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Downregulation of polyphenol oxidase in potato tubers
redirects phenylpropanoid metabolism enhancing
chlorogenate content and late blight resistance
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Abstract Land plants synthesize phenolic com-
pounds involved in plant defense against invading
pathogens through the phenylpropanoid pathway.
Although not considered as part of the phenylpropa-
noid pathway, plant polyphenol oxidases (PPOs) are
enzymes that catalyze cresolase and catecholase
reactions on several phenolic compounds. Here,
transgenic potato (Solanum tuberosum) tubers with
downregulated PPO genes (-PPO) were challenged
with the oomycete pathogen Phytophthora infestans to
investigate the interactions between PPO, phenylprop-
anoid metabolism, and disease resistance. We found
that pathogen invasiveness was reduced in -PPO lines,
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while microscopic evidences suggested that the
mechanism underlying the defense response involved
the participation of phenolic compounds. Detailed
metabolite-profiling analyses demonstrated that the
concentration of metabolites related to the phenyl-
propanoid pathway and chlorogenate in particular was
largely altered in PPO-downregulated tubers. Silenc-
ing of PPO caused a shift in metabolism from
phenylpropanoid precursors to downstream phenyl-
propanoid products. The presented results suggest that
downregulation of PPO redirects the phenylpropanoid
metabolism leading to the accumulation of defensive
phenolic compounds in the plant cells, consequently
enhancing resistance to the pathogen. These results
emphasize the importance of components acting in
parallel to canonical metabolic pathway constituents
in influencing plant metabolism and reveal new
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scenarios for modulating the levels of phenolics in
Crops.
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Phenylpropanoid metabolism - Phytophthora
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Introduction

The phenylpropanoid metabolic pathway is ubiquitous
in land plants (Ferrer et al. 2008). Besides producing
phenolic compounds with radical-scavenging activity,
this pathway provides vital metabolites for numerous
biological processes like vascularization and stem
rigidity, flower and fruit volatiles and colors, UV
protection, plant-microbe interactions, and plant—
pathogen defenses (Dicke and Baldwin 2010; Dixon
et al. 2002; Ferrer et al. 2008; Vogt 2010).

A growing body of evidence has highlighted the
importance of the phenolic compound chlorogenate in
plant defense responses. Overexpression of hydroxy-
cinnamoyl transferase in tomato (Solanum lycopersi-
cum) resulted in the accumulation of high levels of
chlorogenate, which in turn improved the resistance of
the plant to the bacterial pathogen Pseudomonas
syringae (Niggeweg et al. 2004). Tobacco plants
(Nicotiana tabacum) overexpressing phenylalanine
ammonia-lyase (PAL) displayed higher levels of
chlorogenate and reduced susceptibility to fungal
and oomycete pathogens (Shadle et al. 2003), while
plants with suppressed PAL expression showed low
levels of chlorogenate and reduced basal resistance
(Maher et al. 1994; Shadle et al. 2003). Similarly,
depletion of substrates from the phenylpropanoid
pathway in potato (Solanum tuberosum) resulted in
plants with decreased levels of chlorogenate and other
phenolic compounds that were more susceptible to the
oomycete pathogen Phytophthora infestans, the causal
agent of late blight disease (Yao et al. 1995).
Chlorogenate has growth-inhibitory activity upon
microorganisms in vitro (Hemaiswarya et al. 2011;
Kroneretal. 2011; Louetal. 2011; Ozcelik et al. 2011;
Sung and Lee 2010), and it has also been proposed to
interfere with fungal melanin production (Villarino
et al. 2011), a process thought to be crucial for plant
pathogenicity (Gachomo et al. 2010; Jacobson 2000;
Mayer 2006; Steiner and Oerke 2007).
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Plant polyphenol oxidases (PPOs) are enzymes
with as yet unclear physiological function that cata-
lyze both cresolase [hydroxylation of monophenols to
o-diphenols; Enzyme Commission [EC] 1.14.18.1]
and catecholase (oxidation of o-diphenols to o-
quinones; EC 1.10.3.1) reactions (Thygesen et al.
1995) on several phenolic compounds (Supplementary
Fig. 1). Although not considered as part of the
phenylpropanoid pathway, potential interactions
between PPO and the phenylpropanoid pathway can
be reasonably speculated. Certainly, chlorogenate is
good substrate for PPO (Martinez and Duvnjak 2006),
and clear roles in the biosynthesis of aurones, lignans,
and betalains have been proposed for PPO enzymes
(Cho et al. 2003; Nakayama et al. 2000; Steiner et al.
1999). Furthermore, recent work has revealed that
PPO influences tyrosine and phenylpropanoid metab-
olism in walnut (Araji et al. 2014).

We previously characterized genetically engi-
neered potato tubers with silenced polyphenol oxidase
transcripts (-PPO lines J8, J14, and J20) that accumu-
lated higher amounts of chlorogenate (Llorente et al.
2011). Given the relevance of this compound in plant
defense, we investigated the development of late
blight disease using our -PPO potato model. We found
that -PPO tubers presented improved resistance to the
pathogen through a mechanism that appears to involve
the accumulation of defensive phenolic compounds
via redirection of the phenylpropanoid metabolism.

Materials and methods
Plant and pathogen material

Wild-type (WT) and transgenic (-PPO) potato (S.
tuberosum var. Spunta) plants (Llorente et al. 2011)
were grown in 4-1 pots in greenhouses (16-h light/8-h
dark photoperiod and 25 + 3 °C), and tubers were
harvested after the aerial parts of the plants had died.
The isolate of P. infestans (race R,R3R¢R7Rg, mating
type A2) (Andreu et al. 2006) and the P. infestans-GFP
strain (Si-Ammour et al. 2003) were kindly provided
by Dr. Adriana Andreu (Instituto de Investigaciones
Bioldgicas, Universidad Nacional de Mar del Plata,
Argentina) and Dr. Felix Mauch (Department of
Biology, University of Fribourg), respectively. Both
cultures were maintained on rye agar (Caten and Jinks
1968) at 19 &+ 1 °C in the dark with the addition of
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5 pg/ml geneticin (Gibco, Billings, MT, USA) to the
P. infestans-GFP culture media.

Pathogen inoculation and quantification

After 10 days of growth, pathogen mycelia were
harvested in 25 ml sterile water and stimulated to
release zoospores by incubation at 4 °C for 5 h.
Following filtration through a 15-pm nylon filter cloth,
zoospores and sporangia suspension were examined
under a light microscope for quantification and the
concentration was adjusted to 25 sporangia/pl to be
used as an inoculum. Four-month-old tuber discs
(8,000 pm diameter x 1,000 pm thick) were inocu-
lated in the center with 10 pl of water (mock-
inoculated controls) or 10 pl of inoculum and main-
tained into a plastic box at 19 £ 1 °C in the dark. The
disease progression was monitored for 6 days using a
quantitative polymerase chain reaction (qPCR)
method as previously described (Llorente et al.
2010) with the modification that the efficiency-based
comparative  quantification  analysis  method
(McCurdy et al. 2008), integrated in the Rotor-Gene
6000 software (Corbett Life Science, Mortlake, NSW,
Australia), was used. Briefly, potato DNA and P.
infestans DNA were simultaneously extracted from
inoculated potato tissue, and the pathogen relative
abundance was quantified using SYBR Green tech-
nology and a Rotor-Gene 6000 instrument (Corbett
Life Science, Mortlake, NSW, Australia) by normal-
izing the value obtained from the P. infestans PiO8
high-copy-number DNA target sequence (Judelson
and Tooley 2000) and the corresponding value from
the elongation factor 1-o gene of S. tuberosum (Ef-10o:
AB061263.1) for each individual sample. Disease
progression data were obtained from 16 to 20 biolog-
ical replicates per time point. Three technical repli-
cates were performed, and the mean values were used
for further calculations. All data were normalized to
the mean value obtained for WT samples at 6 days
after inoculation (DAI), which was set at 100 %.

In silico screening for potential host-induced gene
silencing in P. infestans

Potential sequence homology between the hairpin
sequence introduced in the -PPO potato plants and P.
infestans genes was evaluated by searching in the
Broad Institute of Harvard and Massachusetts Institute

of Technology (MIT) database (http://www.
broadinstitute.org/annotation/genome/phytophthora_
infestans/MultiHome.html) and in the National Cen-
ter for Biotechnology Information (NCBI) database
(http://blast.ncbi.nlm.nih.gov/)  using nucleotide
BLAST.

Microscopic examinations

Tuber discs (2,500 um thick) of 7 DAI were used for
microscopic examinations. Central portions of the
discs were transversally sliced into 250-pum-thick
layers with a Vibratome Sectioning System Series
1000 (Vibratome, St. Louis, MO, USA). Confocal
microscopy was performed with a Nikon C1 confocal
microscope (Nikon, Tokio, Japan) using excitation at
488 nm (Argon blue laser) and 544 nm (Helium-—
Neon green laser) and collecting emitted light from
500 to 600 nm. Real color 3D surface plots in
Supplementary Fig. 2 were obtained using Imagel
1.440 program (http://imagej.nih.gov/ij/).

Metabolic profiling

Tuber samples (4-8 individual batches of samples
pooled from 25 plants per condition) were collected at
2 DAL, frozen in liquid nitrogen, and stored at —80 °C
until further analysis. Extractions were performed by
grinding the tissue in liquid nitrogen and addition of
the appropriate extraction solution. Levels of starch,
sucrose, fructose, and glucose were determined as
described by Fernie et al. (2001). The levels of all
other metabolites were quantified by gas chromatog-
raphy coupled to mass spectrometry (GC-MS) as
previously described (Llorente et al. 2011), and
chlorogenate levels were confirmed by high-perfor-
mance liquid chromatography coupled to mass spec-
trometry (HPLC-MS).

Chlorogenate HPLC-MS quantification was per-
formed using filtered (0.45 pm) lyophilized samples
dissolved in 0.5 % formic acid/methanol (1:1, v/v)
using filters HAWGO04756 (Millipore, Sdo Paulo,
Brazil), HPLC grade methanol (J.T. Baker, Edo. de
México, México), and puriss. p.a. for mass spectros-
copy formic acid (Fluka, Steinheim, Germany).
Ultrapure water (<5 pg/l TOC) was obtained from a
purification system, Arium 61316-RO plus Arium
611 UV (Sartorius, Goettingen, Germany). All
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samples were analyzed in duplicate by HPLC-DAD-
ESI-MS/MS method, using an Agilent Technologies
1200 Series system (Agilent Technologies, Santa
Clara, CA, USA) equipped with a gradient pump
(Agilent G1312B SL Binary), solvent degasser (Ag-
ilent G1379 B), and autosampler (Agilent G1367 D
SL+WP). The chromatographic separation was
achieved on a LUNA (Phenomenex, Torrance, CA,
USA) reversed-phase  C18 column (5 pm,
250 mm x 4.60 mm i.d.). The column temperature
was thermostated at 35 °C using a column heater
module (Agilent G1316 B). The mobile phase
consisted of 0.5 % formic acid in ultrapure water
(vlv, solvent A) and 0.5 % acid formic in methanol
(v/v, solvent B), starting with 20 and changing to
50 % B during 3 min, kept for 5 min, followed by a
second ramp to 70 % B in 7 min, maintained for
5 min, a third ramp to 80 % B in 1 min, maintained
for 9 min, remaining at this last condition for 10 min
before next run. The flow rate was 0.4 ml/min,
injecting 40 pl on column. The HPLC system was
connected to a photodiode array detector (Agilent
G1315 C Satarlight DAD) and subsequently to a
micrOTOF-Q11 Series QTOF mass spectrometer
(Bruker, Billerica, MA, USA) equipped with an
electrospray ionization (ESI) interface. UV—Vis spec-
tra were registered from 200 to 600 nm. Mass spectra
were recorded in negative ion mode between m/z 50
and 1,000. The working conditions for the ionization
source were as follows: capillary voltage, 4,500 V;
nebulizer gas pressure, 4.0 bar; drying gas flow, 8.0 I/
min; and drying gas temperature, 180 °C. Nitrogen
and argon were used as nebulizer and collision gases,
respectively. The MS detector was programmed to
perform an MS/MS scan of the three most abundant
ions, using collision energy of 13.0 eV. Identification
was based on UV-Vis spectra, retention time, and
mass spectra, as compared with a commercial chlo-
rogenate standard (Sigma-Aldrich, Steinheim, Ger-
many). In the MS spectrum obtained for this
compound, a molecular ion at m/z 353 was observed,
yielding signal at m/z 191 in the MS/MS analysis.
Quantification was performed from the peak areas by
reference to calibration curves obtained using the
chlorogenate standard at concentrations between 0.78
and 100 pg/ml. Wavelength used for quantification
was 320 nm. The Compass version 3.1 software and
DataAnalysis version 4.0 software were used for data
acquisition and processing, respectively.
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PPO activity

Protein extracts were obtained from tuber tissue homog-
enized at a ratio of 200-mg fresh weight to 1-ml
homogenization solution [S0 mM Tris—HCI, pH 7.5,
2 mM B-Me, 0.1 mM PMSF, 1 pg/ml leupeptin, 3 %
(w/v) PVPP, and 1 mM Na, EDTA, 20 % glycerol].
The homogenate was centrifuged at 10,000x g at 4 °C
for 20 min, and the supernatant was used for protein
quantification and assessment of PPO activity. Total
protein was quantified by the Bradford method (Brad-
ford 1976), using bovine serum albumin as standard.
PPO activity assays were performed with 2 g protein
extracts in 1,000 pl of 20 mM phosphate buffer (pH 6)
containing 4 mM MgCl, and 10 mM L-DOPA. PPO
activity was followed by the change in absorbance at
475 nm due to the oxidation of L-DOPA.

Gene expression analysis

Total RNA was extracted using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Purified RNAs were quantified by
spectroscopy using a NanoDrop apparatus (Thermo
Scientific, MA, USA), and RNA integrity was evaluated
by agarose gel electrophoresis. RNA samples were
treated with RNase-free DNase I (Promega, Fitchburg,
WI, USA) according to the manufacturer’s instructions,
and cDNA was generated with the Superscript III
Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions, using
random primers plus 2 pug of total RNA. The relative
mRNA abundance was evaluated via quantitative reverse
transcription PCR (RT-gPCR) in a total reaction volume
of 20 pl using LightCycler 480 SYBR Green I Master
(Roche, Basel, Switzerland) on a LightCycler 480 Real-
Time PCR System (Roche, Basel, Switzerland) with
0.3 uM of each specific sense and antisense primers. The
mRNA abundance of the PPO gene family members
POT32 (U22921), POT33 (U22922), and NOR333
(M95196) was simultaneously monitored using the
primers CuDomPPO Fwd and CuDomPPO Rev that
amplify a conserved region of the copper-binding domain
A of PPO (Thygesen et al. 1995). Defense signaling
pathways were examined by quantifying the mRNA
abundance of PR-1 (S. tuberosum pathogenesis-related
protein group 1), ChtA (S. tuberosum acidic chitinase A
class IT), ChtB4 (S. tuberosum basic chitinase B4), Drd-1
(S. tuberosum defense-related alcohol/NADP' oxido-
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reductase), PAL and C4H (S. tuberosum cinnamate
4-hydroxylase). EF-Io. was used as an endogenous
control because it has been validated to be a suitable
gene for RT-gPCR gene normalization expression in
potato (Nicot et al. 2005; Orlowska et al. 2012). PR-1 and
ChtA genes were measured using primers previously
described (Orlowska et al. 2012). Information about the
other primers used in RT-qPCR analyses is described in
detail in Supplementary Table 2. Cycling conditions
were 95 °C for 10 min followed by 45 cycles of 10 s at
95 °C, 30 s at 60 °C, and a final melting curve ramping
from 65t095 °C. Three independent biological replicates
of each sample were used. Two technical replicates of
each biological replicate were performed, and the mean
values were considered for further calculations. The
normalized expression was calculated as described by
Simon (2003) using EF-1o as the endogenous reference
gene. Fold change values are reported relative to mock-
inoculated WT expression levels.

Data analysis

One-way ANOVA followed by Newman—Keuls multi-
ple comparison post hoc tests was used to determine
statistical significance in the qPCR pathogen abun-
dance determination. Heat maps were performed on
the log,-transformed metabolite data using the Multi-
experiment Viewer version 10.2 program (http://www.
tm4.org/mev/) (Do et al. 2010). Statistical significance
in chlorogenate contents, PPO activity, and mRNA
abundance was determined by one-way ANOVA fol-
lowed by the Newman—Keuls multiple comparison test
or by the r test. Pearson’s correlation coefficients
(r values) were calculated using the means of metab-
olite concentrations and PPO activity. Statistical ana-
lysis was performed using GraphPad Prism 5.0a
(GraphPad Software, La Jolla, CA, USA). Metabolite
content variations in Supplementary Fig. 3 were
assessed by the ¢ tests analysis using EXCEL (Micro-
soft Corporation, Redmond, WA, USA).

Results

Phytophthora infestans invasiveness is reduced
in -PPO lines

To assess whether PPO knockdown lines exhibited
altered disease resistance, WT and -PPO tubers

b
120 1
100 A mWT
mJ8
J14
80 1 J20 a

60 |
40 -

20 L

Relative P. infestans abundance

1 2 3 4 5 6

Days after inoculation

Fig. 1 Phytophthora infestans growth in WT and transgenic
(-PPO: J8, J14, and J20) tuber tissue. Relative pathogen
abundance was determined by quantitative PCR from 1 to 6
DAL No significant differences were found among lines the first
4 DAI, but WT controls presented significantly (P < 0.05)
higher relative pathogen abundance than PPO lines at 5 and 6
DAI according to one-way ANOVA followed by the Newman—
Keuls multiple comparison test (indicated with lowercase letters
a and b, respectively). The mean value for WT at 6 DAI was set
at 100 %. Error bars represent the = SEM of 16-20 individual
samples

inoculated with P. infestans were evaluated for patho-
gen invasiveness (defined as the capacity of a pathogen
to grow and spread within the host) (Cabrefiga and
Montesinos 2005) by quantifying the level of infection
using a qPCR method (Llorente et al. 2010). The
infection resulted in similar relative P. infestans abun-
dance in the WT and transgenic lines during the first 4
DAI. However, a significant (P < 0.05) reduction was
detected in all transgenic lines when compared to WT
controls at 5 and 6 DAI (Fig. 1).

We tested the hypotheses that the resistant pheno-
type was a consequence of host-induced gene silenc-
ing (HIGS) (Nowara et al. 2010), changes in defense
signaling pathways or altered phenolics-mediated
response against P. infestans. By surveying the P.
infestans genome databases of the Broad Institute and
the NCBI, we looked for matching sequences to the
PPO gene silencing hairpin introduced in the -PPO
lines (Llorente et al. 2011). This survey identified
three potential off-target silencing sequences of 11-15
nucleotides in length corresponding to the NADH
dehydrogenase subunit 1 gene, the NUK7 gene, and
the retrotransposon copia-like PICR2 (Supplementary
Table 1). Because the identified sequences are shorter
than the conserved minimum length required (20-25
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Fig. 2 Relative expression profiles of examined defense-
related genes. Samples were analyzed at 2 days after inocula-
tion. PR-1 pathogenesis-related protein group 1, ChtA acidic
chitinase A, ChtB4 basic chitinase B4, Drd-1 defense-related
alcohol/NADP* oxido-reductase, PALI phenylalanine ammo-
nia-lyase 1, C4H cinnamic acid 4-hydroxylase. Differences in
mRNA abundance were only significant for C4H in J14 samples
over both mock-inoculated and infected WT samples (indicated

nucleotides) for triggering RNA-dependent gene
silencing in eukaryotes (Chapman and Carrington
2007; Liu and Paroo 2010), we excluded the HIGS
hypothesis from further analyses.

Considering that early plant responses are believed
to be critical in determining the fate of late blight
disease progression (Orlowska et al. 2012) and that the
relative pathogen abundance at 2 DAI was comparable
in all samples (Fig. 1), we chose this time point to
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with lowercase letters a and b, respectively). Values are
normalized to those obtained for EF-/a and are expressed as
relative mRNA abundance compared to mock-inoculated WT.
Mock-inoculated and P. infestans-inoculated samples are
represented as gray and black bars, respectively. Statistical
significance (P < 0.05) was assessed with the one-way
ANOVA followed by the Newman—Keuls multiple comparison
test. The values are mean = SEM of three biological replicates

analyze the expression of well-characterized defense-
related genes as a control for altered defense signaling
pathways. We examined the expression of (1) PR-1, a
salicylic acid (SA) pathway-dependent marker; (2)
ChtA, amarker for systemic acquired resistance (SAR)
(Buchter et al. 1997; Hoegen et al. 2002; Orlowska
et al. 2012; Payne et al. 1988); (3) ChtB4, an ethylene
(ET) signaling gene marker (Beerhues and Kombrink
1994; Montesano et al. 2005); (4) Drd-1, a responsive
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Fig. 3 Microscopic analyses of WT and -PPO tuber tissue
inoculated with P. infestans. a Schematic representation of the
microscopic cross-sectional views. b Confocal microscopy of
WT and -PPO samples showing differential accumulation of
autofluorescent phenolic compounds. The image was obtained
using Argon blue laser excitation (488 nm), under which plant
autofluorescent phenolics look green. ¢ Confocal microscopy of
WT potato tissue infected with P. infestans-GFP. d Confocal

marker for jasmonates (JA), ET, and SA (Montesano
et al. 2003, 2005); and (5) PAL and C4H, coding for
the enzymes that catalyze the first and second steps of
the phenylpropanoid pathway, respectively (Ferrer
et al. 2008). Analogous mRINA abundance patterns
were obtained both for WT and transgenic lines, with
the exception of C4H that was generally expressed at
higher levels in the -PPO lines (Fig. 2), therefore
suggesting possible changes in phenylpropanoid
metabolism.

Given that the induction of phenylpropanoids
involved in defense responses can be identified by a
characteristic cellular autofluorescence under UV-

microscopy of -PPO potato tissue infected with P. infestans-
GFP. Arrowheads in ¢, d indicate P. infestans hyphae. c,
d Merge images obtained with Argon blue (488 nm) and
Helium—Neon green lasers (544 nm), under which plant
autofluorescent phenolics look yellow-orange and P. infestans-
GFP looks green (for detailed description, see also Supplemen-
tary Fig. 2). Scale bar 200 pm

blue light illumination (Bennett et al. 1996; Huck-
elhoven 2007; La Camera et al. 2004; Yao et al. 1995),
we microscopically examined both WT- and -PPO-
infected tuber disc cross sections (Fig. 3a). At 7 DAL,
infected -PPO tuber samples presented a clearly
stronger autofluorescence than WT samples, origi-
nated from plant phenolic compounds (Fig. 3b). To
gain a better understanding of this response, additional
experiments were performed using a P. infestans strain
that constitutively express the green fluorescent pro-
tein (P. infestans-GFP) (Si-Ammour et al. 2003).
Experiments using the P. infestans-GFP strain also
evidenced a stronger autofluorescence in the
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transgenic tissue (compare Fig. 3c, d). These results
suggested that an altered phenolics-mediated defense
response in -PPO cells was responsible for the reduced
invasiveness of P. infestans.
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Plant metabolite profiling of late blight infection

Late blight disease symptoms are commonly first
observed after 2 DAI (Fry 2008; Halim et al. 2007;
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«Fig. 4 Metabolic analyses of WT and -PPO tuber tissue
inoculated with P. infestans. a Heat map visualization of
metabolites changes in -PPO plant lines. Fold change was
obtained comparing metabolite levels of mock-inoculated -PPO
lines to mock-inoculated WT. b Heat map visualization of
metabolites changes due to infection in -PPO lines compared to
WT plants. Fold change was obtained comparing metabolite
levels of infected -PPO lines to infected WT. ¢ Heat map
visualization of metabolites changes due to infection. Fold
change was obtained comparing metabolite levels of each
infected line to their corresponding mock-inoculated counter-
part. Each colored dot represents the effect on metabolite level
in comparison with the corresponding control using a false-
color scale. Values represent the log,-transformed metabolite
data considering 0 as no change value with respect to the
comparison control (white squares). Increased metabolite
contents are displayed in red. Decreased metabolite contents
are displayed in blue. Non-detected metabolites are displayed in
black. Metabolites fold variations are given in Supplementary
Fig. 3. d HPLC-MS detailed chlorogenate contents. All mock-
inoculated -PPO samples presented significant increments over
mock-inoculated WT samples (indicated with lowercase letter
a). All lines presented significant differences between mock-
inoculated and the corresponding infected samples (indicated
with lowercase letter b) according to the ¢ test. e PPO activity.
All infected samples presented significant increments than the
corresponding mock-inoculated samples (indicated with lower-
case letter a). PPO activity was significantly higher in infected
WT samples than in infected -PPO samples (indicated with
lowercase letter b). f Levels of PPO transcripts. Significant
differences were only detected between mock-inoculated and
infected WT samples (indicated with lowercase letter a). In d—f,
mock-inoculated and P. infestans-inoculated samples are
represented as gray and black bars, respectively. If not specified,
statistical significance (P < 0.05) was assessed with the one-
way ANOVA followed by the Newman-Keuls multiple
comparison test. Data in e, f are presented as the relative values
compared to the mock-inoculated WT. Error bars represent the
+ SEM from 6 to 8 (d), 4 to 6 (e), and 3 (f) individual samples
per condition

Llorente et al. 2010) and correlate with the formation
of infectious structures (haustoria) (Haas et al. 2009).
On the basis of these observations, and given that the
relative pathogen abundance at 2 DAI was not
significantly different in WT and -PPO lines (Fig. 1),
samples at 2 DAI were profiled for the relative
contents of primary and few targeted secondary
metabolites to characterize in deep the defense
response against P. infestans.

Data presented in Fig. 4a show that transgenesis
had a major impact over plant metabolism when
compared to WT controls. A minor fraction of
detected compounds increased their levels in the
transgenic lines, including fatty acids, sugars, and few
intermediates of aromatic amino acids and

phenylpropanoid metabolism, particularly chlorogen-
ate. On the other hand, two intermediates of the
phenylpropanoid metabolism, 4- and 2-coumarate,
showed lower levels in the transgenic lines. Markedly,
a deep reduction in the level of many amino acids was
detected. From the 27 quantified amino acids, 21
showed decreased levels and the remaining 6 exhib-
ited different behaviors: s-methylcysteine could only
be quantified in line J8; aspartate, leucine, and tyrosine
were decreased in lines J14 and J20 without content
changes in line J8, while alanine and homoserine
exhibited increased levels in lines J14 and J20, and J8
and J14, respectively.

The combined analysis of transgenesis and infec-
tion effects revealed similar metabolic alteration to
those observed owing to transgenesis (Fig. 4b). How-
ever, some metabolites displayed different accumula-
tion patterns due to infection in the transgenic lines
when compared against the infected WT controls.
Succinate, threonate, and 5-oxoproline, which
decreased in the mock-inoculated -PPO lines, showed
increased levels as a consequence of the infection. On
the other hand, the levels of glycolate, homoserine,
and uracil, which were higher in the mock-inoculated
samples, diminished because of the pathogen infec-
tion. Notably, there were a group of metabolites that
either decreased or increased due to transgenesis that
reached similar levels to those of mock-inoculated WT
controls as a consequence of the infection. Among
them, glycerol-3P, phenylalanine, tyrosine, and urea
had lower levels, while chlorogenate and maleate
displayed higher accumulation in -PPO lines com-
pared to WT samples when mock-inoculated plants
were analyzed (Fig. 4a). Finally, aspartate and ade-
nine exhibited the same levels in transgenic and WT
mock-inoculated samples (Fig. 4a) but the infection
caused an increase in aspartate and a decrease in
adenine in -PPO lines (Fig. 4b).

In order to distinguish the effects triggered by the
infection from those originated from the transgenesis,
the metabolite contents of the infected samples were
compared to those of their mock-inoculated counter-
parts (Fig. 4c). Out of the 75 metabolites quantified,
16 displayed differential accumulation patterns
between WT and -PPO lines due to P. infestans
infection. These metabolic alterations can be catego-
rized into six different behaviors: (1) infection caused
a decrease in WT plants but an increase in the
transgenics (this was the case of the TCA cycle
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intermediate succinate); (2) infection caused a
decrease in WT plants without altering the levels in
the transgenics (urea, threonate, inositol-P, 5-oxopro-
line); (3) infection caused no alteration in WT plants
but an increase in the transgenics (citrate, itaconate);
(4) infection caused no alteration in WT plants but a
decrease in the transgenics (myristate); (5) infection
caused an increase in WT plants and a decrease in the
transgenics (glucose, dehydroascorbate, maleate,
2-oxogulonate, chlorogenate, homoserine, and tyra-
mine); (6) Infection caused an increase in WT plants
but no alteration in the transgenics (glycolate).

Metabolites related to the phenylpropanoid
pathway demonstrated the largest changes
between WT and -PPO cells under pathogen attack

The phenylpropanoid chlorogenate was the metabolite
with the highest increase in -PPO lines (Fig. 4a).
Detailed examination showed that all mock-inocu-
lated -PPO samples presented significantly (P < 0.05)
higher amounts (2.5-fold-7.5-fold) of chlorogenate
than their WT controls (Fig. 4d) that inversely corre-
lated with PPO activity (r = —0.87) (Fig. 4d, e).
While the PPO activity increased significantly
(P <0.05) in all infected samples compared to
mock-inoculated controls, the WT-infected samples
presented an approximately threefold higher PPO
activity than the -PPO-infected ones (Fig. 4e). How-
ever, no significant modifications between mock-
inoculated and infected samples were detected in
-PPO lines when PPO gene expression was analyzed
via a quantitative reverse transcription PCR (RT-
gPCR) designed to simultaneously monitor all PPO
gene family members expressed in tubers (Fig. 4f).
In order to better interpret the impact of P. infestans
infection over plant metabolism, a set of metabolic
map schemes were drawn to simplify the comparison
of metabolite levels behavior. This analysis clearly
revealed that the cluster of metabolites related to the
phenylpropanoid pathway was the one that presented
the largest and most generalized differences between
WT and -PPO cells under P. infestans attack (Fig. 5).

Discussion

In previous work, we characterized PPO-silenced
potato lines (-PPO) that presented tubers with higher
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chlorogenate content than WT plants (Llorente et al.
2011), raising the question of whether these transgenic
lines might also be more resistant to pathogens. In this
work, we explored this hypothesis and evaluated the
susceptibility of -PPO potato tubers to the oomycete
pathogen P. infestans.

The invasiveness of P. infestans was reduced in
-PPO tubers, as a delayed progression of the infection
was observed when compared to WT controls (Fig. 1).
We excluded the HIGS hypothesis because, even if the
available information concerning the P. infestans
RNA-silencing machinery is limited (Ah-Fong et al.
2008; Whisson et al. 2005), it can be speculated that
the length of the off-target identified sequences
(Supplementary Table 1) might not be enough to
efficiently trigger HIGS events that could negatively
affect the growth of P. infestans. Analysis of defense-
related gene expression (Fig. 2) suggested that the
reduced invasiveness of the pathogen in the -PPO
tissue was likely not a consequence of altered defense
signaling pathways. However, the induction of the
C4H gene (Fig. 2) has also been observed in PPO-
silenced walnut plants (Araji et al. 2014) and could be
the consequence of regulatory mechanisms acting on
the phenylpropanoid metabolism due to the silencing
of PPO.

The autofluorescence signal originating from the
plant cells in the transgenic tissue (Fig. 3) is consistent
with several previous works demonstrating plant
resistance to pathogens mediated by phenolic com-
pounds (Bennett et al. 1996; Huckelhoven 2007; La
Camera et al. 2004; Yao et al. 1995). In accordance,
the results of the targeted metabolite profile analysis
indicated alterations in the metabolite concentrations
from phenylpropanoid precursors to downstream
phenylpropanoid products (Figs. 4a, 5a): tyrosine as
well as phenylalanine contents inversely correlated
(r = —=0.77 and r = —0.99, respectively) with chlo-
rogenate contents in -PPO lines. This inverse corre-
lation in the content of precursors and end products has
been previously described for the phenylpropanoid
pathway in potato (Payyavula et al. 2012, 2013).
Based on the obtained results and very recent findings
demonstrating a direct role for PPO in the metabolism
of tyrosine (Araji et al. 2014), we speculate that the
reduction of the PPO-catalyzed reaction on tyrosine
redirects the metabolic flux into the phenylpropanoid
pathway, resulting in increased accumulation of
chlorogenate in the PPO-silenced lines. Additionally,
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Fig. 5 Schematic representations of differential metabolic
changes caused by P. infestans infection. a Metabolite level
variations in mock-inoculated -PPO lines compared to mock-
inoculated WT. b Metabolite level variations in infected WT
compared to mock-inoculated WT. ¢ Metabolite level variations
in infected -PPO lines compared to their corresponding mock-
inoculated counterparts. Metabolites marked in red or blue

indicate increase or decrease in metabolite level, respectively.
Metabolites marked in violet and green indicate no change and
variability in metabolite level, respectively. Metabolites in
black were not affected by P. infestans infection. Metabolites
related to the phenylpropanoid pathway are framed by orange
dashed-line squares
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the lack of PPO activity could also contribute to
accumulate higher amounts of free chlorogenate in
-PPO cells.

The increase in chlorogenate levels observed in WT
tubers during the infection is a clear plant defense
response, although this induction does not reach the
levels found in transgenic lines (Fig. 4d). Thus, the
higher levels of chlorogenate in -PPO cells could be
acting as a phytoanticipin (VanEtten et al. 1994), as
previously established (Leiss et al. 2009; Niggeweg
et al. 2004; Shadle et al. 2003; Villarino et al. 2011;
Yao et al. 1995). While Niggeweg et al. (2004)
reported that an 85 % increase in chlorogenate content
was sufficient to impart enhanced pathogen resistance,
we found a 2.5-fold-7.5-fold higher accumulation in
the contents of this metabolite in the -PPO lines
(Fig. 4d). On the basis of in vitro studies, chlorogenate
has been proposed to impart its antimicrobial activity
by disrupting the structure of the pathogen enzymes
and cell membrane through direct binding (Hemais-
warya et al. 2011; Lou et al. 2011; Sung and Lee
2010). The dramatic reduction in soluble chlorogenate
contents observed in the infected -PPO lines (Fig. 4d)
fits with the above-described mechanism of action and
strongly supports the idea that this metabolite was
used to counteract the P. infestans invasion.

It has been recently suggested that tyramine may be
directly metabolized by PPO in walnut (Araji et al.
2014). Notably, we observed a strikingly different
trend in tyramine levels in PPO-silenced potato lines
to that found in PPO-silenced walnut plants. While
downregulation of PPO in walnut caused an accumu-
lation of tyramine (Araji et al. 2014), this metabolite
was reduced in -PPO tubers (Fig. 4a). Furthermore,
tyramine levels increase in WT tubers but decrease in
PPO-silenced lines in response to pathogen infection
(Fig. 4c). The reason for this is as yet unknown;
however, the reduced levels of tyrosine (which is the
precursor of tyramine) in -PPO tubers (Fig. 4a) could
be altering tyramine metabolism in these lines. The
different tissues analyzed (leaves in walnut and tubers
in potato) could also account for the aforementioned
differences. Additionally, the different number of
PPO-coding genes in walnut (one) (Araji et al. 2014)
and potato (at least six) (Thygesen et al. 1995) could
imply alternative PPO-dependent tyramine metabo-
lism in these species.

The increase in PPO activity in all infected samples
(Fig. 4e), along with the lack of substantial differences
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in PPO gene expression between infected and mock-
inoculated -PPO samples (Fig. 4f), could be explained
by the fact that microorganisms are able to detoxify
phenolic compounds thanks to enzymes similar to
PPO (Hernandez-Romero et al. 2005; Lyr 1962;
Nikitina et al. 2010; Pinero et al. 2007; Yang and
Chen 2009). The former observation further suggests
that these measurements may include the combined
activities of both plant and pathogen oxidases.

Besides the evident changes in phenylpropanoid
metabolism, other factors contributing to plant defense
cannot be ruled out. For example, the marked reduc-
tion in the level of many amino acids in transgenic
tubers could also represent a significant factor affect-
ing the growth dynamics of P. infestans since it has
been inferred that this pathogen may utilize the free
amino acids of tubers as a major carbon source to grow
during infection (Judelson et al. 2009).

Our study corroborates and provides a molecular
explanation to comparable results reported in a Mons-
anto patent (Hakimi et al. 2006) describing enhanced
resistance to P. infestans in PPO-downregulated potato
tubers. On the other hand, our results differ from a
previous work (Rommens et al. 2006) reporting no
evident lesion size differences between a PPO-silenced
line and Ranger Russet WT tubers infected with P.
infestans (US-8 strain). However, these results are not
necessary in conflict since differences originated from
the method used to determine P. infestans disease
progression, namely lesion size determination opposed
to gPCR pathogen abundance quantification, have been
previously reported (Halim et al. 2007; Yu et al. 1997).
Our results contrast with previous work where PPO
activity in tomato and dandelion (Taraxacum officinale)
plants was correlated with reduced susceptibility to the
bacteria P. syringae pv. tomato (Li and Steffens 2002;
Richter et al. 2012; Thipyapong et al. 2004a). The origin
of these discrepancies is unclear, but could be inherentin
the use of different pathosystems.

Together, our results suggest that PPO downregu-
lation mainly contributes to accumulate phenolic
compounds in the plant cells by redirecting the
metabolic flux from phenylpropanoid precursors to
phenylpropanoid end products, creating unfavorable
conditions to P. infestans growth. Interestingly, this
hypothesis also allows explaining why transgenic
tomato plants with reduced PPO activity have
increased drought tolerance (Thipyapong et al.
2004b) and why some plants decrease their PPO
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activity while encountering stress conditions (Bala-
kumar et al. 1997; Ben Ahmed et al. 2009, 2010;
Rivero et al. 2001). Probably, as also noted by
Balakumar et al. (1997), allowing the plant to
accumulate higher levels of antioxidant phenolic
compounds used to reduce oxidative stress damage
during harsh conditions. The presented results empha-
size the importance of components acting in parallel to
canonical metabolic pathway constituents in influenc-
ing plant metabolism and open new scenarios to
modify the content of phenolics in crops.
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