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Num erous studies have demonstrated induction of proteins in plant tissues by wounding and 
infestations by various pests and pathogens. Lipoxygenase (LO X) is among the proteins that has 
been found to be induced by pathogens, but detailed information on the induction of LOX has not 
been reported. We have found a large (up to 10-fold) increase in LOX activity upon wounding of 
soybean (Glycine max L. Merr.) leaves and variable increases due to feeding o f the twospotted  
spider m ite. This induction in LOX activity was reflected in increases in amounts of both LOX  
protein and transcripts suggesting that the induction was at the transcriptional level. LOX activity 
was also found to be increased in unwounded leaves from plants with wounded leaves lower on 
the stem indicating that translocatable factors can cause remote induction of LOX activity.

Introduction

A  num ber of proteins have been shown to be in­
duced by pest infestation and/or wounding. The pro­
teins which have been found to be induced in plant 
tissues of unknow n function are known as pathogen- 
esis-related or P R  proteins [1 — 3], Characterized pro­
teins which are induced by elicitors and/or wounding 
include ß-l,3-glucanase and chitinase [4], cell wall 
hydroxyproline-rich glycoproteins, phenylalanine 
am m onia-lyase and chalcone synthase [5] and trypsin 
inhibitors [6 , 7].

Studies have shown that lipoxygenase (linoleate: 
oxygen oxidoreductase, EC  1.13.11.12) activity of 
p lan t tissues and cells increased in response to plant 
pathogens particularly  incom patible races of those 
pathogens [8—10]. W e previously found [11] that 
lipoxygenase (LO X ) and peroxidase activity in­
creased over tim e in mite infested soybean leaves 
com pared to uninfested controls. Ruzicska et al. [12] 
show ed that L O X  activity increased along with the
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hypersensitive reaction in Nicotiana tabacum  cv. 
X anthi nc upon infection with TM V , but not in the 
TM V susceptible, non-hypersensitive reacting (H R ) 
X anthi. Y am am oto and Tani [13] also found an in­
crease in LO X  activity in crown rust (Puccinia 
coronata) resistant oat lines but not in susceptible 
lines. Two new LO X  isozymes were induced in the 
resistant but not the susceptible oat lines upon infec­
tion w ith crown rust.

The objective of these studies was to  determ ine 
the effects of wounding and mite infestation on LOX 
(and trypsin inhibitor) activity, p ro tein  and tran ­
scripts in soybean leaves and if translocated signals 
could induce increases in LO X.

M aterials and M ethods

Plant material

Soybean plants of cultivar ‘B onus’ were grown to 
stage Vj [14] under greenhouse conditions [14:10 
L :D ) .  A t this tim e, one plant was inoculated with 
100 fem ale adults of the tw ospotted spider m ite, Tet- 
ranychus urticae, which were confined to the first 
trifo liate leaf with a ring of tanglefoot around the 
petio le which was first p ro tected  with a strip of wax 
paper. The mites w ere allowed to  feed for 7 days. 
A n o th er plant received wounding treatm ent, which 
consisted of applying pressure with a hem ostat pliers 
once on each of the th ree leaflets of the first trifoliate 
leaf. The w ounded plant was trea ted  with the hem os­
ta t once daily for 7 days. O ther plants were trea ted  in

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



656 D. F. Hildebrand et al. ■ Wounding Increases Soybean Leaf Lipoxygenase

such a m anner that at the end of 7 days, there were 
plants of all the sam e age that had been w ounded 
daily for 7, 3, and 1 day and plants that had spider 
mite infestations for 7, 3 and 1 day and a control 
plant with no trea tm en t. The first trifoliate leaf 
(treated ) from each trea ted  plant and also from the 
control plant were harvested and frozen im m ediately 
on dry ice. The second trifoliate leaf (un treated ) 
from  each plant was also harvested and frozen on dry 
ice. Each leaf was then weighed and ground to a fine 
pow der with a m ortar and pestle cooled with liquid 
nitrogen. Four volum es of extraction buffer (5 mM 
sodium  acetate , pH  4.5 with 1 mM phenylm ethylsul- 
fonyl fluoride) was added to each leaf sam ple, mixed 
and centrifuged in a m icrocentrifuge for 1 0  min at
4 °C (15000 rpm ). Supernatants were collected and 
held on ice for LO X  activity m easurem ents and p ro ­
tein assays. Protein conten t of each leaf extract was 
determ ined using the BC A  protein assay kit devel­
oped by Pierce Chem ical Com pany. This experim ent 
was replicated 4 tim es within a 3 week period.

Lipoxygenase assays

LO X  activity was m easured using the standard  
spectrophotom etric assay which involves the m eas­
urem ent of conjugated diene form ation at 234 nm
[15]. Linoleic acid buffered at pH  6 . 8  was used as the 
substrate. Ten 1̂ of leaf extract was used with 1 ml 
substrate per sample.

Im m unoblotting analysis

In order to determ ine w hether LO X  activity in­
creased linearly over a 14 day period of w ounding, 
plants at stage Vj were w ounded as described above, 
but for 4, 7, 10 or 14 days. Plants were harvested and 
analyzed by im m unoblotting. Leaf extracts were di­
luted 1:1 with SDS loading buffer (50%  glycerol, 3% 
SDS, 190 m M  ß-m ercaptoethanol) and boiled for
5 min. E qual am ounts o f protein were run on a 7.5 
percent SD S-PA G E gel (acry lam ide: bis 37 .5 :1) and 
proteins were electroblotted  to a nylon m em brane 
(Im m obilon PV D F, M illipore). The m em brane was 
then incubated with rabbit monospecific LO X  1 anti­
body followed by alkaline phosphatase linked goat 
anti-rabbit second antibody and then stained for 
alkaline phosphatase activity. Stained m em branes 
were scanned with an LKB scanning laser densitom e­
ter to quantify band intensities.

Northern blot analysis

In a related experim ent. 20 soybean plants were 
grown to stage V 3  under greenhouse conditions. A t 
this time half of the plants received w ounding by 
pressure with a hem ostat pliers on each leaflet of the 
plant and the o ther ten plants received no treatm ent. 
W ounding was continued daily for 14 days. All 
leaves on all the plants within a trea tm en t were har­
vested, pooled, im m ediately frozen with liquid n itro ­
gen and ground to a fine pow der with a m ortar and 
pestle. RN A  was extracted by the C TA B  (cetyl- 
trim ethylam m onium  brom ide) extraction procedure
[16].

A pproxim ately 40 g of leaf tissue w ere ground in 
liquid nitrogen, added to 80 ml of extraction  buffer 
[2% (w/w) C TA B, 100 m M  tris-H Cl, pH  8.0, 20 m M  

E D T A , 1.4 M NaCl] containing 2% of 2 -m ercapto­
ethanol. The hom ogenate was w arm ed to 55 °C, ex­
tracted with phenol/chloroform  ( 1 : 1 ) and subse­
quently twice with chloroform . Total nucleic acids 
were precipitated by the addition of CTA B precip ita­
tion buffer [1% (w/w) C TA B , 50 m M  tris-H C l, pH  
7.6, 5 mM E D TA ) and finally precipitated  with 2.5 
vol of ethanol. A fter being redissolved in 10 m M  tris- 
H Cl, pH  7.6 containing 1 m M  E D T A  total R N A  was 
precipitated in the presence of 2 m  LiCl overnight at 
—20 °C, centrifuged, redissolved in 10 m M  tris-H Cl, 
pH  7.6 containing 1 m M  E D T A  and again precipi­
tated  by the addition of 2.5 volume ethanol. The 
precipitated RN A  was redissolved in 0.5 m  N aCl and 
used for the isolation of poly (A ) enriched R N A  with 
m AP paper from A m ersham  according to the m an­
ufacturer’s instructions. Poly A  enriched R N A  was 
separated  by electrophoresis in a 1 % agarose/form ­
aldehyde gel, transferred to Zetabind (C U N O  Inc.) 
filters by standard N orthern  blot techniques [17] and 
hybridized with the cD N A  probe of LOX 3 [18; k ind­
ly provided by Dr. Yenofsky], the actin gene [19; 
kindly provided by D r. M eagher] and the gene for 
the small subunit of R U B ISC O  from pea [20; kindly 
provided by Dr. H unt], All probes were labelled 
with [3 :P]dCTP by the oligo-nucleotide labelling p ro ­
cedure [2 1 ].

R esults

W ounded leaves showed a steady increase in LO X  
activity up to 7 days of daily wounding with a fu rther 
increase up to 14 days of wounding after which the 
experim ent was discontinued due to extensive dam ­
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age to the wounded leaves. The results with mite 
infestation were quite variable with respect to in­
creases in LO X  activity. Sometimes increased LO X  
activity was observed in the mite infested leaves 
while in o ther cases no increases were seen resulting 
in no statistically significant increase in LO X  being 
a ttributable to mite feeding in these experim ents. 
Both the wounded leaf (which was the first trifoliate) 
and the next leaf up the plant (which was the un­
w ounded, second trifoliate) showed the increase in 
LO X  activity with the increase seen ranging from  3- 
to  10-fold after seven days (Fig. 1). The stim ulation 
of trypsin inhibitor activity [6 , 7] was also exam ined, 
but only small and variable and therefore non signifi­
cant changes were seen (data not shown).

The increase in LOX activity was paralleled by 
increases in the LOX protein as evidenced by im- 
m unoblots probed with LO X  1 antibodies (a rep ­
resentative gel is shown in Fig. 2). This increase was 
again seen both in the w ounded leaves and in the 
unw ounded leaves from w ounded plants. The corre­
lation between the LOX protein band on imm uno- 
blots and LOX activity was r =  0.93.

N orthern  blot analysis of poly (A ) enriched RN A  
from w ounded and unw ounded leaves (from un­
wounded plants) indicated that the LO X  transcript 
levels also increased due to wounding (Fig. 3 a). The 
increase in LO X  transcripts seen in w ounded com-

Duration of Wounding (Days)

Fig. 1. Increase in lipoxygenase activity due to wounding 
(see experimental section for details) in the wounded  
leaves per se (□ )  (y =  2.159 + .615 x) and in the next un­
wounded leaves from the wounded plants ( • )  
(y =  .466+  .507x). LOX activity was measured as A A 234 
min-1 mg protein“1. The data are presented as regressions 
versus unwounded controls which were the same age. Inter­
cepts were significantly different (p < 0 .0 5 ) , but slopes were 
not significantly different (p > 0 .0 5 ).
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Fig. 2. Immunoblot of an SDS-PAG E gel of the wounded 
trifoliates (lanes 1—5) and the next trifoliates which were 
unwounded from plants with wounded leaves (lanes 6 —10) 
and purified lipoxygenase from Sigma Chem. Co. (lane 
12). W ounding for 0 days (lanes 1 and 6), four days (lanes 2 
and 7), seven days (lanes 3 and 8), ten days (lanes 4 and 9) 
and fourteen days (lanes 5 and 10).
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Fig. 3. Northern blot analysis of poly (A ) enriched RNA  
from unwounded (control; C) and wounded (W ) soybean 
leaves, a. A  blot that was hybridized with the LOX 3 
cD N A  probe and with the actin probe; b. A  blot that was 
hybridized with the actin probe only and c. A  blot that was 
hybridized with the pea rbcs probe. Based on the absorb­
ance at 260 nm 12 and 9 (ig of poly A enriched R N A  were 
electrophoresed in lanes C and W respectively.

pared  to  unw ounded soybean leaves was about five 
fold as determ ined by densitom etry. The levels of 
actin transcripts were determ ined from the same 
R N A  as an internal control and surprisingly were 
found to  increase about three fold due to wounding 
(Fig. 3 b). The levels of R U B ISC O  small subunit (ss) 
transcrip ts were therefore also determ ined from  the 
sam e R N A  preparations and were found to be identi­
cal (Fig. 3c).
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These studies dem onstrate that LO X  in soybean 
leaves can be induced by wounding and that this in­
duction is at least partly at the transcriptional level. 
The results also show that wounding can indirectly 
increase LO X  activity presum ably by signals tha t are 
translocated  to the unw ounded leaves in w ounded 
plants. The variable effects of mite infestations are 
probably due to different feeding activity (and th e re ­
fore different levels of wounding) of the m ites ap ­
plied. H ow ever, the mites which were applied were 
confined to  the same leaf and feeding surely took 
place as evidenced by chlorotic spots on the leaves. It 
is also possible that the mites feed in such a way that 
the plant does not recognize their feeding as the type 
o f w ounding to elicit increased LO X  or maybe mites 
inject som ething into the plant that blocks the induc­
tion of LO X . The increased LO X  activity due to 
w ounding and the fact that continued wounding up 
to  14 days resulted in a steady increase in LO X  indi­
cates that LO X  induction is m ore quantitative than 
tha t of many o ther so-called PR proteins [1. 2]. Some 
o f the PR  proteins which are induced for which func­
tions can be readily postulated include chitinase, 
trypsin inhibitor, and ß-glucanase [4—6]. In geno­
types of some plant species these proteins can be 
very readily induced and may be final targets of sig­
nals in the induced resistance process. LOX changes 
are m ore consistent with it playing a role in enhanc­
ing signal production. It is possible that some of the 
products of LO X  reactions (such as hexenal, nonenal 
o r 1 2 -oxo-dodecenoic acid) or cooxidation reactions 
(such as ß-ionone) act as signals or elicit signal p ro ­
duction [22], If this is the case, then the increase seen 
in LO X  upon wounding could enhance the capacity 
of plant tissues to  produce antipest m etabolites. It is 
also possible that LOXs show a general quantitative 
increase but some isozymes show large qualitative

Discussion increases analogous to what is seen for peroxidases 
[23]. This is apparently  the case for LOXs in oats 
[13].

The increase in LO X  may have direct effects in 
increasing the pest resistance of plant tissues. For 
instance the increased LO X  may stimulate the hy­
persensitive response (host cell necrosis) which is a 
m ajor form  of pest resistance effective in many crop 
plants to  viral, bacterial and fungal pathogens 
[24—27]. O ften associated with the H R  is the loss of 
chlorophyll followed by browning and localized, 
rapid death of cells at the infection site [9, 28—31]. 
The accum ulation of phytoalexins, deposition of lig- 
nin-like m aterials and the oxidation of phenols are 
often associated with H R  [28]. The oxidation of 
m em brane lipids appears to be a key com ponent of 
the hypersensitive response [10]. The increased LOX 
activity may enhance the peroxidizing conditions, 
which in turn  could prom ote the elicitation of HR. 
A lso, som e LO X  products have direct antipest activi­
ty as previously described [22, 32—36].

K arban [37] found that mite resistance in cotton 
was inducible both by prior mite infestation, w ound­
ing or infection with a fungal pathogen [38]. Previ­
ously, we showed increased LO X  activity in mite 
infested [ 1 1 ], and in this study, wounded soybean 
leaves. F urther studies are needed to determ ine the 
biological significance of the wound and pest induced 
LO X  activity. O ne way in which we are approaching 
this is by altering levels of LO X  in transgenic plants 
in o rder to  provide useful m aterials for in vivo 
studies.
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