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Calcium-dependent protein kinases (CDPKs) modulate plant development and growth and are important regulators of
biotic and abiotic stress responses. Recently it was found that simultaneously silencing Nicotiana attenuata NaCDPK4
and NaCDPK5 (IRcdpk4/5 plants) results in accumulation of exceptionally high JA levels after wounding or simulated
herbivory treatments, which in turn induced high levels of defense metabolites that slowed the growth of Manduca sexta,
a specialist insect herbivore. To investigate the mechanism by which NaCDPK4 and NaCDPK5 regulate JA accumulation,
we analyzed the transcript levels of all important enzymes involved in JA biosynthesis, but these genes showed no
differences between wild-type and IRcdpk4/5 plants. Moreover, the dynamics of JA were similar between these plants,
excluding the possibility of decreased degradation rates in IRcdpk4/5 plants. To gain insight into the mechanism by which
NaCDPK4 and NaCDPKS5 regulate JA biosynthesis, free fatty acids, including C18:3, and (9S,13S)-12-oxo-phytodienoic acid
(OPDA), two important precursors of JA were quantified at different times before and after wounding and simulated
herbivore feeding treatments. We show that after these treatments, IRcdpk4/5 plants have decreased levels of C18:3,
but have enhanced OPDA and JA levels, suggesting that NaCDPK4 and NaCDPK5 have a role in the early steps of JA

biosynthesis. The possible role of NaCDPK4 and NaCDPKS5 regulating AOS and AOC enzymatic activity is discussed.

Jasmonic acid (JA) has been intensively studied for its important
role in regulating plant responses to wounding and herbivore feed-
ing.? In unelicited mature leaves, JA is maintained at very low lev-
els, however, upon wounding or herbivore feeding its biosynthesis
is induced within a few minutes.>* The first step of JA synthesis
is the cleavage of a-linolenic acid (18:3%,%*" 18:3) from chloro-
plast membranes, and this reaction is catalyzed by a glycerolipase
class A enzyme (GLA1).? A 13-lipoxygenase (13-LOX) func-
tions in the next step of JA synthesis forming 13(S)-hydroperoxy-
octadecatrienoic acid [13S-(OOH)-18:3], and thereafter it is
further converted to (9S,13S)-12-oxo-phytodienoic acid (OPDA)
by allene oxide synthase (AOS) and allene oxide cyclase (AOC).
OPDA is transported from the plastid into the peroxisome where
after three cycles of 3-oxidation JA is formed.'

Although the JA biosynthesis pathway has been intensively
studied, how the activity of JA biosynthetic enzymes is regulated
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remains largely unknown. After wounding or herbivore feed-
ing, elevation of JA is usually seen within a few minutes."" The
rapid increase of JA levels is most likely resulted from activation
of constitutively expressed enzymes by certain posttranslational
modifications. Two MAPK, salicylic acid-induced protein kinase
(SIPK) and wound-induced protein kinase (WIPK) are rap-
idly activated by wounding or Manduca sexta feeding and these
MAPKSs are necessary for the induction of JA in response to her-
bivory.'>"* A recent study on wild tobacco, Nicotiana attenuata,
suggested that substrate supply for JA-production is controlled by
SIPK, most likely by changes in NaGLA1 activity.® In contrast to
SIPK, the same study revealed that WIPK is critically important
for the conversion of 13S-(OOH)-18:3 into OPDA. In addition
to MAPKs, CDPKs have been also implicated in JA regula-
tion. CDPKs were found to have elevated transcript levels after
wounding in maize (Zea mays) and tobacco, and after herbivore
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Figure 1. Free fatty acid levels in wild-type (WT) and IRcdpk4/5 plants.
Wild-type (WT) and IRcdpk4/5 (line IRcdpk4/5-1) plants were wounded
with a pattern wheel, and 20 p.L of M. sexta OS (W+QOS) were immedi-
ately applied to wounds. Thirty minutes after the treatment leaves were
harvested and free fatty acids were isolated and quantified (mean +
SE); non-treated plants served as controls. Asterisks indicate significant
differences between WT and IRcdpk4/5 plants (n = 5; Student’s t-test; ¥,
p < 0.05; **, p < 0.01).

attack in wild tobacco N. attenuata.®" Simultaneously silenc-
ing NaCDPK4 and NaCDPK5 in N. attenuata resulted in high
JA levels in stems of unelicited plants (Heinrich, Hettenhausen,
Lange, Wiinsche, Fang, Baldwin, and Wu, in press), and leads
to over-accumulation of JA after wounding (W+W) or simulated
herbivory (W+QOS) treatment.'® The high accumulations of JA
not only confer increased resistance to attack from M. sexta larvae
but also induce enhanced SIPK and WIPK activity. However,
how NaCDPK4 and NaCDPKS5 function as strong suppressors of
stress-induced JA accumulation remains unclear. The transcript
levels of JA biosynthesis enzymes were not influenced by silenc-
ing NaCDPK4 and NaCDPK5 and also the dynamics of synthesis
and degradation of JA appeared similar among these plants: both
wild-type (WT) and IRcdpk4/5 plants reached their highest lev-
els of JA 0.5 h after the treatment and declined to almost basal
levels after 3 h.'® This implies that over-accumulation of JA in
IRcdpk4/5 did not result from impaired JA metabolism but from
the enhanced JA biosynthesis activity.

The release of trienoic fatty acids from cell membranes is
considered one of the earliest steps in JA biosynthesis. To fur-
ther understand how NaCDPK4 and NaCDPKS5 control JA bio-
synthesis, we measured levels of free fatty acids in unelicited

leaves and following W+OS treatment in WT and IRcdpk4/5
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leaves. A high percentage of the detected saturated fatty acids,
which were likely extracted from the cuticular waxes® and do
not contribute to JA production, were unchanged after silenc-
ing NaCDPK4 and NaCDPK5. Importantly, the unsaturated
fatty acids, 16:3 and 18:3 had significantly lower levels in non-
elicited IRcdpk4/5 compared with those in WT plants and
remained unchanged even after the treatment (Fig. 1). Plants
silenced in the expression of S/PK had reduced GLAL activ-
ity and consequently lower levels of free 18:3 and JA. In con-
trast, IRcdpk4/5 was shown to have higher SIPK activity and
increased JA levels after W + W and W + OS treatment.'® The
lack of increase in free fatty acids following elicitation suggests
that, after they are released from the chloroplast membrane, free
18:3 is very rapidly converted to 13S-(OOH)-18:3 byl13-LOX.
The reduced levels of free 16:3 and 18:3 that were detected in
IRcdpk4/5 plants most likely resulted from increased speed of
turnover of the released free fatty acids into the JA pathway in
IRcdpk4/5 plants.

Next, we monitored changes of JA and its precursors
13S-(O0OH)-18:3 and OPDA within a short time interval after
W+OS elicitation (0-30 min; Fig. 2). As early as 5 min after
W+OS treatment, we detected higher JA levels in IRcdpk4/5
compared with those in WT plants (Fig. 2A). We did not
observe large differences in the amount of 13S-(OOH)-18:3,
and 13S-(OOH)-18:3 contents tended to be even slightly lower
in IRcdpk4/5 than in WT plants (Fig. 2B); in contrast, the levels
of OPDA were significantly greater (about 1 fold) in IRcdpk4/5
(Fig. 2C). Therefore, it is probable that the enzymes convert-
ing 13S-(OOH)-18:3 to OPDA, namely, AOS (allene oxide syn-
thase) and AOC (allene oxide cyclase), have elevated activity in
IRcdpk4/5, although they do not show different transcript levels
between WT and IRcdpk4/5 plants.'

In summary, the exact mechanism by which NaCDPK4 and
NaCDPKS5 affect JA biosynthesis remains unclear. Despite hav-
ing higher SIPK activity which was previously shown to control
GLALI activity, IRcdpk4/5 plants accumulated less free 18:3
fatty acid. Moreover, these plants had higher levels of the JA
intermediate OPDA, but accumulated about 75% more JA 30
min after W+OS treatment. These data suggest that NaCDPK4
and NaCDPKS5 probably control at least the activity of AOS
and AOC. Further studies are required to determine how
NaCDPK4 and NaCDPKS5 influence the activity of JA biosyn-

thetic enzymes.
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