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Abstract

Polyamines are essential for all living organisrestteey are involved in several vital
cell functions. The biosynthetic pathway of polyass and its regulation is well
established. One of the enzymes that particulathaa the attention of researchers is
the ornithine descarboxylase as it is the domirmaonitrolling factor of the entire
pathway. In this work we have assessed inhibitibnthes enzyme with D, Lla-
difluoromethylornithine (DFMO) o\lternaria alternata and it has drastically reduced
fungal growth and mycotoxin production. This intitn was not completely restored
by addition of exogenous putrescine. Actually, @asing concentrations of putrescine
on the media negatively affected mycotoxin productiwhich was corroborated by
downregulation opksJ andaltR, both genes involved in mycotoxin biosynthesis. We
have looked at the polyamine metabolisnAoélternata with the goal of finding targets
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that compromises its growth and its capacity of obgxin production. In this sense, we
have tested two polyamine analogs, AMXT-2455 and XAMB016, and we have
observed that they partially contrél alternata viability in vitro and in vivo using

tomato plants Finding strategies to design new fungicide sulzsia is becoming a

matter of interest as resistance problems are engerg

Keywords: Alternaria alternata; alternariol; alternariol monomethyl ethgolyamines;

DFMO, polyamine transport inhibitor

1. Introduction

Alternaria is a common genus of ascomycete fungi that comtaimerous species that
are both saprophytic on organic materials and gahic on many plantlternaria
spp. can contaminate a wide variety of crops infiflds and can cause the spoilage of
various fruits, grains, and vegetables during p@strest and transport, which causes
important economic and material losses to the faddstry and growers (Bottalico and
Logrieco, 1992; Pitt and Hocking, 1997). During lpmgenesis, severalternaria
species are capable of producing toxic secondartabubtes, some of which are
phytotoxins that are involved in fungal pathogeyicand some others are mycotoxins
that elicit adverse effects in humans and anima@lse most common group of
mycotoxins associated witllternaria contamination includes alternariol (AOH),
alternariol monomethyl ether (AME), tentoxin, temamic acid, altenuene and
altertoxins.Alternaria alternata is one of the most common species and it has been
described as the major mycotoxin-producing speokghis genus (EFSA, 2011,

Logrieco et al., 2009; Ostry, 2008)
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Polyamines are small polycationic compounds preiseall living organisms. They are
essential for growth and development as they régudaveral biological processes
(Tabor and Tabor, 1983). In higher eukaryotic oirg@as, including fungi, the most
common polyamines are putrescine, spermidine, grefngne. However, a large
number of fungal species do not contain spermimgdPand McCann, 1982; Valdés-
Santiago et al., 2012; Walters, 1995). Polyamiregtbeen frequently associated with
plant stress and defense responses as it has beerved that under these situations,
plants significantly accumulate free and conjugdésels of putrescine, spermidine and
spermine (Alcézar et al., 2006; Richards and Colen&52). This increase has been
seen to go along with an upregulation of two polysmbiosynthetic enzymes, the
ornithine decarboxylase (ODC) and the polyaminedase¢ (Haggag and Abd-El-
Kareem, 2009; Walters et al., 2002). Gardinerl.e(2009) proposed that products of
the arginine-polyamine biosynthetic pathway in pdaplay a role in the induction of
trichothecene biosynthesis during fungal infectidhus, the pathogen would exploit
the generic host stress response of polyamine ssistras a cue for production of
trichothecene mycotoxins (Gardiner et al., 2010).

During the last decades, the use of specific intiibiand the development of mutants
has been used to better understand the polyaminabolsm pathway and its
regulation. In plants at least two different polyaenpathways involved in polyamine
biosynthesis have been described, whereas in fthege is a unique pathway. In
animals and many fungi, putrescine is only synttezkifrom ornithine by ODC, which
is a key enzyme of the entire pathway. This chargtic, makes this metabolic route an
ideal target for controlling the growth of pathogefungi without altering the plant host
as they can use an alternative pathway in which @D@ot involved. In this sense,

some researchers have tried to design new strategaevelop new fungicides targeted
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on the polyamine metabolism (Crespo-Sempere et28ll5; Garriz et al., 2003;
Mackintosh et al., 2001; Mellon and Moreau, 2004).

Fungicides have been used in agriculture for weéirca century, and initially there
were no reports of losses of efficacy in the fieMkvertheless, over time it was
discovered that plant pathogenic fungi can adagungicide treatments by mutations
leading to resistance and loss of efficacy. Thihéscase oA. alternata contaminating
nuts, orAlternata solani contaminating potatoes, which both achieved resistagainst
succinate dehydrogenase inhibitors (Avenot and Micles, 2007; Lucas et al., 2015;
Miles et al., 2014). Therefore, it is interestimgeixplore new targets and new strategies
for resistance management. With this aim, we haydoeed polyamine metabolism of
A. alternata and we have tried to find out some target, via polyamsynthesis
inhibition and polyamine analogs, to achieve thetmd of A. alternata regarding
tomato plant diseases. For this purpose, we hasb/zed the effect of inhibiting the
ODC activity onA. alternata. We have also studied the impact of adding exogeno
putrescine and the consequences of inhibiting polya transport using different
polyamine analogs. All these assays have beenrpetbin vitro andin vivo using

tomatoes and tomato plants.

2. Material and methods

2.1 Fungal strain growth conditions

The A. alternata strain used in this study was the CBS 116.3294fied from apple),
provided by Centraalbureau voor SchimmelcultureBSCUtrecht, The Netherlands).
To prepare conidial suspensiors,alternata was routinely grown on Potato Dextrose
Agar plates (PDA, Biokar Diagnostics, France) amzibated seven days in the dark at

26 °C. Conidia were collected with a scalpel withirsterile solution of phosphate-
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buffered saline (PBS) with 0.005% (v/v) Tween 80T(JBaker, Deventer, The
Netherlands) and filtered through Miracloth (Catitiem, USA). Conidial suspension
concentration was adjusted to®Xdnidia/mL using a Thoma counting chamber. To
study the effect of D, le-difluoromethylornithine (DFMO, Enzo Life SciencjddSA),
putrescine (Sigma-Aldrich, USA), and polyamine sport inhibitors (PTIs), a medium
free of polyamines was prepared angdL5of the conidial suspension (1€onidia/mL)
were centrally inoculated on the plates and inadainder dark conditions at 26 °C for
seven days. This medium contained, per liter, 30agose, 1 g NHNOs, 1 g KH,PO,,

20 g agar, 0.5 g MgS©O/H0, 0.5 g KCI, 10 mg FeS©O7H,0O and 100uL of trace
element solution (per 100 mL, 5 g citric acid, Brg5Qy- 7H,0, 0.25 g CuS®@5H,0, 50
mg MnSQ-H,O and 50 mg EBO3). Medium pH was adjusted to 6.5 with NaOH.
Putrescine, DFMO and the polyamine analogs (pledsmge PTIs to polyamine
analogs throughout manuscript) were dissolved itexyasterilized by filtering the
solution through a 0.45 um pore size filter andeadtb the aforementioned autoclaved
culture medium. For DFMO experiments, the concéiotna tested were 2.5 mM and 5
mM. For putrescine, concentrations were 50, 50@018nd 5000 uM, while for the
PTls, the concentrations ranged from 100 to 1200 RWMs, DFMO, and putrescine
were stored at —20 °C until needed. We tested sBvds, detailed in Table 1, kindly
provided by Aminex Therapeutics (USA). The PTIs Epephilic polyamine analogs,
synthesized as polyamine transport inhibitors dizgme inducing agents (Burns et al.,
2001; Burns et al., 2009; Petros et al., 2006). Tipephilic PTIs bind to the lipid
membrane of the mammalian cell where the the palyantransport apparatus is
blocked and, as a result, the uptake or the excreti polyamines, or may be both, will

be inhibited. The antizyme inducing polyamine agaldnduce frameshifting and
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expression of antizyme, which is a polyamine-feebaiomolecule shown to inhibit

polyamine biosynthesis and transport.

2.2 Radial growth rate and sporulation assessment

Radial growth rate was determined by measuring/dauler 4 days, two perpendicular
diameters of the growing colonies. Sporulation sss®nt was carried out by collecting
all the mycelia grown on a Petri dish with the helpa scalpel and placing it on a
Falcon® tube containing a sterile solution of PBBhw).005% (v/v) of Tween 80.
Tubes were vigorously shaken on the vortex anddi@mwere recovered by filtration
through Miracloth. Conidia concentration was meaduoy using a Thoma counting

chamber and results were expressed as conidfahfungal colony.

2.3 Extraction and detection of AOH and AME from culture

Mycotoxin production (AOH and AME) was quantified seven day old cultures. To
this aim, one agar plug (5 mm in diameter) was negddrom the center of the colonies
and extracted with 500 pL of acetonitrile-methawaker (45:10:45 v/v/v), adjusted to
pH 3 with o-phosphoric acid. After 60 minutes, samples wdter&d (Millex-HV 0.45
um, 25 mm, Millipore Corporation, USA) into anotheal and mycotoxin extracts were
dried in a speed vacuum concentrator at room teatyrer. Samples were stored at -20
°C until HPLC analysis. Prior to analysis, the agts were resuspended in 500 of
the mobile phase solution (water-methanol, 50:5@).vSeparation, detection and
quantification of AOH and AME was performed on aRLKL system consisting of a
Waters 2695 Alliance Separations Module conneaedWV/Visible dual absorbance
Detector Waters 2487, using a reverse phase Kirif&xcolumn (oum, 4.6 x 150 mm,

Phenomenex, Torrance, CA, USA) preceded by a Sgmhbriguard column (fum
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ODS2, 4.6 x 10 mm, Waters, Millford, MA, USA). Cohms were set at a temperature
of 35 °C. For chromatographic separation of AOH &ME the flow rate was 0.5
mL/min and the injection volume was 100 puL. Absaptwavelength was set at 258
nm. The mobile phase consisted of a gradient oblgodistilled miliQ water (MiliQ
Academic Millipore, USA) and methanol-water (70:3@) according to the gradient
described in Table 2. Retention times were 24 resdor AOH and 32 minutes for
AME. For mycotoxin quantification, working standaravere used to perform a ten-
point calibration curve for the mycotoxins (150@50, 1000, 750, 500, 250, 100, 50,
25 and 10 ng/mL). The limit of detection (LOD) faOH was 0.02 ng/mfnfor in vitro
assays and 0.0Q8y/g tomato, while for AME the LOD was 0.034 ng/Mmim vitro and
0.012ug/g of tomato. The LOD vas based on a signal-teenaatio of 3:1. The limit of
guantification (LOQ) was calculated as 3 x LOD. #dlvents were HPLC grade and all
chemicals were analytical grade. Method performacitaracteristics for AOH and

AME are summarized in Table 3.

2.4 Gene expression analysis

Mycelium grown for seven days on media supplementigd different concentrations
of DFMO, putrescine, and PTIs was collected, frorehquid nitrogen and stored at -
80 °C before nucleic acid extraction. RNA was ested from 1 g of mycelium
previously grounded to a fine powder with a modad a pestle with liquid nitrogen.
Pulverized mycelium was added to a pre-heated@orfixture of 10 mL of extraction
buffer: 100 mM Tris—HCI (pH 8.0), 100 mM LiCIl, 10MhEDTA, 1% (w/v) sodium
dodecyl sulfate (SDS), 1% (w/v) polyvinyl-pyrrolide 40, 1% (v/vB-mercaptoethanol
and 5 mL of Tris-equilibrated phenol. The extra@swncubated at 65 °C for 15 min

and cooled before adding 5 mL of chloroform:isoanaytohol (24:1, v/v). The
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homogenate was centrifuged at 3%0§for 20 min at 4 °C, and the aqueous phase was
re-extracted with 10 mL of phenol:chloroform:isodmajcohol (25:24:1, viviv). RNA
was precipitated during three hours at -20 °C kgirepd 3.3 mL of 12 M LIiCl. After
centrifugation at 2720& g for 60 min, the pellet was washed with 500 of 70%
ethanol. The resultant pellet was re-extracted ®80 uL of 3 M sodium acetate (pH
6.0) to remove residual polysaccharides. Then, RM& washed again with 5@ of
70% ethanol, and, finally, dissolved in 10D of miliQ water. RNA concentration was
spectrophotometrically measured and verified byidaim-bromide staining of an
agarose gel. Total RNA was treated with DNase (TORBNase, Ambion, USA) to
remove contaminating genomic DNA. Single-strand éDMas synthesized from jog

of total RNA using SuperScript Il reverse tranption kit and an oligo(dT), according
to the manufacturer's instructions (Invitrogen, YSA

Primer pairs pksJ_F/pksJ_R and altR_F/altR_R wesggded to study gene expression
of a polyketide synthase, PksJ, and a putativest¢rgstional factor, AltR, both are
involved in the AOH and AME biosynthesis pathwagt{8 et al., 2012)Gene-specific
primer set ODC_F/ODC_R was designed for expressioalysis of the polyamine
biosynthetic enzyme, ODC. The primer pair TPO4 H)#_R was used to analyze the
expression of TPO4, a putative polyamine transpotte&t is involved in the
detoxification of excess polyamines in the cytopla@omitori et al., 2001). Finally,
the primer pair A-BTF/A-BTR was designed within theta-tubulin gene, which was
chosen as a housekeeping gene. All primer paire wWesigned using thalternaria
genome database (http://alternaria.vbi.vt.edu)nmgg@ublished by Dang et al. (2015).
A. alternata (ATCC 66981) genome was established as the quetymeRs were
designed with the OLIGO Primer Analysis Software’ VAIl primer sequences with

each corresponding transcript ID are listed in @ahl Gene expression analyses were
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assessed on @FX96 Touch" Real-Time PCR Detection System (BIO-RAD, USA).
gPCR reactions were performed in a final volume 16f uL, containing 1X of
SsoAdvancel SYBR® Green Supermix (BIO-RAD, USA), 250 nM of bagrimer
and 1uL of template DNA. The standard protocol includeteaycle at 98 °C for 2
min, followed by 35 cycles at 98 °C for 5 s and°&8for 30 s. Reactions were done in
duplicate for each sample, checking the PCR reactjoality by analyzing the
dissociation and amplification curves. The corresjiog qPCR efficiency (E) in the
exponential phase was calculated according to thett®n: E = 10[-1/slope]. The
relative expression of the target genes was cdtalilbased on the E and the Crossing
point (Cp) value of the sample versus the coniffbke Cp value is the cycle at which
fluorescence from amplification exceeds the baakgdofluorescence. The relative
expression of the target genes was expressed ipargun to the beta-tubulin gene

(reference gene), according to the following equma{Pfaffl, 2001; Rasmussen, 2001):

ACD target gene(MEAN control - MEAN sample)
(Etarget gene)

R = )ACp reference gene(MEAN control -MEAN sample)

(Ereference gene

Gene expression measures were derived from bi@bgiplicates.

2.5 Inoculation and growth of A. alternata on tomatoes and tomato plants treated
with PTIs

We tested the effect of the polyamine analogs AMBOI:6 and AMXT-2455 orA.
alternata, tomato plants and tomato fruits. To obtain tomaten{s, we grew tomato
seeds $olanum lycopersicum var. paladium) on sterilized soil in a growth chamber with
a photoperiod of 16 h of light at 25 °C and 8 Hdarfk at 20 °C, and a relative humidity
(RH) of 75%. Tomato seeds were kindly provided ®m#las Fitd S.A (Barcelona,

Spain). The fungal inoculation on tomato plants wagormed once plants had five or
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more true leaves, approximately 3-4 weeks afterstexling. Prior to infection, leaves
were injured by lightly rubbing the skin with carbodum dust (Carlo Erba Reagents,
Italy) with a cotton-tipped applicator. Afterwardge immediately treated with the PTls
treatment by touching the leaves with a cottondgmpreviously dipped in the PTI
solution (800uM for AMXT-3016 and 100QuM for AMXT-2455). Once excess water
was dried fungal infection was performed by inotintathe leave with 1QL of anA.
alternata spore suspension (16onidia/mL). Negative control plants were alsaiigfl
with carborundum dust, soaked with the PTI solutail, once dry, wetted again with
10 pL of sterile water. Tomato plants were containediviiually in non-hermetic
boxes and left to grow one more week on the sagie And temperature conditions
aforementioned but increasing the RH to 90%, wtligslored the fungal growth. For
this experiment, each treatment was composed keytdmato plants and each plant had
5 treated leaves. Observations were performed ek \after the fungal inoculation
and were based on symptom appearance.

To assess PTIs effectiveness on tomato fruits, wed utomato fruits Solanum
lycopersicumvar. paladium). Before performing inoculation assays, we vedifighat
this tomato variety was susceptible Atternaria spp. infection by inoculating five
tomatoes with arlternaria conidial suspension and let inoculated tomatoes dov
one week at 20 °C. The effectiveness of the PEledewas measured by analyzing the
diameter of the fungal infection, and the AOH anBlIE production. Tomato fruits
were previously surface disinfected with 10% ofigodhypochlorite for 1 minute and
rinsed with tap water for 10 minutes. Once excest®emwas evaporated, tomatoes were
dipped for 10 seconds into the PTI solution (880 for AMXT-3016 and 100QM for
AMXT-2455) and they were left to dry again. Tomataeere four-times injured with a

sterilized awl. Inoculation was performed placingub of a conidial suspension (10

10
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conidia/mL) in each wound. Negative control tomateeere also injured and 5 pL of
water were placed on each hole but no conidialenspn was added. Positive controls
were not dipped into the PTIs solutions but weoeulated with thelternaria conidial
suspension. Tomatoes were packaged into plastis bag stored at 20 °C for two
weeks in the post-harvest chambers of the Instfat€&ood and Agricultural Research
and Technology (IRTA), who kindly offer us theirazhbers. Inside the plastic bags the
RH reached the 100%. Temperature and RH were reddndurly by a data logger
(Escort iLog RH, Portugal). Five tomatoes were agred a single replicate and the
assay was performed in quadruplicate. Two weeksr dfte fungal inoculationA.
alternata growth was observed. Diameter lesion size was medsand mycotoxins
were extracted. For validation, AOH and AME freentdoes were artificially spiked
with Alternaria mycotoxins to assess recovery and repeatability détthe method
(Table 3). For mycotoxin production assessmentgplof 7 mm of diameter and 0.5
mm of thickness were removed from the inoculatiomp Three plugs were taken from
each tomato. All the plugs from the same replicagFe put into a stomacher bag.
Mycotoxin extraction was proceed by adding 30 mLaggtonitrile-methanol-water
(45:10:45 viviv; pH 3 adjusted witb-phosphoric) and homogenizing for 2 minutes
with the stomacher. The mixture was blended foret&a minutes under a uniform
magnetic field. The solution was left for 10 mimyteapproximately, to favor
precipitation by gravity. Then, 6 mL of the supdam were transferred to a centrifuge
tube and diluted with 15 mL of 0.05 M sodium dihygen phosphate solution (pH 3)
and centrifuged at 15250g for 10 minutes. Two mL of the diluted sample egtnaas
passed by gravity through a previously conditioBedd Elut Plexa SPE cartridge (200
mg and 6 mL, Agilent Technologies, Santa Clara, C©&%A). Conditioning of the

cartridge was done with 5 mL of methanol followignL of miliQ water. The SPE
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column was washed with 5 mL of water followed bydaying on the manifold. Finally,
elution was carried out with 5 mL of methanol anehb of acetonitrile. Sample extracts
were dried under nitrogen flow and stored at -2@A@ HPLC analysis. Prior to HPLC
injection, samples were resuspended in h00of the mobile phase solution (water-

methanol, 50:50 v/v). HPLC conditions were the saereviously described.

2.6 Statistical analysis

All statistical data was analyzed using the One WB{DVA test (p < 0.05). When data
did not fit the ANOVA assumptions (normality andnhoscedasticity), results were
transformed. Tukey-HSD test (Honest Significantf®ince) was used to compare
means. All statistical analyses were performed v@8tatgraphics Centurion Version

XVI.

3. Results

3.1 Inhibition of ornitine descar boxylase by DFMO

Scarce information is available about polyamineanelism in theAlternaria genus. In
this study, the first strategy adopted to bettedaustand polyamine metabolism An
alternata was to examine the effect of putrescine biosyngh@shibition by using
DFMO, which irreversible inhibits the ODC enzymesponsible for catalyzing the
initial step in polyamine synthesis and a key enzyihthe entire pathway (Davis et al.,
1992; Metcalf et al., 1978). Two different concatittns of DFMO were tested, 2.5 and
5 mM. Results (Fig. 1) demonstrated that DFMO iithibA. alternata radial growth
rate (mm/day) by 10% and 26%, respectively. Adddity, not only the fungal mycelia
growth was affected but also the colony morpholdggntrol colonies grew in a thickly

green-brown uniform layer, while the colonies thHave been grown on media

12
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containing 2.5 or 5 mM of DFMO lost all the pigmatibn and, as a consequence, were
white with much less mycelium. Regarding mycotopiroduction, control colonies
produced a total amount of 1.84 ng/mmf AOH while no AME was detected.
However, the addition of 2.5 mM of DFMO on the neediecreased the AOH
production to 0.78 ng/mmwhile 5 mM completely inhibited mycotoxin biospesis.
Growth inhibition mediated by DFMO was readily resexd in the presence of 1 mM of
putrescine. In contrast, neither mycotoxin prodactinor the colony color, were
reversed when 1 mM of putrescine was added to tkdian Colonies were less
pigmented and adopted a softer green coloration.

In order to get a deeper insight about how DFM@G#dA. alternata, gene expression
analysis was carried out. Gene expressiopksi and altR was studied, both genes
identified of being essential in the AOH and AMBEoguction pathway (Saha et al.,
2012). Gene expression ODC and, additionally, the expression @04, a gene that
encodes a polyamine transporter protein that razegnputresine, spermidine, and
spermine and excretes them from the cell to theaesliular media (lgarashi and
Kashiwagi, 2010; Tachihara et al., 2005; Tomitdrak, 1999; Valdés-Santiago et al.,
2012). Fig. 2 shows the relative expressionpkd], altR, ODC and TPO4 in the
presence of DFMO with respect to control samplesm® DFMO and 0 mM
putrescine). Thus, bars above the baseline indigategulation, while bars under the
baseline indicate downregulation. Gene expressnatysis revealed that the higher the
DFMO concentration, the higher the downregulatibpksJ andaltR. DFMO decreased
gene expression @ks] by a log ratio of 3.03 when treated with 2.5 mM and 4.1&wi
5 mM. In contrast, with regard t@®@DC expression, it was found that both
concentrations of DFMO resulted in an overexpressiothe geneTPO4 was the most

affected gene by DFMO among the ones we studieé ddlonies that had no
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exogenous putrescine in media indicated a tagjo decrease of thEPO4 of 11.15 for

2.5 mM, and 10.86 for 5 mM, which represents a 22an2 1859 fold change,
respectively. Addition of putrescine on the medmady reverted the effect of DFMO
for pksJ, altR and ODC. However, exogenous putrescine only achieved a&apar

overcoming of th&PO4 downregulation.

3. 2 Effect of exogenous putrescine addition on A. alternata

To assess the effect of exogenous putrescine adddn the media on which.
alternata was grown, different concentrations of putresaivere tested (0, 50, 500,
1000 and 500QuM) and different parameters that could had beeectdti were
analyzed, such as the radial growth rate, the noyaotproduction, the sporulation, and
the colony morphology. Results indicated that rfecétion on radial growth rate was
observed on colonies containing 50 and 80 of putrescine though when the media
contained a concentration of 100M or 5000 uM, the radial growth rate decreased
11.17% and 32.00%, respectively, compared to cbetitmnies (Fig. 3). Mycotoxin
production was also affected by exogenous putresaddition, especifically AOH, as
no AME was detected. The highest peak of AOH cpwerded to the control colonies
and, as the putrescine concentration in the med@eased, AOH decreased
proportionally. Colonies with 1000M of putrescine reduced the mycotoxin production
nearly 90%, while no AOH was observed on 5000 plates. The effect of putrescine
on the sporulation was also analyzed and it wasrgbd that, as it has been seen with
the radial growth rate and the mycotoxin productisporulation also decreased as
exogenous putrescine concentration increased inntbdia. This way, when the
putrescine concentration was pBl, the sporulation decreased to 55.60% compared to

the control, 35.50% when it was 50 and 12.73 and 7.37% when it was 1000 and

14



347 5000uM, respectively. Fig. 3 also illustrates that pstiee also affected the color of
348 the colonies. As putrescine concentration increasieel colonies gradually lose the
349 green pigmentation and tacked to almost white telwben the concentration of
350 putrescine reached 50QM.

351 To understand the genetic impact of putrescinerdigg mycotoxin production and
352 polyamine biosynthesis pathway, we carried out gexygession opksJ, altR, ODC
353 and, TPO4 (Fig. 4). Dealing with genes related to mycotoxilosynthesis, when
354 putrescine concentration was high, 5Q0@, gene expression gksJ andaltR showed
355 a light downregulation. FaaltR this downregulation was noticeable even at 1080
356 Similarly, it was found that the addition of exoges putrescine té. alternata culture
357 had little effect on th©DC expression. By contrast, most significant resukserfound
358 when gene expression ®P04 was analyzed. The slight upregulation of cultuxg
359 50, 500 and 1000QM of putrescine (that correspond to 1.84, 2.16 a6@ fold change,
360 respectively) greatly contrast with what happenemw®b000uM of putrescine was
361 applied, as a downregulation TPO4 expression of 11.31 fold change was observed.
362

363 3.3 Polyamine analogson A. alternata cultures

364 Fungi could get supplies of polyamines from thewnoproduction via the ODC
365 metabolic pathway but also from importing polyansirieom external sources, such as
366 plants, which regulation is supported by polyamirensporters. Burns et al. (2001;
367 2009) developed a group of lipophilic polyamine lagaes that potently inhibit the
368 cellular polyamine transport system. In this cohtexprevious study wittusarium
369 graminearum (Crespo-Sempere et al., 201&)pported that PTIs could affect fungal
370 growth and mycotoxin production and even inhibithbprocesses. Thus, in order to

371 evaluate the effect of PTIs @&k alternata cultures we tested seven PTIs developed by
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Burns et al. (2001; 2009) and kindly provided byiAex Therapeutics (USA) and we
observed their influence on mycelial growth and atggin production. For this
purposeA. alternata was grown on plates with different concentratioh®TIs (see the
list of the PTIs used in Table 1. Fig. 5 showsrémsults obtained for all the seven PTIs
we tested. Data derived from this study were qiifferent depending on the PTI used.
While some of them did not have any significanteeffon mycotoxin production
(AMXT-2444), others increased AOH and AME synthe@$1XT-3938). Therefore,
the following strategy was to select polyamine agalthat either did not inhibi.
alternata growth at the highest concentration tested or dil reduce mycotoxin
production. With this postulate, all PTIs were ehated excepting the AMXT-2455
and the AMXT-3016. Further on, the optimal AMXT-Z45and AMXT-3016
concentration that inhibited both fungal growth amgtotoxin production was analyzed
(Fig. 6 and Fig. 7). The effect of PTIs on sporiolatand gene expression was also
assessed. Results showed that with AMXT-2455 atu30®o AOH was produced and
when concentration reached 900 both, the sporulation and the radial growth, were
null (Fig. 6). Regarding the AMXT-3016, 4QM were enough to inhibit mycotoxin
production, while 600uM were sufficient to control sporulation and, 7Q0/
completely inhibited radial growth. In additiontteese results, we analyzed the genetic
pattern ofA. alternata when different concentrations of AMXT-2455 and AM>8016
were added to the media. Results shown in Figd8Fam 9 suggest a similar pattern for
both PTIs. While no effect seemed to be observaltlen the concentration was 200
uM, when higher concentrations were applied, ke gene expression decreased
gradually. With regard taltR gene expression, only AMXT-2455 at a concentratibn
800 uM seemed to be enough to downregulate it. No apdrkecdifferences compared

to the control were observed regarding @2C gene expression neither with AMXT-
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2455 nor AMXT-3016. However, both PTIs seemed teeha strong effect omPO4. A
concentration of 20M seemed to lightly upregulate gene expression2fé0 fold
change in the case of AMXT-2455 and 1.38 for AMXJ18. Nevertheless, when PTls
concentrations were highd?O4 downregulated its expression, reaching a fold ghan
of 1176.27 when concentration of AMXT-2455 was 80@ and a fold change of

184.82 when we tested 60 of AMXT-3016.

3.4 Ornithine descarboxylase inhibition and polyamine transport inhibition of A.
alternata infecting tomato fruits and tomato plants

Besidesn vitro studying how DFMO affected. alternata, we also tested the effect of
DFMO ex vivo when conidia were artificially inoculated on towes. In this assay, we
assessed mycotoxin production and diameter of iefe@nd results were quite similar
compared to the control tomatoes. As shown in EigA. alternata had the ability to
infect tomatoes even if they had been treated WitV of DFMO.

We also tested AMXT-2455 and AMXT-3016 on tomataits and on plants in order to
assess their effectivenemssvivo andin vivo (Fig. 10). We observed that both PTIs were
more efficient when we tested them on plants. Wthike group of control plants was
severe spoiled with black spots caused byAthaternata infection, the plants that had
been treated with AMXT-2455 and AMXT-3016 had fewspots though both
treatments failed to completely repre&salternata growth. Contrariwise, tomatoes
dipped into PTIs solutions did not reduce the fumggawth efficiently as no significant
differences were found among infected controls tordatoes dipped into the PTIs
solutions. The worst situation comes with tomatipped into AMXT-2455 as, besides
not reducing the fungal growth, mycotoxin productincreases after the treatment with

the PTI.
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4. Discussion

It is well known that polyamines are essential roelitges present in all living
organisms. In fungi, polyamines support growth amdulate several biological
processes, some of which are still unknown (Tabwat @abor, 1983). Due to its
indispensable role in fungi, polyamine metabolisin ptliytopathogenic fungi has
attracted the attention of researchers who havedfau it a potential strategy to design
new targets to control the problem derived fromgiaite resistance.

One of the first strategies often used to manipudaid control polyamine metabolism is
by inhibiting the polyamine biosynthesis pathwayedfically the activity of the ODC,
the rate-limiting enzyme in this metabolic routéefe are different approaches used to
inhibit ODC (Bey et al., 1987). In this study wevbaused the DFMO, a drug that
inhibits the ODC irreversibly. Although DFMO wasginally studied in animals, it has
also been used in fungi to better understand thgapone metabolism. The use of
DFMO is interesting as it targets a key enzyme ifipdor the pathogen, whereas the
plant is not altered as it uses an alternative vpayhof polyamine biosynthesis. The
findings in this study support that ODC inhibitistrongly limits fungal growth and
mycotoxin production o\ alternata. This behavior was also observed by the use of
DFMO on other pathogens such &s graminearum, Sclerotinia scletoriorum,
Colletotrichum  truncatum, Rhizoctonia solani, Botrytis cinerea, Monilinia
fructicola, Fusarium oxysporum, Cochliobolus carbonum, Phytophtora infestans and,
Penicillium citrinum (Barker et al., 1993; Crespo-Sempere et al., 2GEsnarnik et al.,
1994; Giridhar et al., 1997; Pieckenstain et a0022 Rajam and Galston, 1985;
Walters, 1995; West and Walters, 1989). In all ¢hésngi, mycelial growth was

overcome by addition of putrescine in the mediautih inB. cinerea andM. fructicola
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putrescine complementation resulted in an increagbe mycelial growth above the
control values. In other studies using other ODhitors, similar results were found.
In this context,Aspergillus nidulans, Aspergillus parasiticus or Pyrenophora avenae
reduced their mycelial growth when the ODC inhibitwas added to the media.
Additionally, sterigmatocystin and aflatoxin bioslyasis was almost inhibited iA.
nidulans and A. parasiticus, respectively (Guzman-de-Pefia et al., 1998; Guznean-d
Pefia and Ruiz-Herrera, 1997; Mackintosh and Walt&397). However, in this case
sterigmatocystin and aflatoxin production was reaatiby addition of putrescine in the
media, in contrast to what we have observedioalternata, in which putrescine has
reverted mycelial growth but not AOH productioneg€zyaska (1994) studied the
effect of inhibiting spermidine synthesis using hyt bis-(guanylhydrazone) in
Alternaria consortiale and they also observed reduction of mycelial growtiich was
not only restored with the addition of spermiditeit increased compared with the
control. Thus, results show that the effect of OD@ibitors is dependent upon the
particular fungus. Birecka et al. (1986) suggested genus-dependent differences in
sensitivity to inhibitors may be due to differendesuptake of the inhibitor, ODC
sensitivity and polyamine requirements. Despitese¢héifferences, it is clear that M
alternata polyamines are essential for growth and for myxiotgroduction and also
that the ODC enzyme plays a determinant role inptiigamine biosynthesis pathway.
Inhibition of this enzyme, may alter the levelspolyamines in the fungi that ultimately
leads to changes in its physiology and growth (Ragnd Galston, 1985; Valdés-
Santiago et al., 2012). When DFMO was testedAoanlternata and gene expression
patterns were analyzed, a significant downregutadiolr PO4 was observed, a gene that
encodes a polyamine transport protein that excrei#sescine, spedermine, and

spermine. This downregulation could be explainedheyfact that inhibition of ODC by
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DFMO decreases global polyamine concentration & dbll. Decreased polyamines
levels in the cell require less export activity iyO4 is required. It was also interesting
to find colonies grown on DFMO and supplementechvatitrescine neither produced
AOH nor AME, even thouglpksJ andaltR levels were similar to the control values. In
F. graminearum, A. parasiticus and, A. nidulans it has been described that even ODC
inhibitors repress mycotoxin production, this aféion is reverted, completely or
partially, by the addition of putrescine in the naedCrespo-Sempere et al., 2015;
Guzmén-de-Pefa et al., 1998; Guzman-de-Pefia azdHeuiera, 1997). However, we
have not observed this reversionAnalternata. Thus, two scenarios were considered.
Firstly, DFMO also targets other routes of the seewy metabolism, such as
mycotoxins. Secondly, putrescine itself negativaffects mycotoxin production. To
investigate, different concentrations of putrescimere added to the media and we
found that increasing concentrations of putresdateto decreasing levels of AOH
production and sporulation and, in a lower proportidecreasing of the mycelium
growth (Fig. 3). Conversely, in a previous studyhwt. graminearum it was observed
that addition of exogenous putrescine increasedtoyn production (Crespo-Sempere
et al., 2015). In this sense, Gardiner et al. (2@WE0) suggested that deoxynivalenol
production was strongly induced in liquid culturg \marious amine compounds which
included putrescine or amino acids such as argifiihese contradictory results might
be explained by the fact that fungi respond to gearn nitrogen availability affecting
the formation of secondary metabolites (Tudzyn2kil4). Brzonkalik et al. (2011)
analyzed the influence of carbon and nitrogen ssumnA. alternata and found that
arginine, which is a precursor of putrescine, wasti@gen source that inhibited AOH
and AME production. Their results were in accordate Overhed et al. (1988), who

tested the effect of sodium nitrate, glutamate @& on AOH and AME production in
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A. alternata strains. Both studies concluded that mycotoxin potidn dramatically
decreased when high concentrations of these nitregarces were added to the media.
Brzonkalik et al. (2011) hypothesized that nitra¢pression could be the cause of
inhibition of AOH and AME by some of the nitrogenusces tested. This has been
previously described for aflatoxin intermediates An parasiticus (Kashiwagi and
Igarashi, 2011) or for ochratoxin ispergillus ochraceus (Abbas et al., 2009). The
fungi can utilize a diverse array of compoundsig®gen sources, although ammonium
and glutamine are preferentially used over otheurcs. Nevertheless, during
conditions of nitrogen limitation, fungi can utéizother nitrogen supplies less easily
assimilable, such as nitrate, nitrite, purines, d®j most amino acids and proteins
(Marzluf, 1997). All this regulation is controllday global regulators that control the
expression of the genes for nitrogen utilizati@neA in A. nidulans and nit-2 in
Neurospora crassa (Caddick et al., 1986; Fu and Marzluf, 1990; Kuetal., 1990). In
A. nidulans, when the primary nitrogen sources are not preserthe media or in
limiting concentrationareA is activated and binds to GATA specific sequencethe
promoter regions. Interestingly, many of the gerthat belong to mycotoxin
biosynthesis clusters have GATA sequences in gremoter as well. Union of AreA to
these regions carries out the blockage of mycotpraduction (Caddick et al., 1994; Fu
and Marzluf, 1990; Marzluf, 1997; Tudzynski, 201¥ilson and Arst, 1998; Woloshuk
and Shim, 2013). All this may support the notioat tim A. alternata, when putrescine is
added to the media, the nitrate repression systamd de activated andreA may
participate in the nitrate-mediated negative retipmaof gene transcription of AOH and
AME biosynthesis. Gene expression analysis of gemeslved in AOH and AME
mycotoxin carried out in this study may supporsthiypothesis as when putrescine

concentration in the media was high (1000 and 20@Ppks] andaltR genes showed a
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downregulation, which was more remarkable when dibwecentration was 5000M.
However, further studies may be performed for aebetinderstanding of nitrogen
source regulation of mycotoxin production.

DFMO was originally used as a chemotherapeutic tagemterrupt cellular metabolic
processes in cancer therapy. Despite its succdmisiting ODC activity, it did not
achieve the goal of repressing cell growth becawedelines grown in culture could
overcome the blockage of the ODC enzyme by impgmiolyamines from extracellular
sources. This current idea was corroborated whetested DFMO on tomatoes as we
observed thad. alternata was able to grow similarly to the control groupsamples, in
which no treatment was assessed. Hence, even gfafutells have the polyamine
biosynthesis pathway blocked, they can uptake thgamines needed to survive from
the tomato. With the aim to definitely repressuell tumor growth, Burnst al. (2001;
2009) designed a group of lipophilic polyamine agal the PTIs, which potently
inhibit the cellular polyamine transport. Additidlya other polyamine analogs were
characterized as antizyme inducing agents, inctudiMXT-3016 used in our studies.
Thus, growth inhibitory effects of DFMO in combimat of these PTIs resulted in a
tumor growth inhibition. In a previous study with graminearum (Crespo-Sempere et
al., 2015),it was observed thagome of the PTIs developed by Aminex Therapeutics
(USA) did efficiently control myceliagrowth in wheat spikes. In this content,vitro
tests were assessed with seven different PTIA. @fternata and it was observed that
two of them achieved the goal of controllidg alternata growth, sporulation and
mycotoxin production at the same time: AMXT-24551alWMXT-3016. Surprisingly,
the PTI that had been efficient fér. graminearum did not work for A. alternata
(AMXT-1505). Genetic expression analysis of the eligccorroborated that both PTIs

downregulategks] gene expression proportionally to the PTI conegiun. Both PTls
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were tested on tomatoes and tomato plants. Resudigested that, especially when
performing treatments on tomatoes, the concentratgressary to avoid fungal growth,
should had been higher. We observed that, on t@sateTIs failed to controh.
alternata growth efficiently, probably, because the surfa@es wreated with the PTI but
its penetration was insufficient to control the gah development inside the fruit. So,
the fungi penetrated inside the fruit and contintieel infection. However, when the
treatment was performed on tomato plants, the teesuére more successful, as both
PTIs achieved a reduction of the fungal infecti@mpared to the control group of
samples. Nevertheless, there were some leavesdreath PTIs in which there were
still some dark spots caused Ayalternata growth. Hence, in this case concentration
required should have been higher to achieve a campjrowth repression. The
possibility that polyamine analogues might be feidgl has been the focus of interest
of different researchers. In this sense, Foster &lt¥¥s (1993) showed that keto-
putrescine provided substantial control of infessidby six economically important
plant pathogens. However, it was relatively lessative in vitro againstPhytophthora
infestans, Pyricularia oryrae and, Pyrenophora avenae. They also examined the
fungicidal activity of N-acetylputrescine and failéo find any effect on fungal growth
invitro or on plant infection. Mackintosh & Walters (199@3ted six novel spermidine
analogues against the oat stripe pathdgemvenae and they reported that two of these
analogues, N,N-dimethyl-N1-(3-aminopropyl)-1,3-diaopropane trihydrochloride
and N,N-dimethyl-N1-(3-aminopropyl)-1,4-diaminobag¢a trihydrochloride fairly
inhibited fungal growth. Garriz et al. (2003) ewatled the effect of 1-aminooxy-3-
aminopropane on polyamine metabolism in the phytaggenic fungusSclerotinia
sclerotiorum and predicted that its ability to control plantedises would probably be

poor. However, three tri-substituted spermidindsp-doumaroyl-caffeoylspermidine,
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tri-caffeoylspermidine and tri-p-coumaroylspermelinsolated from pollen dQuercus
alba, were examined for antifungal activity agairfdt avenae and two of them
successfully reduced mycelial growth of the oaf ape pathogen (Walters et al.,
2001). A mixture of diferuloylputrescine/p-coumalfeyuloylputrescine also
demonstrated inhibitory activity against aflaton biosynthesis irAspergillus flavus,
although this diconjugated polyamine mixture did dsplay inhibitory effects om\.
flavus growth (Mellon and Moreau, 2004).

Results with polyamine analogues may be quite pmmifor the control of different
diseases caused by several kind of fungus on fiatds crops. Nevertheless, more

information is needed to pinpoint the mode of attdthe polyamine analogues.

5. Conclusions

Inhibition of the polyamine biosynthesis pathwayings DFMO decreases AOH
production and fungal growth. Hence, polyamineshhiglay some essential role in
both biological processes. Addition of exogenousgacine on the media reverts fungal
growth but not mycotoxin production. Putrescine aasitrogen source may affect
several essential processes of the cell such aslapon, growth rate and mycotoxin
production. Some polyamine transport inhibitorsnsele control fungal growth and
mycotoxin productionn vitro and promising results have been obseivedvo. Based

on these findings, it is worthwhile to continue éstigating in polyamine metabolism as
a new target to contrd\. alternata diseases in plants to overcome problems derived

from fungicide resistance.
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Figure captions

Figure 1: Effect of DFMO on AOH production (leftaxis), radial growth rate (right y-
axis) and colony morphology oA. alternata colonies. No AME production was
detected. Error bars indicate standard errors.

Figure 2: Relative expression pksJ, altR, ODC and, TPO4 in A. alternata in the
presence of DFMO (2.5 and 5 mM) and presence/absehputrescine (1 mM) with
regard to expression level in the same medium witioFMO. Error bars indicate
standard errors.

Figure 3: Effect of putrescine on mycotoxin produictand sporulation is represented
on the left y-axis. Results are shown as percentdgshange referred to the control
(without putrescine). No AME production was detectEffect of putrescine on radial
growth rate is shown on the right y-axis while eglomorphology ofA. alternata
colonies with different concentrations of putrescia represented at the bottom. Error
bars indicate standard errors.

Figure 4: Relative expression pksJ, altR, ODC and, TPO4 in A. alternata in the
presence of different concentrations of putres¢s@® 500, 1000 and 500aV) with
regard to expression level in the same medium witipoitrescine. Error bars indicate
standard errors.

Figure 5: Effect of seven PTIs on mycotoxin product(left y-axis) and colony
diameter (right y-axis) referred to the control tfwaut putrescine and without PTI) in
percentage. Error bars indicate standard errorpitéldetters indicate homogeneous
groups for AOH production. Lower case letters iatikchomogenous groups for fungal
growth. No letters indicate not significant diffaces among groups. All statistical data
was analyzed by one-way ANOVA (p < 0.05). Tukey-H&Bt was used to compare

means.
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Figure 6: Effect of AMXT-2455 on mycotoxin produmti and sporulation is
represented on the left y-axis. Results are shanpeecentage of change referred to the
control (without AMXT-2455). No AME production watetected. Effect of putrescine
on radial growth rate is shown on the right y-axadile colony morphology of.
alternata colonies with different concentrations of the PTMXT-2455 is represented
at the bottom. Error bars indicate standard errors.

Figure 7: Effect of AMXT-3016 on mycotoxin produmti and sporulation is
represented on the left y-axis. Results are shanpeecentage of change referred to the
control (without AMXT-3016). No AME production watetected. Effect of putrescine
on radial growth rate is shown on the right y-axadile colony morphology of.
alternata colonies with different concentrations of the PTMAT-3016 is represented
at the bottom. Error bars indicate standard errors.

Figure 8: Relative expression pksJ, altR, ODC, and TPO4 in A. alternata in the
presence of AMXT-2455. Bars represent gene expmessatio on a logscale compared
to the control (grown on the same medium but withAWIXT-2455). Error bars
indicate standard errors.

Figure 9: Relative expression pks], altR, ODC, and TPO4 in A. alternata in the
presence of AMXT-3016. Bars represent gene expmesstio on a logscale compared
to the control (grown on the same medium but withAWMIXT-3016). Error bars
indicate standard errors.

Figure 10: Effectiveness of AMXT-2455 (10QfM), AMXT-3016 (800 uM) and
DFMO (5 mM) on tomato fruits and tomato plants. Mtaxin production on tomato
fruits is represented on the left y-axis, whilendéer of infection on tomato fruits is
represented on the right y-axis. Error bars indicsandard errors. Capital letters

indicate homogeneous groups for infection. No s$icgunt differences existed for AOH

34



830 or AME groups. All statistical data was analyzed dne-way ANOVA (p < 0.05).
831 Tukey-HSD test was used to compare means.
832

833

834

35






838

839

840

Table 1

Name

Structure

AM XT-1483

AM XT-1505

AM XT-2030

AMXT-3016

AMXT-2444

AM XT-3938

AM XT-2455
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Table 2

Time (min) Water M ethanol- water (70:30 v/v)
100 -
100 -
20 80
10 20 80
12 - 100
41 - 100
43 10 90
45 30 70
46 50 50
47 70 30
50 100 -
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Table 3
AOH AME

Spiking level 0 Recovery®  RSDr° N Recovery RSDr

(ng/g tomato) (%) (%) (%) (%)
0.5 3 1155+2.1 1.8 106.0 + 8.2 7.7
1.0 5 99.0+24 2.4 5 93.8+3.1 3.4
2.0 3 79.8+3.2 4.0 3 78.0+ 3.6 4.6

Mean value + standard deviation.

®RSDr = relative standard deviation.
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Table 4

Transcript 1D Gene Primer name Primer sequence (5'—3')
ksJ F ACACTAGCACAGT TT A
AAT PGO02879 oksJ pksJ_ CACTAGCACAGTCGGTTCCC
pksJ_R ATTGGCCGCGTACTACCCAG
altR_F AAACACCGCTTGAGGAACGCCAGA
AAT _PG02875 altR -
- altR_R AAAGCGTGCCATTGCCGATACCAG
ODC_F AGTCGTTCAGCACCTATCCC
AAT_PGO07905 ODC -
- ODC_R CAGGATCAATAGCCTCGACA
AAT PGO7106  TPO4 TOP4_F TGCTCCTCTTCTCGCCCAT
- TOP4_R ATGAGACCGAATAGCACACC
A-BTF ACAACTTCGTCTTCGGCCAGT

AAT_PG05035 Beta-tubulin

A-BTR

ACCCTTTGCCCAGTTGTTACCAG
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