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Ustilago maydis is a biotrophic plant pathogenic fungus that leads to tumor development in the aerial
tissues of its host, Zea mays. These tumors are the result of cell hypertrophy and hyperplasia, and are
accompanied by the reprograming of primary and secondary metabolism of infected plants. Up to now,
little is known regarding key plant actors and their role in tumor development during the interaction
with U. maydis. Polyamines are small aliphatic amines that regulate plant growth, development and
stress responses. In a previous study, we found substantial increases of polyamine levels in tumors. In the
present work, we describe the maize polyamine oxidase (PAO) gene family, its contribution to hydrogen
peroxide (H2O2) production and its possible role in tumor development induced by U. maydis. Histo-
chemical analysis revealed that chlorotic lesions and maize tumors induced by U. maydis accumulate
H2O2 to significant levels. Maize plants inoculated with U. maydis and treated with the PAO inhibitor 1,8-
diaminooctane exhibit a notable reduction of H2O2 accumulation in infected tissues and a significant
drop in PAO activity. This treatment also reduced disease symptoms in infected plants. Finally, among six
maize PAO genes only the ZmPAO1, which encodes an extracellular enzyme, is up-regulated in tumors.
Our data suggest that H2O2 produced through PA catabolism by ZmPAO1 plays an important role in
tumor development during the maize-U. maydis interaction.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Ustilago maydis is a dimorphic and host-specific Basidiomycete
fungus responsible for common smut or “huitlacoche” inmaize. It is
a model for studies on fungal mating and DNA recombination, RNA
biology, cell signaling and differentiation, and biotrophic
plantepathogen interactions (Le�on-Ramírez et al., 2014). During
the life cycle of U. maydis three different cellular morphologies are
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íguez-Kessler).

served.
recognized, a saprophytic unicellular haploid yeast-like cell that
reproduces by budding, dikaryotic mycelium that invades the plant
host, and spherical diploid spores (teliospores) that are the result of
fungal karyogamy (Banuett and Herskowitz, 1996; Le�on-Ramírez
et al., 2014). The formation of the dikaryotic mycelium, after the
mating of two sexually compatible yeast-like cells, is a prerequisite
for host invasion and fungal growth in maize tissues. The disease is
characterized by the hyperproduction of anthocyanins, the devel-
opment of chlorosis and the formation of large tumors in all the
aerial parts of the plant (Banuett and Herskowitz, 1996). Disease
progression can be followed on leaf blades of young maize seed-
lings. As soon as five days post inoculation (dpi) the appearance of
small tumors more or less uniformly distributed over the leaf blade,
or tumors organized in clusters, becomes evident (Banuett and
Herskowitz, 1996). Tumor development is a result of cell hyper-
trophy and hyperplasia (Banuett and Herskowitz, 1996; Callow and
Ling, 1973; Doehlemann et al., 2008). Hormones of plant and fungal

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:mrodriguez@fc.uaslp.mx
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plaphy.2016.02.019&domain=pdf
www.sciencedirect.com/science/journal/09819428
http://www.elsevier.com/locate/plaphy
http://dx.doi.org/10.1016/j.plaphy.2016.02.019
http://dx.doi.org/10.1016/j.plaphy.2016.02.019
http://dx.doi.org/10.1016/j.plaphy.2016.02.019


F.I. Jasso-Robles et al. / Plant Physiology and Biochemistry 102 (2016) 115e124116
origin have been proposed to be responsible for tumor initiation,
growth and elongation; nonetheless their precise role in this pro-
cess is unknown (Banuett and Herskowitz, 1996; Bruce et al., 2011;
Reineke et al., 2008). U. maydis is able to produce indole-3-acetic
acid (IAA) from the amino acid tryptophan. Even though IAA pro-
duced by U. maydis contributes to the increases in auxin levels in
infected maize tissues, it was proposed not to be important for
triggering host tumor formation (Reineke et al., 2008). U. maydis
also produces cytokinins and abscisic acid (ABA) (Bruce et al., 2011).
Both hormones accumulate in infected maize tissues and it has
been suggested that they play a role in the maintenance of a sink
status by infected host cells (Bruce et al., 2011). Other plant growth
regulators such as polyamines (PAs) are accumulated in plant
tumor-like structures induced by different fungal and bacterial
pathogens, including tumors induced by U. maydis (Jim�enez-
Bremont et al., 2014; Rodríguez-Kessler et al., 2008; Walters and
Shuttleton, 1985). PAs, putrescine (Put), spermidine (Spd), sper-
mine (Spm) and thermospermine (tSpm) are small aliphatic amines
essential for cell growth and development, cell cycle progression,
and cell expansion and differentiation (Ortega Amaro et al., 2012;
Paschalidis and Roubelakis-Angelakis, 2005; Takahashi and
Kakehi, 2010). Changes in PA levels are prevalent under plant stress
conditions (Jim�enez-Bremont et al., 2014; Wimalasekera et al.,
2011). Under biotic stress, the timeline of PA accumulation and
the nature of the accumulated PA depend on the plant and microbe
species involved in the interaction. Usually, PA accumulation is
accompanied by PA oxidation through copper-containing amine
oxidases (DAO; EC 1.4.3.6) and FAD-dependent polyamine oxidases
(PAO; EC 1.5.3.3) enzymes. Plant PAOs are involved in terminal
catabolism and back-conversion of higher PAs (Moschou et al.,
2012). PAOs catalyzing terminal catabolism oxidize the carbon at
the endo-side of the N4 of Spd and Spm, generating 4-aminobutanal
and N-(3-aminopropyl)-4-aminobutal, respectively; along with
1,3-diaminopropane (DAP), and hydrogen peroxide (H2O2) (Cona
et al., 2006). Peroxisomal PAOs catalyze the sequential back-
conversion of Spd and Spm oxidizing the carbon at the exo-side
of the N4 producing Put and Spd, respectively (Moschou et al.,
2012). In plants, the production of H2O2 by PA oxidation has been
correlated with signaling, reinforcement of plant cell walls, cellular
defense and, regulation of programmed cell death during plant
development and pathogen attack (Gonzalez et al., 2011; Jim�enez-
Bremont et al., 2014; Liszkay et al., 2004; Marina et al., 2013;
Moschou et al., 2008, 2012).

In a previous study, we found that maize plants infected by U.
maydis accumulate PAs, mainly free- and conjugated Put, in tumors
induced by the fungus. The increase in PA content was accompa-
nied by the up-regulation of ZmADC, ZmSAMDC and ZmPAO1 genes
(Rodríguez-Kessler et al., 2008). In the present study, we analyzed
the role of maize polyamine oxidases during the interaction of this
plant with U. maydis. Histochemical detection of H2O2 was per-
formed in maize tissues with chlorotic lesions and tumors induced
byU.maydis. The effect of the PAO inhibitor 1,8-diaminooctane (1,8-
DO) on disease symptoms appearance, H2O2 and free polyamine
content was also analyzed in infected plants. Finally, we analyzed
the transcriptional regulation of six ZmPAO genes in chlorotic le-
sions and tumors induced by U. maydis. Our data suggest the H2O2

produced through PA degradation by plant PAO activity participates
in tumor development during the maize-U. maydis interaction.

2. Materials and methods

2.1. U. maydis strains and growth conditions

The haploid strains, FB1 (a1b1) and FB2 (a2b2) of U. maydis (F.
Banuett, California State University, Long Island, USA) were used.
When necessary, they were recovered in YEPD liquid media (1%
yeast extract, 1% peptone, 1% glucose), incubated at 28 �C for 2e3
days in an orbital shaker (150 rpm) and used as inoculum for
subsequent experiments.

2.2. Growth of U. maydis in YEPD medium supplemented with 1,8-
diaminooctane

Growth-rate curves of U. maydis strains FB1 and FB2 were ob-
tained by culturing the fungus in YEPD liquid media supplemented
with 0, 200, 300 and 400 mM of the PAO inhibitor 1,8-
diaminooctane (1,8-DO, SigmaeAldrich). Optical density at
600 nm (OD600) was measured at different time points (0, 6, 12, 18,
24, 30, 36, 42, 48 and 54 h) starting with a culture at OD600 ¼ 0.2.
Cultures were incubated at 28 �C and 200 rpm.

2.3. Fuzz reaction on charcoal plates supplemented with 1,8-DO

FB1 and FB2 strains were mated in charcoal plates supple-
mented with 0, 200, 300 and 400 mMof 1,8-DO. U. maydis FB1 strain
starting at a cell density of 106 cells/mL and a series of 10-fold di-
lutions were spotted (4 mL per spot) on charcoal nutrient medium
and when dried, overlaid with 4 ml of the FB2 mating partner
(Holliday,1974). Plateswere incubated at 28 �C and the induction of
fuzz phenotype was monitored after 24, 48, 72 and 96 h. Images
were taken using a Canon photographic camera and processed with
Photoshop Elements software v 5.0.

2.4. Plant material

Zeamays (cv. Cacahuazintle) seedswere surface disinfectedwith
50% commercial sodium hypochlorite solution (6% free chlorine) for
30min, and rinsed several times with sterile distilled water. Aseptic
seeds were germinated in plastic containers and grown semi-
hydroponically in plastic pots filled with a mixture of sand and
agrolite (3:1) and irrigated with 0.5x Hoagland's nutrient solution.
Seedlings were maintained in growth chambers under controlled
conditions (16 h light/8 h dark cycle, 25 �C ± 2 �C, and 50% relative
humidity).

2.5. Plant inoculation with U. maydis and 1,8-DO treatments

Six-day-old seedlings were inoculated in the leaf whorl with an
U. maydis (FB1 þ FB2) cell suspension (108 cells/mL) using a sterile
syringe as described by Rodríguez-Kessler et al (Rodríguez-Kessler
et al., 2008). Samples obtained from chlorotic lesions (5 dpi,11-day-
old seedlings) and from the tumor stage (11 dpi, 17-day-old seed-
lings) were transferred to liquid nitrogen and maintained at�80 �C
until use for qRT-PCR analysis. At the tumor stage, leaf blade tumors
(T), green areas surrounding the tumors with no signs of infection
(ST), and leaf blade tissue with no disease symptoms (L) were
collected. Leaf blade tissues of non-inoculated seedlings (C) were
used as controls.

When necessary, maize seedlings were treated with the poly-
amine oxidase competitive inhibitor 1,8-DO prior to U. maydis
inoculation. 1,8-DO is a stable diamine that can be added to the
plant nutrient solution, and has been described as an effective in-
hibitor of maize PAO activity (Cona et al., 2004; Rodríguez et al.,
2009). For this purpose, five-day-old seedlings were irrigated
with 0.5x Hoagland's nutrient solution containing 0, 200, 300 and
400 mM1,8-DO inhibitor. Then,1,8-DO-treated and untreatedmaize
seedlings (eight-day-old) were inoculated in the node regionwith a
cell suspension of U. maydis (FB1 þ FB2) strains. Nutrient solutions
supplemented with the inhibitor were changed every three days.
Eleven days post-inoculation plants (19-day-old) were monitored
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for disease symptoms: chlorosis, anthocyanin accumulation, and
tumor formation. The number of infected seedlings versus the
number of infected seedlings with tumors was counted. Each bio-
logical replicate consisted of 20 seedlings per treatment, and the
experiment was repeated five times with similar results. Seedlings
were used for histochemical detection of H2O2 in inoculated and
non-inoculated leaves as described below.

2.6. Histochemical determination of H2O2 production in inoculated
tissues

The histochemical detection of H2O2 in U. maydis-inoculated
and non-inoculated leaf blades of maize seedlings was performed
as described by Hern�andez et al (Hern�andez et al., 2001). Samples
of 19-day-old seedlings (treated as described in section 2.5) were
vacuum infiltrated with a solution of 0.1 mg/mL 3,3-
diaminobenzidine in 50 mM Tris-acetate buffer (pH 5.0) and,
incubated at room temperature in the dark for 24 h. Then, plant
material was incubated in 80% (v/v) ethanol solution for 10 min at
70 �C. Leaf blades were fixed in lactic acid:phenol:water (1:1:1, v/v).
Images were taken using a Luxeo 4D Labomed Stereoscope and the
PixelPro Image Analysis Software (version 2.7.0.0).

2.7. RNA isolation and qRT-PCR analysis

Total RNA was isolated from leaf blades of 17-day-old maize
seedlings inoculated or non-inoculated with U.maydis (see Section
2.5) using the TRIzol® reagent (Invitrogen). After RNA extraction,
DNase I (Invitrogen) treatments and first strand cDNA synthesis
were performed following previously reported protocols
(Rodríguez-Kessler et al., 2008). The expression level of ZmPAO1-6
genes was estimated by qRT-PCR using the SsoAdvanced™ Uni-
versal SYBR® Green Supermix protocol (BioRad). The oligonucleo-
tides used to amplify each ZmPAO gene are listed in Suppl. Table 1.
qPCR thermal cycling conditions consisted of 40 PCR cycles of
10 s at 95 �C (denature) and 30 s at 60 �C (anneal/extend). Melting
curves were performed starting at 65 �C and gradually increasing
the temperature every 0.5 �C up to 95 �C. The cycle number at
threshold (Ct value) was used for calculations of relative mRNA
expression levels. The Ct value of each ZmPAO target gene was
normalized by subtraction of the Ct value from the maize actin 1
(MAc1; GenBank J01238) gene. The fold change in gene expression
relative to control samples (leaf blades of non-inoculated maize
plants) was calculated using the 2�DDCt method (Livak and
Schmittgen, 2001). For each sample, three biological replicates
were analyzed with their respective technical replicates.

2.8. Determination of PAO enzymatic activity

Plant material was ground to a fine powder and 200 mg of each
sample were homogenized in 1 mL of 0.2 M potassium phosphate
buffer (pH 6.5; tissue to buffer ratio 1/5, w/v) containing 1 mM
phenyl-methyl-sulphonyl-fluoride (PMSF). After centrifugation, the
supernatants were used for the determination of total protein
concentration and PAO activity.

PAO activity was determined spectrophotometrically from leaf
extracts by monitoring the formation of a pink adduct
(ε515 ¼ 2.6 � 104 M�1 cm�1). The reaction mixture contained 0.2 M
potassium phosphate buffer (pH 6.5), 0.06 mg horseradish perox-
idase (HRP), 100 mM 4-aminoantipyrine, 1 mM 3,5-dichloro-2-
hydroxybenzensulphonic acid (DCHBS) in 0.1 mL total volume, as
described by Rodríguez et al (Rodríguez et al., 2009). The reaction
was started by adding 2 mL of 2 mM Spd or Spm as the substrates
and incubated for 2 min at 30 �C. PAO activity was expressed as
nKat/mg protein. Total protein was determined by the Bradford
method using bovine serum albumin as the reference standard
(Bradford, 1976).

2.9. Determination of polyamine content

Free polyamine (Put, Spd and Spm) content was estimated from
19-day-old plants inoculated with U. maydis and treated with 0,
200, 300 and 400 mM of 1,8-DO inhibitor. Fresh plant material
(300mg) was extractedwith 1mL of 5% (v/v) perchloric acid at 4 �C.
Following overnight incubation and centrifugation, 200 mL of the
supernatants were dansylated in a mixture containing 200 mL of
saturated Na2CO3, 200 mL dansylchloride (5 mg mL�1 acetone) and
6 mL of 100 mM 1,7-diamino heptane (HTD) as internal standard.
The mixture was incubated overnight in darkness at room tem-
perature. Reaction was stopped by adding 100 mL proline
(100 mg mL�1) and dansylated PAs were extracted with 400 mL
toluene. The organic phasewas vacuum-evaporated and dansylated
PAs were dissolved in 25 mL acetonitrile and analyzed by reverse
phase HPCL (Marc�e et al., 1995). One-way-ANOVA and Dunnett's
multiple comparison test were performed to assess statistical sig-
nificance between treatments, using GraphPad Prism 5.0b
software.

2.10. In silico analysis

The amino acid sequence of putative polyamine oxidases genes
from maize orthologous to the Arabidopsis thaliana (Fincato et al.,
2011) and Oryza sativa PAO gene families (Ono et al., 2012) were
obtained by BLAST searches against the maize genome (MaizeGDB,
www.maizegdb.org) and the Phytozome (www.phytozome.net)
databases. Putative PAO genes other than the previously described
ZmPAO1 (Cervelli et al., 2000; Cona et al., 2006; Tavladoraki et al.,
1998), were named after the A. thaliana PAOs: ZmPAO2, ZmPAO3,
ZmPAO4, ZmPAO5 and ZmPAO6. The genomic sequence of the six
maize ZmPAO genes was analyzed in silico and the genomic orga-
nization of each gene was predicted with the Spidey mRNA-to-
genomic alignment program of the NCBI database (http://www.
ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey) by comparing the
genomic and cDNA sequences. Intron distribution pattern and
intron splicing phase within exons were also derived from the
aligned cDNA/genomic sequence. Promoter analysis were per-
formed with the PlantCARE database (bioinformatics.psb.ugent.be/
webtools/plantcare/html/) using 1500 bp of the sequence located
upstream of the main ORF start codon of each ZmPAO gene. Protein
sequence alignments were performed using the ClustalW program,
and the Needleman-Wunsch (global) and Smith-Waterman (local)
pairwise alignment programs at the EBI (European Bioinformatics
Institute, Cambridge, UK; http://www.ebi.ac.uk) database. Predic-
tion of protein sorting signals and localization sites in amino acid
sequences was performedwith the PSORT prediction server (http://
psort.hgc.jp/form.html).

2.11. Phylogenetic analysis

A phylogenetic tree that clustered the ZmPAO proteins with
orthologous PAOs of other plant species was constructed by the
Maximum Likelihood method using the MEGA6 program (Tamura
et al., 2013). The following PAO amino acid sequences: CsPAO1
(Citrus sinensis, Phytozome accession no. Cs7g02060.1), CsPAO2
(Cs7g18840.2), CsPAO3 (Cs6g15870.1), CsPAO4 (Cs4g14150.1),
CsPAO5 (Cs7g23790.1), CsPAO6 (Cs7g23670.1), AtPAO1-AtPAO5 (A.
thaliana), ZmPAO1-ZmPAO6 (Z. mays), and OsPAO1-OsPAO6 (O.
sativa) were aligned using MUSCLE version 4.0 (Edgar, 2004), of the
EBI database using default values. The accession numbers of A.
thaliana, Z. mays and O. sativa PAOs are indicated in Table 1. The
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aligned sequences were subjected to re-samplingwith replacement
(1000 bootstrap) using the phylogeny tools of the MEGA6 program
with default values. The amine oxidase of Chlamydomonas rein-
hardtii (CrFMS1, GenBank accession no. EDO99988.1) was used as
an outgroup.
3. Results

3.1. H2O2 accumulation derived from PAO activity is necessary for
tumor induction

The production of H2O2 in maize tissues infected with U.maydis
was detected in situ after infiltration with 3,3-diaminobenzidine
(DAB; Fig. 1). In comparison to control non-inoculated leaves
(Fig. 1A) maize tumors show intense brown staining (Fig. 1B),
indicating increased H2O2 production in the infected tissues. Con-
trol treatments were performed in the presence of ascorbic acid
(Fig. 1C, D).

In order to determine whether H2O2 accumulation is due to
increased PA catabolism by ZmPAOs in tumors, maize plants were
treated with increasing concentrations (0, 200, 300 and 400 mM) of
the competitive PAO inhibitor 1,8-diaminooctane (1,8-DO), prior to
U. maydis inoculation. 1,8-DO is an effective inhibitor of maize PAO
activity in vivo, is water soluble and can be easily added to the plant
nutrient solution (Rodríguez et al., 2009). Under our experimental
conditions,U. maydiswas able to infect maize plants even under the
highest 1,8-DO concentration; nevertheless, the number of plants
with disease symptoms was reduced (Fig. 2). At the naked eye, the
size of the tumors was notably reduced in a dose dependent
manner, being more evident at 400 mM 1,8-DO (Suppl. Fig. 1). The
inhibitor was also responsible for a reduction in leaf blade elon-
gation, an effect previously described by Rodríguez et al (Rodríguez
et al., 2009).

DAB staining revealed a notable decline in H2O2 accumulation in
infected tissues of plants treated with 1,8-DO (Fig. 3AeD). In this
way, tumors of leaf blade tissues treated with 300 and 400 mM 1,8-
DO (Fig. 3CeD, respectively) exhibited a remarkable reduction in
DAB staining as compared to tumors developed in plants not
treated with 1,8-DO (Fig. 3A). Diminution in H2O2 production in
these tissues correlated with a decay in PAO activity (Fig. 3E), and
with a reduction of infected tissues with tumors. In addition,
changes in free PA levels were observed in tumors of plants treated
with 1,8-DO in comparison to tumors developed in plants not
treated with the inhibitor. A significant decrease in Put level (ca.
40%) was observed using 400 mM 1,8-DO (Fig. 3F). On the other
Table 1
Percentage of protein sequence identity between the Zea mays, Arabidopsis thaliana and

A. thaliana PAO genes TAIR
Accession no.

Z. mays vs. A. thaliana % identity
(Needle/Water)

Z. mays PAO genes
Accession no.

AtPAO1
(At5g13700)

40.8/47.3 ZmPAO1
(GRMZM2G034152

AtPAO2
(At2g43020)

70.3/72.2 ZmPAO2
(GRMZM2G000052

AtPAO3
(At3g59050)

69.2/71.5 ZmPAO3 (GRMZM2

AtPAO4
(At1g65840)

61.6/61.6 ZmPAO4
(GRMZM2G150248

AtPAO5
(At4g29720)

40/40.3 ZmPAO5
(GRMZM2G035994

e e ZmPAO6
(GRMZM2G078033
hand, the application of the inhibitor caused a two-fold increase in
Spd and Spm levels; this effect was achieved with 200 mM 1,8-DO
for Spd, and 400 mM 1,8-DO for Spm (Fig. 3F).

Furthermore, the effect of 1,8-DO was tested on the growth rate
and themating capacity of U.maydis FB1 and FB2 strains, bearing in
mind that the fusion of sexually compatible strains is a limiting step
in U. maydis pathogenic development. None of the 1,8-DO con-
centrations inhibited growth of FB1 and FB2 strains in YEPD liquid
medium (Suppl. Fig. 2A, B). Moreover, the inhibitor exerted no
negative effect on the mating capacity of compatible FB1 and FB2
strains on charcoal plates (Suppl. Fig. 2C). Fuzzy mycelia were
observed even at the highest 1,8-DO concentration and in the last
serial dilution after 72 h of incubation. These results showed that
the PAO inhibitor 1,8-DO does not affect U. maydis growth, mating
and filamentous growth after mating under the experimental
conditions of this work.
3.2. Expression levels of ZmPAO genes in the maize-U. maydis
interaction

To further characterize the role of polyamine oxidases in the
maize-U.maydis interaction, the expression pattern of ZmPAO genes
in chlorotic lesions and tumors was analyzed. For this purpose,
BLAST analysis and keyword searches were performed in maize
genome (MaizeGDB) and Phytozome databases to identify ZmPAO
gene sequences. We found that the maize ZmPAO gene family is
composed of six members (Table 1), which are orthologous to the
well-described A. thaliana (AtPAO1 to AtPAO5) and O. sativa (OsPAO1
to OsPAO7) genes (Fincato et al., 2011; Ono et al., 2012). As expected,
the ZmPAOs share a higher protein sequence identity with the rice
PAOs (Table 1). The maize ZmPAO2, -3, and -4 enzymes show the
characteristic [C/A/S/P]-[K/R]-[I/L/M]-motif of the peroxisome tar-
geting signal (PST1) in their C-termini (Reumann et al., 2004), and
are related to the Arabidopsis and rice peroxisomal enzymes
(Suppl. Table 2; Suppl. Fig. 3A) (Ono et al., 2012; Takahashi et al.,
2010). ZmPAO6 is orthologous to the rice OsPAO4 (89.7% amino
acid sequence identity). In OsPAO4, a different signature (CRT
sequence) for peroxisomal targeting was identified in the C-ter-
minal region; in this sequence leucine or methionine were
substituted by threonine (Ono et al., 2012). The ZmPAO6 protein
also has the CRT sequence suggesting a peroxisomal localization for
this enzyme (Suppl. Table 2; Suppl. Fig. 3A). ZmPAO5 is similar to
AtPAO5 for which a cytosolic localization has been shown. Phylo-
genetic analysis grouped the ZmPAO proteins into three clades
(Fig. 4A). ZmPAO1 belongs to clade I, ZmPAO5 to clade II and the
Oryza sativa polyamine oxidases.

phytozome Z. mays vs. O. sativa % identity
(Needle/Water)

O. sativa PAO genes Gramene
Accession no.

)
76.8/81.6 OsPAO7

(OS09G0368500)
67.5/81.8 OsPAO6

(OS09G0368200)
49/73.8 OsPAO2

(OS03G0193400)

)
91.5/91.5 OsPAO3

OS04G0623300
G396856) 90.3/90.3

)
88.5/88.5 OsPAO5

(OS04G0671300)

)
78.9/80.1 OsPAO1

(OS01G0710200)

)
89.7/89.7 OsPAO4

(OS04G0671200)



Fig. 1. Histochemical detection of H2O2 in maize tissues infected by U. maydis. Eight-day-old plants were inoculated in the node region with a cell suspension (108 cells/mL) of
U. maydis FB1 � FB2 strains. Eleven days later, leaf sections were stained with 3,3-diaminobenzidine (DAB) for in situ H2O2 detection: (A) non-inoculated leaf blade and (B) leaf blade
with tumors. DAB reagent shows H2O2 localization as a red-brown staining. Control leaf sections stained with DAB in the presence of ascorbic acid: (C) non-infected leaf blade and
(D) leaf blade with tumors. Leaf blade maize tumors are indicated with an arrow. The experiment was repeated at least 2 times obtaining similar results.
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other ZmPAOs (2, -3, -4 and �6) were assigned to clade III. Besides,
the genomic organization of the ZmPAO genes was examined. The
number of coding exons found in each gene is as follows: one
(ZmPAO5), eight (ZmPAO1) and ten (ZmPAO2, -3, -4, and -6) (Fig. 4B;
Suppl. Table 2).

qRT-PCR analyses of the ZmPAO1-6 genes showed that at early
stages of disease development (tissues with chlorotic lesions and
anthocyanin accumulation), all ZmPAO genes were down-regulated
(Fig. 5A). At the tumor stage, only the ZmPAO1 gene was up-
regulated, in agreement with previous findings (Rodríguez-
Fig. 2. Effect of 1,8-diaminooactane on disease symptoms of maize plants infected
with U. maydis. Five-day-old maize plants grown under semi-hydroponic conditions
were treated with increasing concentrations of 1,8-diaminooctane: 0, 200, 300 and
400 mM. Three days later plants were inoculated in the node region with U. maydis.
Total bar length indicates the percentage of infected plants. The white section of each
bar shows the percentage of plants that exhibited disease symptoms such as chlorosis
or anthocyanin accumulation but no tumor development. The black section of each bar
indicates the percentage of plants with tumors. Symptoms were scored eleven dpi.
Each treatment was performed using 20 maize seedlings. The experiment was
repeated five times obtaining similar results. Data are means ± SE.
Kessler et al., 2008). In the asymptomatic green areas that sur-
rounded the tumors (ST) most ZmPAO genes were repressed
(Fig. 5A). The above-mentioned results suggest that in maize tu-
mors induced by U. maydis, the transcription of the ZmPAO1 gene,
which encodes an extracellular oxidase, might be responsible for
the increased PAO activity in tumors and H2O2 production through
PA catabolism.

In addition, the organ-specific expression of the ZmPAO genes
was examined in leaves, stem and roots of 15-day-old maize
seedlings. The relative expression level of each ZmPAO gene was
normalized to its expression in leaves. All the six ZmPAO geneswere
expressed in the different tissues analyzed (Fig. 5B). The ZmPAO1
gene was highly expressed in stems, as compared to other plant
organs. ZmPAO4 and ZmPAO6 transcripts were more abundant in
stem and roots than in leaves. The ZmPAO5 genewas expressed to a
similar extent in all organs analyzed. ZmPAO2 and -3 genes showed
low expression levels in roots (Fig. 5A).
4. Discussion

Polyamine catabolism in plants mediated by flavin-containing
polyamine oxidases (PAOs) contribute to the control of many
important physiological processes such as defense responses to
biotic and abiotic stress (Angelini et al., 2010; Cona et al., 2006;
Kusano et al., 2015). PAO activity is responsible for fine-tuning
cellular PA levels with the concomitant generation of important
signaling molecules, such as hydrogen peroxide (H2O2). In the
present work, we studied ZmPAO1-6 expression levels, and the
contribution of ZmPAO activity to H2O2 production in tumors in the
maize-U. maydis pathosystem.

Plant tumors induced by bacterial and fungal pathogens are
accompanied by cell reprogramming leading to cell hypertrophy
and hiperplasia. Hormonal pathways are responsible for some of
the morphogenetic changes observed in the tumor cells, giving
importance to cytokinins, auxins, ABA, ethylene and other plant
growth regulators such as PAs (Bruce et al., 2011; Jim�enez-Bremont
et al., 2014; Nassem et al., 2014; Reineke et al., 2008; Veselov et al.,
2013). Themaize-U. maydis interaction is an excellent model for the



Fig. 3. Effect of 1,8-diaminooactane on H2O2 production and PAO activity in maize tumors induced by Ustilago maydis. Five-day-old maize plants grown under semi-hydroponic
conditions were treated with increasing concentrations of 1,8-diaminooctane: (A) 0, (B) 200, (C) 300 and (D) 400 mM. Three days later plants were inoculated in the node re-
gion with a cell suspension (108 cells/mL) of U. maydis FB1 � FB2 strains. Seven days after inoculation, leaf sections of infected plants were stained with 3,3-diaminobenzidine for in
situ H2O2 detection. Arrows show H2O2 brown staining in leaf blade maize tumors. The experiment was repeated 2 times obtaining similar results. (E) Seven days after inoculation,
PAO activity of infected maize plants previously treated with 1,8-DO was measured using Spd and Spm as substrates. Inoculated plants that were not treated with 1,8-DO were used
as controls. Data are means ± SE (n ¼ 6) of a single representative experiment from two replicate experiments. Different letters indicate significant differences between samples
using the same substrate (Spd or Spm) according to Two-way ANOVA at P < 0.05. (F) Free polyamine (Put, Spd and Spm) content of infected maize plants treated with 0, 200, 300
and 400 mM 1,8-DO. Data are means ± SE (n ¼ 3) of a single representative experiment from two replicate experiments. Asterisks (*) indicate values that differ at P < 0.05 between
1,8-DO treated and untreated (control) samples according to Dunnett's multiple comparison test.
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understanding of plant cell reprogramming leading to tumor
development (Bruce et al., 2011). In relation to the role of PAs in
tumor formation, high levels of free and conjugated Put are accu-
mulated in maize leaf blades infected with U. maydis, from the
onset of the development of chlorotic lesions through the estab-
lishment of tumors (Rodríguez-Kessler et al., 2008; Rodríguez-
Kessler and Jim�enez-Bremont, 2009). Thus, it can be hypothesized
that high levels of Put are important for the cellular processes (cell
division and elongation) that lead to tumor development. Herein,
we detected a decrease in ZmPAO transcript levels in chlorotic le-
sions (Fig. 5A), which suggests that the important increase in PA
levels previously reported (Rodríguez-Kessler and Jim�enez-
Bremont, 2009) at this stage of disease development is not only
due to an enhancement in PA synthesis, but also to the down-
regulation of PA catabolism. Conversely, in tumors induced during
later stages of leaf infection by U.maydis, PAO activity was found to
play an important role in H2O2 production. The contribution of PAO
activity to H2O2 production was tested using 1,8-DO, a compound
that has been previously demonstrated to act as a competitive in-
hibitor of maize PAO. 1,8-DO has been shown to exert PAO inhibi-
tion through a high affinity interaction with the U-shaped catalytic
tunnel of the ZmPAO1 enzyme (Ki value of 3.0 � 10�7) and is a
valuable research tool for studies on plant PAOs (Cona et al., 2004;
Rodríguez et al., 2009). The dramatic reduction of H2O2 accumu-
lation in tumors developed on plants treated with increasing 1,8-
DO concentrations detected in the present work, as well as the
concomitant drop in PAO activity (Fig. 3), support the view that PAO
activity strongly contribute to H2O2 accumulation under these
conditions. The increment in free Spm level (2-fold) is also
consistent with the low PAO activity in tumors of plants treated
with 400 mM1,8-DO. Taking into account that ZmPAO1was the only
PAO gene whose expression was increased in tumors (Fig. 5A), the
drop in PAO activity caused by 1,8-DO in this tissue could be related
to the specific inhibition of this PAO isoform.

It is also worth to point out that the 1,8-DO inhibitor was found
not to affectU.maydis growth, mating and filamentous growth after
mating (Suppl. Fig. 2). Moreover, U. maydis pao mutants are still
able to undergo mating and to accomplish yeast-to-hypha transi-
tions (Vald�ez-Santiago et al., 2010).

In maize tumors, a balance between PA synthesis and catabo-
lism may be involved in the accumulation of Put and the mainte-
nance of Spd and Spm levels (Rodríguez-Kessler et al., 2008). The
high PAO activity in tumors with increased H2O2 accumulation
could be related to cell wall enlargement, restructuring and rein-
forcement. ZmPAO1 is a secretory glycoprotein abundant in pri-
mary and secondary cell walls with roles in cell wall maturation
and wounding healing (Angelini et al., 2008; Cona et al., 2005).
Inhibition of ZmPAO1 activity with N-prenylagmatine affects lignin
and suberin polyphenolic domain deposition in the cell wall of
wounded tissues (Angelini et al., 2008). In our experiments, we



Fig. 4. Maximum Likelihood phylogenic tree of plant polyamine oxidases (A): Z. mays (ZmPAO1-6), O. sativa (OsPAO1-7), A. thaliana (AtPAO1-5) and Citrus sinensis (CsPAO1-6). The
phylogenetic tree was constructed using the MEGA6 program. As outgroup the amine oxidase of Chlamydomonas reinhardtii (CrFMS1) was used. Genomic organization of the ZmPAO
gene family (B). Introns are shown as solid lines and boxes represent exons. The exons of the ORF region are numbered (I to X) and exons in the UTR regions are gray shadowed.
Same-length-exons are highlighted in blue. Intron phase (0, 1 or 2) is indicated below each intron.
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observed thatmaize plants treatedwith 1,8-DO showed a reduction
in tumor size and that leaf blades reduced in size in a 1,8-DO
concentration dependent manner (Suppl. Fig. 1). This information
let us to hypothesize that the inhibition of PAO activity in maize
infected tissues treated with 1,8-DO reduces tumor cell elongation
by affecting cell wall maturation. In support of this view, inhibition



Fig. 5. Expression of ZmPAO genes in Ustilago maydis-infected plants (A), and in different maize organs (B). One microgram of total RNA from 17-day-old maize seedlings was
reverse-transcribed and analyzed by qRT-PCR using SYBR green. Quantitation of ZmPAO1-6 genes in U. maydis-infected plants, expressed as relative fold change of ZmPAO genes was
calculated after normalization to the non-infected maize tissues using the comparative threshold method (2�DDCt). Control (c), chlorosis and anthocyanins (Chl), tumor (T),
asymptomatic tissues that surrounded the tumors (ST) and healthy leaf (L). Quantitation of maize ZmPAO genes in leaves (L), stems (S) and roots (R), expressed as relative fold
change of the target gene compared with its expression in a reference organ (L) was estimated with the comparative threshold method. The maize actin-1 (GenBank J01238) gene
was used as reference. Bars represent means ± SE (n ¼ 3). Stadistical analysis was assessed by one-way ANOVA followed by Dunnett's test. *P < 0.05, **P < 0.01, ***P < 0.001.
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of maize leaf blade elongation in the presence of the 1,8-DO and
other PAO inhibitors has been reported (Rodríguez et al., 2009), and
remarkably the authors found that PAO activity supports maize leaf
elongation by the oxidation of apoplastic PAs under salt stress.
Since ZmPAO1 is an apoplastic enzyme, it might be possible that
tumor growth depends on Spd and Spm export to the apoplast and
further production of H2O2 in the extracellular space. Polyamine
oxidases, both apoplastic and peroxisomal, appear to be essential
enzymes for cell elongation processes. In A. thaliana, where no
apoplastic PAO enzymes have been found, the peroxisomal AtPAO3
is critical for pollen tube elongation (Wu et al., 2010) and for
balancing superoxide ions (O2

¡) and H2O2 production (Andronis
et al., 2014).

Keyword search and sequence BLAST analysis indicate that six
members compose the ZmPAO gene family: ZmPAO1-6 (Table 1).
The maize PAO family has orthologous genes to the Arabidopsis
(AtPAO1-5) and O. sativa (OsPAO1-7) PAO gene families, and main-
tains the same gene number as in the Citrus sinensis (CsPAO1-6) PAO
gene family (Fincato et al., 2011; Ono et al., 2012; Wang and Liu,
2015). Phylogenetic analysis grouped the ZmPAO proteins into
three clades: I (ZmPAO1), II (ZmPAO5) and III (ZmPAOs 2, -3, -4 and
-6). The well described ZmPAO1 (Cona et al., 2006; Tavladoraki
et al., 1998) is more related to the rice OsPAO7 enzyme involved
in terminal catabolism, and also to the OsPAO6 and OsPAO2 en-
zymes which appear to be shorter isoforms of OsPAO7 (Kusano
et al., 2015; Ono et al., 2012). The ZmPAO2, -3, -4 and -6 appear
to be related to the Arabidopsis and rice peroxisomal enzymes.
Interestingly, ZmPAO2, -3, -4 and -6 genes conserve a genomic or-
ganization with ten coding exons, and the length of most of these
exons is also maintained (Fig. 4). The position of introns within
codons in ZmPAO2, -3, -4, and -6 genes is also highly conserved:
introns 1, 5, 7 and 9 lie after the first base (phase 1), introns 2, 3, 6
and 8 are located after the second nucleotide (phase 2), and only
intron 4 lies between two codons (phase 0). All these together let us
suggest that they were originated by gene duplication events.
Finally, the ZmPAO5 gene lacks introns in the coding regions as
reported for AtPAO5, OsPAO1 and CsPAO4 (Fincato et al., 2011; Ono
et al., 2012; Wang and Liu, 2015).

Transcripts of ZmPAO genes were detected in leaves, stems and
roots of 15-day-old maize seedlings (Fig. 5B). In Arabidopsis, the
expression of the five PAO genes (AtPAO1-5) was observed in
several tissues in 2 week-old-plantlets (Takahashi et al., 2010). The
AtPAO4 transcript was abundant in root tissues and, AtPAO1, -2, -3
and -5 were highly expressed in floral organs (Takahashi et al.,
2010). In maize we found ZmPAO1 and ZmPAO4 transcripts to be
more abundant in stems than in other organs, and of ZmPAO4 and
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ZmPAO6 transcripts were more abundant in root. Besides tissue
specific expression, in silico analysis of ZmPAO1-6 promoters shows
several regulatory elements responsive to phytohormones [auxins,
gibberelins, salicylic acid, methyl jasmonate (MeJA) and ABA], and
to biotic and abiotic stress (Suppl. Fig. 4A). MeJA regulatory ele-
ments (CGTCA, TGACG motifs and the G-Box) were found to be
common in the promoters of ZmPAO genes, and accordingly MeJA
positively regulates the expression of ZmPAO1, -3 and -5 genes
(Suppl. Fig. 2B). ZmPAO1 responsiveness to jasmonic acid has
already been reported (Angelini et al., 2008) with an important role
for ZmPAO1 gene in wound healing events. Besides ZmPAO1, it
might be possible that the ZmPAO genes could also have a role in
wounding and biotic stress responses that involve MeJA signaling.
Upregulation of many MeJA biosynthetic genes is shown after
infection of maize plants with U.maydis (Doehlemann et al., 2008).
This highlights the importance in regulation of ZmPAOs, mainly
ZmPAO1 expression and activity during the infection process.

5. Conclusion

Maize tumors induced by U. maydis accumulate H2O2 to signif-
icant levels, and maize polyamine oxidases, mainly ZmPAO1 whose
transcript is up-regulated in tumors, may be responsible for the
increment of H2O2. Inhibition of maize PAOs reduces disease
symptoms in leaf blades infected with U. maydis, possibly by
affecting the cell elongation processes that leads to tumor devel-
opment. We suggest that the H2O2 produced through PA (Spd and
Spm) oxidation participates in tumor development during the
maize-U. maydis interaction.
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