-pathogenic strain (0-94) of Alternuria altemata against rough lemon, was grown on a PDA plate 

for 10 to 14 days at 24"C, and the spores of the fungi were removed by washing the mycelia grown on 

the plate with water. The spores were then collected by centrifugation at 800g for 5 min after passing 

through the fou~ layers of cheesecloth, and the concentration of spore suspension was adjusted at 5 X lo5 
spores/ml with water by a haemocytometer (~homa)  . 

RT-PCR 

For the template preparation of RT-PCR, total RNA was isolated by a hot borate method'20' from 

young leaves (lg) of rough lemon harvested at 6 hr after spraying with about one ml of the spore 

suspension (5X lo5 spores/ml) of non-pathogenic strain (0-94) of A alternata prepared by the method 

described above. The spore-inoculated leaves were incubated in a moist chamber at 24°C during the 6 hr 
incubation period. RT-PCR was performed by using the Superscript One-Step RT-PCR System 

(GIBCOIBRL) as manufacture's instruction, with various combinations of the following primers : LOX# 

1/5'-AGCCATTGGTTAAATACTCA-3' ; LOX#X/5'-CACCCAATTTA (T/C) AAGCTTCT-3' ; LOX#3/ 

5'-ATAGTTCTCAAATAAGCCTT-3' ; LOX#4/5'-CC (A/G) AA (MG)  TTNACNGCNGC (A/G) TG-3' 

and 500 ng of the total RNA as the template. LOX#l and #2 are forward primers, and LOX#3 and #4 
are reverse primers, respectively. One tenth of the RT-PCR products was loaded on 1 %  agarose gel and 

the size of the RT-PCR products was determined by comparing with DNA molecular marker 

(lambdd~ind III ) (~akara) . 

Direct Sequencing 

One tenth of' the RT-PCR products was used as a template for sequencing. Cycle sequencing technic 

with Thermo Sequenase (~mersham) was used for the sequencing of the DNA fragment with the method 

of' the GATC-Biocycle Sequencing Kit (GATC) described by the manufacturer. Either the LOX#l 

primer or the LOX#4 primer was used to sequence the ends of the amplified products. Internal primers 

were then constructed to complete the sequencing of the entire gene. These sequencing-primers were : 
LOX SEQ#1/5'-ATTCCATCAGCATTAACA-3' ; LOX SEQ#2/5'-GAAGAGCTCCAAGCTTGG-3' ; 
LOX SEQ#3/5'-AAAACAATGGGTTACCGA-3, respectively. The dideoxy-biotin labeled fsagments 

were sepasated on electsophoresis, transferred onto the membrane  bound N+, ~mersham) , and 

visuclized ladders of' the fsagments with streptavidin-alkaline phosphotase conjugate (GATC) by the 

GATC-1500 Direct Blotting Electrophoresis System (GATC) with the method of' manufactures's 

instruction. 
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Sequence Analysis and LOX Motif Examination 

LOX motifs were examined by comparing the amino acid sequences of plant LOX. Rough lemon LOX 

sequence was compared with other plant LOX sequences available in a databank. Sequence analysis was 

performed by using the Genetyx-Mac program (Software ~ e v e l o ~ m e n t ) ,  and other several different 

programs communicated through an internet. The programs used were : SIM-alignment tool (http : // 
expasy. hcuge. ch/sprot/sim-prot. html) ; Translation analysis/The Protein Machine (http : //www. ebi. 

ac. ukl-tornrn asoltranslate. html) ; Homology (BLAST) analysis (http : //www. ddbj. nig. ac. jp) , 
respectively. 

Southern Blot Analysis 

RT-PCR products with various combinations of the primers (LOX#~ to #4) were loaded on a 1% 

agarose gel, and transferred after electrophoretic separation to membrane  bo bound N+, ~mersham) by 

a capillary t~ansfer'~". Hybridization was performed at 68°C overnight with non-isotope labeled probe (10 

nglml) with the Digoxigenin System ( ~ o e h r i n ~ e r  Mannheim). The probe was made from the RT-PCR 

product with a primer set of LOX#l and LOX#4. The blot was washed at 68°C in an excess of 2X SSC, 

0.1% (WIV) SDS for 15 min, then in O.1X SSC, 0.1% SDS for a further 15 min. The hybridized 

bands were visualized with anti-digoxigenin antibodies-alkaline phosphotase conjugate (Boehringer 

Mannheim) on X-ray film by the method described by manufacturer's instruction of Digoxigenin 

Detection Kit (Boehringer Mannheim) . 

Results and Discussion 

In order to generate primers which amplify a partial LOX gene of rough lemon, we analyzed 

alignments of amino acid sequences of plant LOX genes available in a databank. Accession numbers of 

these LOX genes from a databank were indicated as the followings : U01843 and L23968 for 

~ rabzdo~szs '~  ", L35931 for barely'g', U25058 for cuc~mber"~', X71344 for lentil'"', XI7061 for pea'12', 

X79107 for potato'13', Dl4000 for rice'14', 502795, J03211 and X13302 for soybean"5 l6 17', U09026 and 

U09025 for t ~ m a t o " ~  19'. The alignment analysis identified four LOX motif sequences of SHWLNTH, 

HPIYKL, KAYLRTI, and HAAVNF (Fig. 1 ) , and four PCR primers (20 mers) : LOX#1/5'- 

AGCCATTGGTTAAATACTCA-3' for the motif SHWLNTH ; LOX#2/5'-CACCCAATTTA (T/c) 

AAGCTTCT-3' for the motif HPIYKL ; LOX#3/5'-ATAGTTCTCAAATAAGCCTT-3' for the motif 

KAYLRTI ; LOX#4/5'-CC (A/G) AA (A/G) TTNACNGCNGC (A/G) TG-3' for the motif HAAVNF, 

were synthesized. The motif KAYLRTI was mostly found in soybean LOXs but not in LOXs of other 

plants (Fig. 1). Although attempts of LOX gene amplification from genomic DNA of rough lemon leaves 

by PCR using these primers did not succeed (data not shown), we could amplify a partial region (about 

600 bp) of rough lemon LOX gene by RT-PCR using primer set of LOX#l and LOX#4, from total RNA 

of rough lemon leaves inoculated with non-pathogenic strain (0-94) of A alternata ( ~ i g .  2) .  

Non-pathogenic fungus was inoculated because LOX is considered to take a part in the defense 

mechanism of plants and a high level of LOX txanscripts are often associated with the Iesponse to wounding 

or attacks of microbes'' 4 '  . Direct sequencing of the RT-PCR product identified 6 0  1 bp of DNA sequen- 

ces (Fig. 3 ) ,  and the deduced amino acid sequence star.ted from the LOX motif of SHWLNTH (Fig. 

1)  was determined (Fig. 3)  . Blast analysis of this deduced amino acid sequence ( ~ i ~ .  3) indicated high 

homology to other plant LOX sequences  a able I ) ,  suggesting that our RT-PCR product using LOX 
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Fig. 2 Amplification of rough lemon transcripts 

by using RT-PCR with a primer set of 

LOX#l and LOX#4 

One tenth of RT-PCR product from total RNA of 

rough lemon harvested at 6 hr after spraying with 

non-pathogenic strain (0-94) of A. alternata, was 

loaded and separated on 1% agarose gel. The 

numbers on the left indicate the position of DNA 

mol. wt. markers in kb. 

Fig. 1 The motif examination of plant LOX genes by alignment analysis 

Alignment analysis of amino acid sequences of LOX genes was performed by using Genetyx-Mac and 

SIM programs. The sequence data was obtained from a databank, and the accession number of each 

sequence was described in the text. The symbols of A, B, C, D in this figure indicate the motif 1, 
motif 2, motif 3, and motif 4 of LOX, respectively. 
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1 10 20 30 40 50 
TC AGC CAT TGG TTA AAT ACT CAT TGT TGC ACA GAA CCT TAC GTA ATA GCA ACC 

W X I l  

C C T E P Y V I A T  

60 70 80 90 100 
AAT CGG CAA CTC AGC GTG ATG CAT CCA ATC TAT AGA TTG TPG GAT CCT CAT TTT 

N R Q L S V M  D P H F 
Motif-2 

110 120 130 140 150 
CGA TAC ACA ATG GAG ATC AAT GGT TTG GCT CGA CAA GCT CTT GTT AAT GCT GAT 

I O X  SBQ 1 

R Y T M E I N G L A R Q A L V N A D  
161 170 180 190 200 210 
m T C  ATT GAA AGC TCA TTC TCA CCT GGA AAG TAC TCT ATG GAA TTC AGC TCI 

G I I E S S F S P G K Y S M E F S S  

220 230 240 250 260 
GTT GCC TAT GAC AAG CAA TGG CGC TTT GAC CAT GAA GCA CTC CCX AAA GAC CPA 

(TIC) 
V A Y D K Q W R F D H E A L ( P ) K D L  

2 70 280 290 300 310 320 
ATT AGC CGG GGA TTG GCT GTT GAA GAT CCA AGP GCT CCA CAP GGC IIG AAG CIA 

I S R G L A V E D P S A P H G L K I  

330 340 350 360 370 
ACA ATT GAA GAC TAT CCT TTT GCC AAl GAT GGC CTT GAT CTC TOG GAT GCC AT& 

T I E D Y P F A N D G L D L W D A I  

380 390 400 410 420 
RRA CAA TOG GTT ACC GAT TAT GTT AAT CAC TAC TAC CCT GAT AAA AGC CTT GlA 

LOX SEQ 3 

K Q W V T D Y V N H Y Y P D K S L V  

431 440 450 460 470 480 
GAA TCT GAT GAA GAG CTC CAA GCT TOG TOG ACT GAA ATT CGA ACT GTG GGA CAC 

wx SE(I 2 

E S D E E L Q A W W T E I R T V G H  

490 500 510 520 530 
GOT GAC AAG A M  XAT GAA CCT TGG TGG CCT GXC TTG M A  ACC CCT XAG GAT TTA 

(C/O) (T/C) (AIC) 
G D K K X E  P W W P X L K T P X D I  

540 550 560 5 70 580 590 
ATT GAA ATC ATC ACA ACT ATT GTI PGG GTA ACA TCT GGT CAC CAC GCX GCK GTC 

600 
AAG TTC GO 

Fig. 3 Nucleotide and deduced amino acid sequences of the RT-PCR product from rough lemon 

transcripts 

Annealing sites of primers LOX#1 and LOX#4, and sequencing-primer sites are underlined and the 

names of the p~imers are tagged. Plant LOX motifs examined in Fig. 1 are shaded and the names of the 

motifs are also tagged. The sites which could not identified as a single nucleotide are indicated as X. 

motif primers is confirmed to be a part of' LOX gene. In the deduced amino acid sequence of the rough 

lemon LOX gene, we could find three motifs like sequences of SHWLNTH, HPIYRL, HAAVKF but 

not KAYLRTI (I?ig. 3). However., combinations of' primers which could amplified the partial region of 

this rough lemon LOX gene, were the LOX#l corresponding motif 1 (SHWLNTH) and LOX#4 
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Table 1 High-scoring genes by BLAST analysis to RT-PCR product generated 

from transcripts of rough lemon leaves 

Accession number High-scoring gene Source Score 
in a databank 

L23968 lipoxygenase Lox2 Arabidopsis 830 
LO4637 lipoxygenase Lox1 Arabidopsis 650 
Dl4000 lipoxygenase rice 547 
S44940 lipoxygenase potato 432 
S18906 lipoxygenase kidney bean 422 
S18612 lipoxygenase soybean 418 
S13381 lipoxygenase soybean 418 
S22153 lipoxygenase kidney bean 416 
S57964 lipoxygenase common bean 404 

Deduced amino acid sequence (described in Fig. 3) of RT-PCR product amplified 
from rough lemon transcripts with a primer set of LOX#1 and LOX#4 was 
analyzed by BLAST at DDBJ site (http : //www. ddbj. nig. ac. jp) . 

Fig.4 Amplification of rough lemon LOX gene by RT-PCR with multiple combinations of LOX 

primers 

(A) indicates agarose gel profile of the RT-PCR product ; and (B) indicates a southern blot analysis of 

the RT-PCR products by using the product of LOX#1 and LOX#4 as the probe. RT-PCR products with 

different combinations of the primers were loaded on each lane as the following orders : Lane 1 ; 
primer set of LOX#2 and LOX#4, Lane 2 ; primer set of LOX#2 and LOX#3, Lane #3 ; primer set 

of LOX#1 and LOX#4, Lane 4 ; primer set of LOX#l and LOX#3, respectively. The numbers on the 

left indicate the position of DNA mol. wt. markers in kb. 

corresponding motif ~(HAAVNF) (Fig. 2 and 4) ,  and surprisingly LOX#1 and LOX#3 corresponding 

motif ~(KAYLRTI) (Fig. 4).  Although there is no identical amino acids to the KAYLRTI motif exist, a 

putative annealing site of the LOX#3 primer is the position 529 to 549, based on the size of the 
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amplified product by RT-PCR and a partial identity on their sequences ( ~ i ~ .  4). The direct sequence 

data had several sites (positions at 259, 498, 517, 531, 587, 590) which could not be sequenced as 

the single nucleotide by this method ( ~ i ~ .  3),  indicated that the RT-PCR product was amplified from 

multiple transcripts of different isoform genes of LOX, which share the same size at this amplified region 

but several sites in the sequences are different. LOX is an essential enzyme catalyzing the dioxygenation 

of polyunsaturated fatty acids, and the presence of multiple isoforms of LOXs in different tissues and 

different stages of development was also reported in a large number of plants" 3'. The Arabidopsis Lox 

gene" " showed the highest homology of 73% to the rough lemon LOX, and the rice LOX gene"4', 

showed the second highest homology of 67% in SIM aligment and BLAST analysis  able 1). Both 
genes were reported to be activated in defense reaction against attacks of pathogens'5 12'. A homology of 

rough lemon LOXs toward these defense-related LOX genes of other plants may reveal that the function 

of our LOX amplified by RT-PCR is also involved in some resistant mechanisms. 

This study shows that a partial region of rough lemon LOX gene was successfully amplified by 

RT-PCR from the transcripts of rough lemon leaves, which stimulating the defense mechanisms by 
inoculation with non-pathogenic fungus. The RT-PCR p~oduct is now suitable to be a probe for screening 

of the full cDNA or genomic clone fiom libraries. OUI data also indicated the presence of multiple 

transcripts fiom different isoforms of LOX genes, and identification of each sequence of these multiple 
transcripts will be necessary to elucidate the role and functions of each isoform of LOXs in rough lemon 

cells. 

References 

(1) SIEDOW, J. N. . Plant lipoxygenase : structure 
and function Ann Rev Plant Physiol Plant Mol 
Bzol, 42, 145-188 (1991). 

(2) HILDEBRAND, D,F., HAMILION-KEMP, T.R. , LEGG, 
C. S., and BOOKJANS, G . Plant lipoxygenases : 
occurrence, properties and possible function. Curr 
Top Plant Bzochem Physiol, 7 ,  201-219(1988). 

(3) ROSAHL, S ' Lipoxygenase in plants-Their role in 
development and stress response. Z Naturforsch , 
51, 123-138 (1996). 

(4) YAMAMOIO, H , and TANI, T. : Possible involuve- 
ment of lipoxygenase in the mechanism of resistnce 
of oats to Puccznia coronata avenue J 
Phytopathologv, 1 16, 329 -337 (1986) 

(5) VICK, B. A., and ZIMMERMAN, D. C. : The 
biosynthesis of jasmonic acid . a physiological role 
for plant lipoxygenase. Biochem Bzophys Res 
Commun , 111, 470-477 (1983) 

(6) GARDNER, H. W. . Recent investigation into the 
lipoxygenase pathway of plants. Biochem Bzophys 
Acta. 1084, 221 -239 (1991). 

(7) BELL, E., and MULLET, J. E. : Characterization 
of an Arabrdopsls lipoxygenase gene responsive to 
methyl jasmonate and wounding Plant Physzol, 

103, 1133-1137 (1993). 
(8) MELAN, M.A., NEMHAUSER, J.L., and PEIERMAN, 

T K. . Structure and sequence of the Arabzdopsts 
thabana lipoxygenase 1 gene. Bzochzm Biophys 
Acta, 1210, 377-380 (1994). 

(9) VAN MECHELEN, J. R., SMIIS, M., DOUMA, A. C., 
ROUSIER, J. , CAMERON-MILLS, V. , HEIDEKAMP, F. 
and VALK, B. E. . Primary structure of a lipoxy- 
genase from barley grain as deduced from its cDNA 
sequence. Biochem Biophys Acta, 1254, 221 - 
225 (1995). 

bd HOHNE, M. , NELLEN, A. , SCHWENNESEN, K. , and 
KINDL, H. : Lipid body lipoxygenase characterized 
by protein fragmentation, cDNA sequence and very 
early expression of the enzyme during germination 
of cucumber seeds. Eur J Biochem., 241, 6-11 
(1996). 

bd HILBERS, M P., ROSSI, A., FINWIAGRO, A., 
VELDINK, G. A., and VLIEGENTHART, J. F. G. ' 

The primary structure of a lipoxygenase from the 
shoots of etiolated lentil seedlings derived from its 
cDNA, Biochem Biophys Acta, 121 1, 239 -242 
(1994) 

02) EALING, P. M" , and CASE,, R ' The cDNA 

OLIVE 香川大学学術情報リポジトリ



44 Tech.. Bull. Fac. Agr.. Kagawa Univ., Vol.. 51, No. 1 , 1999 

cloning of a pea (pisum satzvum) seed lipoxygenase/ 
Sequence comparisons of the two major pea seed 
lipoxygenase isoforms. Biochem J, 264, 929- (18) 
932 (1989). 

(13) CASEY, R. : Sequence of a cDNA clone encoding a 
potato (Solanurn tuberosum) tuber lipoxygenase. 
Plant Physiol., 107, 265-266(1995). 

(14) PENG, Y-L., SHIRANO, Y., OHIA, H., HIBMO, (19) 
'I., TANAKA, K., and SHIBAIA, D. : A novel 
lipoxygenase from rice. J Bzol Chem , 269, 3755 
-3761 (1994). 

(15) SHIBAIA, D. , SIECZKO, J., DIXON, J E., HERMODSON, 
M. , YAZDANPARASI, R. , and AXELROD, B. : (20) 

Primary structure of soybean lipoxygenase-1. J 
Biol Chem., 262, 10080-10085(1987). 

(16) WANG, W H , 'IAKANo,T., SHIBAIA,D., KXIAMURS, 
K., and TAKEDA, G. : Molecular basis of a null 
nutation in soybean lipoxygenase 2 ' Substitution (21) 
of glutamine for an iron-ligand histidene. Proc 
Natl Acad Sci USA, 91, 5828- 5832 (1994). 

(17) YENOFSKY, R L . ,  FINE, M.and LIU, C. : 
Isolation and characterization of a soybean (Glycine 

max) lipoxygenase-3 gene. Mol Gen Genet, 21 1, 
215-222(1988). 
KOCH, E , MEIER, B. M., EIBEN, H-G. , and 
SLUSARENKO, A. : A lipoxygenase from leaves of 
tomato ( ~ ~ c o ~ e r s i c o n  esculentum Mill. ) is induced 
in response to plant pathogenic Psedomonads. Plant 
Physzol., 99, 571-576 (1992)" 
FERRIE, B. J. , BEAUDOIN, N., BURKHARI, W., 
BOWSHER, C ,  G., and ROIHSIEIN, S. J. . The 
cloning of two tomato lipoxygenase genes and their 
differential expression during fruit ripening. Plant 
Physiol., 106, 109-118(1994). 
WAN, C. Y., and Wnms,  T A. . A modified 
hot borate method significantly enhances the yield 
of high-quality RNA from cotton (Gossypium 
hzirsutum L. ) Anal. Biochem. , 233, 7 - 12 
(1994). 
SMROOK, J., FRIISCH, E. F. and MANIAIIS, T. 
Molecular Cloning " Laboratory Manual, volume 1, 
2, 3, Cold Spring Harber Laboratory P~ess, New 
~ork(1989) .  

3 7 1/ € i (CITRUS JAMBHlRl L.) IJ $'% 9Tf - d2BlZ~CI)gb%@~lJ 

GET E+, H Y ~  an&, IA* a9 

Z 
1)S+-iT9---F ( L O X )  BlZ'J.t;f$<O@%73'L;%#$;k+Of%OEbrJi)J'W1;75~i:S5.T 

wb@, 15 >+Y LOX&lf;Ti:RL7C;1:%7t: <%Q@ab>. +LT*@f%l:%~~Tt;f, %;1%3 
TC:%E$kLf:l%LOOX12;-3O771'$2 b R ~ i . B b I r : & & L f : 7 " . 7 I ' ~ - % H b ~ T ,  77  
L 5 7 L  0 XglZTa>%%%O%%%&%RT-PCRi:k !)%@EL, YI' L 3  P - i - + 7 X ' & T t O  
EFJ (601bp) Lt:. t a)RT-PCRE%OEFJ%%lABR$7 Lt:%!i%, %!O$ < a)@% L 0 X 
&lZF, ~ l ~ A ~ a b i d o p s i s 9 . i ' ~ O % ~ ~ % ~ i ~ ~ ~  L f : L O X & ~ f ; % k ~ L ~ @ B @ % ~ L t j ; : .  

OLIVE 香川大学学術情報リポジトリ




