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Multiple hormone analysis indicates involvement of jasmonate signalling

in the early defence of potato to potato virus
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Abstract

The involvement of plant hormones in the very early response of plants to virus infection was studied in potato plants
(Solanum tuberosum L.) infected with potato virus YN (PVY"'™). Endogenous plant hormones and compounds
mediating a stress response (JA - jasmonic acid, OPDA - 12-oxo phytodienoic acid, SA - salicylic acid, IAA - indole-3-
acetic acid, ABA - abscisic acid) were simultaneously quantified in susceptible cv. Désirée and resistant cv. Santé, one
and three hours after inoculation. Of the hormones analysed, only the contents of endogenous JA and its precursor
OPDA changed in a way that could be clearly connected with the early resistant response. In comparison to susceptible
cultivar, a much more pronounced increase of JA was detected in virus-inoculated leaves of resistant cultivar at both
time points. The same trend of changes was also observed with OPDA. However, there were no significant changes of

JA and its precursor in upper intact systemic leaves and roots, at either time point. These ﬁndin1gs implicate the
jasmonate signalling pathway in a very early local but not systemic resistant defence of potato to PVY™'™.
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Plant hormones play important roles in the plant defence
response to stress. In particular, abscisic acid (ABA),
ethylene, jasmonic acid (JA) and salicylic acid (SA) have
been shown to be involved in mediating responses to
biotic and abiotic stresses (Rojo et al. 2003, Maksymiec
and Krupa 2007, Mahdavian et al. 2008). The roles of the
hormones in biotic stress are dependent upon the parti-
cular host-pathogen interaction.

Virus infection can cause serious inhibition of plant
growth and loss of yield. There is considerable evidence
that these changes are controlled in part by virus-induced
alterations in plant hormone metabolism (Fraser and
Whenham 1982). The ability of viruses to perturb or
interfere in signalling pathways involving phytohormones
provides the opportunity for them to interfere with host
gene expression and affect plant growth and development
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(Pompe-Novak et al. 2006, reviewed in Whitham et al.
2006). Jameson and Clarke (2002) demonstrated that the
effects of virus infection on the biosynthesis and meta-
bolism of plant hormones are extremely complex. The
mode of resistance to a virus by plants of one species may
differ from that in another host species and it can use a
different mechanism induced by a distinctly different
signalling pathway.

In this study the involvement of plant hormones in
plant-virus interaction was investigated in ]s)otato plants
infected with the potato virus YN'™ (PVY™N™) that causes
the severe potato tuber necrotic ringspot disease. A few
days after infection of a susceptible cultivar, the primary
symptoms like chlorosis and spot necrosis develop on the
infected leaves.

The involvement of plant hormones in potato-PVY™'™

Abbreviations: ABA - abscisic acid; hpi - hours post inoculation; IAA - indole-3-acetic acid; JA - jasmonic acid; OPDA - 12-oxo0-
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interaction has been already indicated in our previous
studies. The addition of exogenous 0.1 uM jasmonic acid
(JA) to the growth medium reduced the content of
PVY"™ in potatoes grown in vitro, indicating that JA
plays a role in the potato-virus interaction (Petrovi¢ and
Ravnikar 1995). The same virus also alters the
distribution and concentration of JA in potato plants
grown in tissue culture (Petrovi€ ef al. 1997). Analysis of
endogenous cytokinins in soil-grown PVY™"N-susceptible
potato plants revealed that, four days after primary
infection, the greatest changes occurred in the roots,
where a shift in concentrations of biologically active free
cytokinins towards the inactive 9-glucosides was
observed (Dermastia et al. 1995). This shift was not
observed in the resistant cultivar. The involvement of
salicylic acid in the PVY“™-potato interaction was
demonstrated by its induction one day post inoculation
and later, when systemic symptoms appeared in a
susceptible but not in a resistant cultivar (Krecic-Stres
2005).

In order to better understand the role of plant
hormones in PVY""™-potato interaction, we studied the
involvement of endogenous plant hormones in the very
early responses of susceptible cv. Désirée and resistant
cv. Santé to mock and virus inoculation. In infected
cv. Désirée the symptoms on inoculated leaves were
observed between 5 - 8 d after inoculation while virus
titre reached a level detectable by ELISA in 4 - 5 d after
inoculation (Mehle et al. 2004). In infected cv. Santé,
which carries the Ry, gene from Solanum stoloniferum
(Hinrichs et al. 1998), no symptoms appeared and the
virus could not be detected by ELISA or electron
microscopy (Mehle er al. 2004). We measured absicic
acid (ABA), salicylic acid (SA), indole-3-acetic acid
(IAA), jasmonic acid (JA) and its precursor 12-oxo-
pytodienoic acid (OPDA) simultaneously, 1 and 3 h after
inoculation. Although these plant hormones have already
been shown to be implicated in some plant-virus
interactions (reviewed in Jameson and Clarke 2002), this
is the first simultaneous study of their involvement in the
very early response of plants with different sensitivity to
virus infection.

Potato plants (Solanum tuberosum L. susceptible
cv. Désirée and resistant cv. Santé) were obtained from
stem node tissue culture. The plants were grown in quartz
sand in a growth chamber, with irradiance of 21.6 W m™
(Osram L36W/77 lamps) for a 16-h photoperiod, a rela-
tive humidity of 75 + 2 % and day/night temperature of
20/18 £ 2 °C. Four-week-old plants with 6 to 7 leaves
were inoculated with PVYN™ or mock inoculated with
the sap of healthy plants as described in Milavec et al.
(2001). Intact plants were used as control. Plant
hormones were analysed in roots and, separately, in three
to four lower inoculated leaves and in three to four upper
intact leaves. Samples were collected 1 and 3 h post
inoculation (hpi) and immediately frozen in liquid
nitrogen and stored at -80 °C for analysis. Tissue (0.3 g)
was ground to a fine powder in liquid nitrogen, and
transferred into reaction vials containing standards:
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30 pmol [*H],-indole-3-acetic acid, 50 pmol of [*C],-
jasmonic acid, and 100 pmol of [2H]4—salicylic acid
(Campro Scientific, Berlin, Germany), and 30 pmol
[’H]s-12-oxophytodienoic ~ acid and 30  pmol
[*H]s-abscisic acid synthesized according to Miiller et al.
(2002). 100 % MeOH (4 cm’) was added and the mix was
homogenized for 1 - 2 min using an Ultra-Turrax
(6000 rpm). The homogenate was filtered (0.22 pm) and
evaporated to dryness.

Endogenous contents of TAA, ABA, SA, JA, and
OPDA were simultaneously quantified in MeOH extracts
pre-cleaned by microscale solid-phase extraction on
silica-based aminopropyl matrix (Varian, Darmstadt,
Germany) using a multiplex GC-MS/MS (Varian Saturn
200 ion-trap mass spectrometer connected to a Varian
CP-3800 gas chromatograph) as previously described
(Miiller et al. 2002). The endogenous contents of plant
hormones quoted are mean values from 4 - 6 extracts of
two experiments. The Student #-test was used to calculate
the significant differences between intact and mock-
inoculated plants and between mock- and virus-
inoculated plants.

The resistance of cv. Santé to PVY"'™ did not
correlate with high basal level of plant hormones
analysed (Tables 1, 2). Of the five hormones, SA
predominated in both cultivars studied. These results are
in accordance with the reports that potato contains higher
basal level of SA than several other plants and that its
high basal level is not related with resistance (Yu et al.
1997, Kreci¢-Stres et al. 2005).

To distinguish the processes connected specifically
with infection from those associated with the procedure
of inoculation, plant hormones were analyzed in intact-
and mock-inoculated plants. Significant changes
following mock-inoculation were observed only in old
leaves. In comparison to intact plants, transient increase
of JA was detected at 1 hpi in both cultivars (Tables 1, 2).
A similar, but less prominent trend of changes was
observed for OPDA, the precursor of JA synthesis. In
contrast to cv. Santé, the increase of OPDA in cv. Désirée
was even greater at 3 hpi. Unexpectedly, in mock-
inoculated leaves, a significant increase of SA content
was detected in cv. Santé at 1 hpi and 3 hpi, but in
cv. Désirée only at a later time point. A connection of
mock-inoculation with the octadecanoid pathway is
expected (reviewed in Howe 2004). Mock-inoculation is
a kind of mechanical wounding although the damage to
the leaves was not so severe; besides, the plants sap, used
for mock-inoculation contains a number of biologically
active substances. Although SA is not regarded as wound
signal, there is mostly indirect evidence of interactions
between wounding and SA or JA (Machinandiarena ef al.
2001, Yamada et al. 2004). The role of SA in early
response of Arabidopsis to mechanical wounding was
confirmed recently by Pan ef al. (2008) who have
observed multi-fold increase of endogenous SA in leaves
1 and 6 h after wounding.

Of the hormones analysed, only the contents of
endogenous JA and its precursor OPDA changed in a way
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Table 1. Contents of JA, OPDA, SA, IAA, ABA [pmol g”'(fm.)] 1 and 3 h post inoculation (hpi) in upper intact and lower inoculated

leaves and in roots of resistant cv. Santé. Control is intact plant. Mean + SE. Student’s #-test revealed differences between intact and
mock-inoculated and mock-inoculated and PVYN™-inoculated plants (* - P < 0.05, ** - P<0.01, *** - P <0.001).

1 hpi 3 hpi
control mock virus mock virus

JA intact leaves 23.43 +13.56 12.09 £5.15 10.98 £4.96 31.07 £ 13.30 34,70 £ 18.12
inocul. leaves 18.58 £10.73 344.60 +39.87*** 1070.09 + 156.8%*** 51.34 £ 13.31 187.47 +35.37*
roots 46.81 +22.54 2477 £12.30 28.41 +17.97 33.27+14.38 31.69+£11.56

OPDA intact leaves 53.52+31.50 73.19 +24.01 169.81 + 62.34 46.40 +£23.87 38.96 £23.29
inocul. leaves 65.30 +33.60 188.94 + 40.52* 369.62 +110.94 77.43 £29.43 145.55 +25.97
roots 88.06 £20.60 115.01 £16.25 73.27 £19.77 30.84 £9.67 40.35+12.25

SA intact leaves  3219.18 + 1530.7 4268.30 £ 1460.7 3463.12 £1033.2 2614.68 +881.08 1788.07 +449.11
inocul. leaves 1274.76 + 318.96 3940.08 £ 697.31%* 4169.78 + 528.20 3564.27 £ 869.35*  4108.00 + 1302.1
roots 416.02 £ 195.92 595.77 £216.31 800.36 + 312.65 330.96 £ 117.40 369.84 +133.38

TIAA intact leaves 110.72 £ 21.16 98.40 £ 11.30 99.10 +25.49 98.41 £13.40 106.31 £30.10
inocul. leaves 26.98 +4.71 32.00£11.46 16.06 £ 1.60 16.26 £0.73 14.06 £ 1.03
roots 130.33 £19.98 108.68 +10.62 109.51 +14.30 69.17 £ 8.98 103.34 +11.03

ABA  intact leaves 69.93 +28.31 85.08 +33.41 87.22 £20.08 70.44 £ 16.61 71.23 £19.83
inocul. leaves 83.73 £25.78 69.02+17.04 60.17 £ 16.24 58.80 +12.39 50.19 +£10.36
roots 1.88 £1.59 3.59+3.12 0.45 +£0.45 3.06+1.53 447 +1.49

Table 2. Contents of JA, OPDA, SA, IAA, ABA [pmol g'(f:m.)] I and 3 h post inoculation (hpi) in upper intact and lower inoculated
leaves and in roots of susceptible cv. Désiréé. Control is intact plant. Mean + SE. Student’s #-test revealed differences between intact
and mock-inoculated and mock-inoculated and PVYN"-inoculated plants (* - P < 0.05, ** - P<0.01, *** - P <0.001).

1 hpi 3 hpi
control mock virus mock virus

JA intact leaves 87.23 +30.43 73.72 £19.90 34.76 £ 8.45 100.15 + 35.77 106.54 +24.26
inocul. leaves 77.04 £26.04 368.82 +42.47*** 55982 + 66.52 118.49 +28.27 102.72 £ 15.22
roots 3433 +£13.91 24.01 £17.05 37.62 £22.22 109.30 £22.00 88.46 £ 37.44

OPDA intact leaves 28.04 £ 11.76 23.66 +4.62 36.53 £15.03 152.54 + 65.96 33.40+13.83
inocul. leaves 18.25+5.51 60.80 £ 10.03**  106.81 +39.63 105.28 +26.52* 95.25 +24.81
roots 90.82 +32.44 137.15 £ 79.63 61.62 +35.02 227.53 £149.42 369.58 £211.65

SA intact leaves  18968.27 £ 9843.4  14750.62 £ 8239.4  5680.83 £2275.7 6162.14 +£3347.6 6678.73 £2881.0
inocul. leaves  5504.00 + 532.37 724740 +1184.0  5374.00 + 634.22 11852.07 £ 1267.7** 9391.42 +768.11
roots 2476.58 +£1526.2 7231.98 £4801.1  2034.84 +925.19 1217.93 £510.59 2017.48 + 885.89

TAA intact leaves 253.62 +107.35 144.32 + 38.53 168.02 + 58.54 139.51 £ 35.02 155.14 £ 61.77
inocul. leaves 45.67 £8.55 59.49 +£19.54 55.19 £ 8.69 31.38 £7.58 77.32 £34.16
roots 105.71 £19.19 119.38 £ 10.62 196.41 +27.24 103.58 +13.42 121.96 +17.52

ABA  intact leaves 220.51 £ 60.61 167.57 £ 42.49 99.91 +16.83 192.19 £ 50.54 279.46 + 86.94
inocul. leaves  201.59 +27.38 229.00 + 38.85 160.95 +23.73 187.39 £ 50.02 207.91 +40.81
roots 5.14 + 1.61 2,92 +1.69 1.35+0.90 1.23+0.76 1.79 £ 1.12

that could be clearly connected with the early resistant
response of potato plants to infection PVY ™. In
comparison to mock-inoculated leaves, 3 to 4-fold
increase of JA was detected in virus-inoculated leaves of
resistant cv. Santé at both time points, reaching the
highest content at 1 hpi — 1070 pmol g”'(f.m.). The same
trend was also observed for OPDA. In the susceptible
cv. Désirée the tendency of increase of JA and OPDA
contents induced by infection was detected only at 1 hpi.

There were no significant changes between treatments, in
upper intact systemic leaves and in roots, at either time
point.

Most reports have been concerned with the
involvement of JA in response to wounding and to
bacterial or fungal attack, and much less to viruses. In our
previous study, we demonstrated that systemic PVY"'™
infection of potato grown in tissue culture resulted in the
accumulation of endogenous JA, especially obvious in
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plant roots (Petrovi¢ et al. 1997). Besides, JA treatment
reduced endogenous JA content, most visibly in the roots
of systemically infected potato plants (Petrovi¢ et al.
1999). In Phaseolus vulgaris infected with clover mosaic
potexvirus, quantitatively similar, transient increases of
JA were found in both virus and water inoculated leaves
within 12 hpi, which was attributed to wounding (Clarke
et al. 2000). A second increase in JA occurred rather late,
and only in virus inoculated leaves, which might,
according to the authors, be too late to induce resistance.
However, in the same plant-virus interaction, exogenous
JA inhibited virus replication (Clarke ef al. 1998, 2000).
On the other hand, Seo ef al. (2001) suggested that JA
signal transduction is implicated during TMV infection of
tobacco leaves, showing that JA accumulation preceded
the appearance of hypersensitive cell death. Besides the
investigations of endogenous JA, both the application of
JA and the use of JA mutants have certainly implicated
participation of JA in virus-induced upregulation of
defence-related genes (reviewed in Jameson and Clarke
2002, Whitham et al. 2006).

SA has also been shown to mediate resistance in
many plant-virus interactions (Murphy et al. 1999).
However, the role of SA in pathogen defence in potato is
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