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Abstract

Copper-containing amine oxidases (CuAOs) catalysé/amines (PAs) terminal oxidation
producing ammonium, an aminoaldehyde and hydrogeoxple (HO,). Plant CuAOs are induced
by stress-related hormones, methyl-jasmonate (Mel#scisic acid (ABA) and salicylic acid (SA).
In the Arabidopsisgenome, eight genes encoding CuAOs have been fiddntiHere, a
comprehensive investigation of the expression patiéfour genes encoding AtCuAOs from the
and y phylogenetic subfamilies, the two peroxisomal AQw2 (Atlg31690) and AtCuAGB
(At1g31710) and the two apoplastic AtCUAD(At1g62810) and AtCuA¢R (At3g43670), has
been carried out by RT-gPCR and promoter::greenrdkcent proteifi-glucuronidase fusion
(GFP-GUS). Expression in hydathodes of new emerlgiages AtCuUAQ1 and AtCuAQ2) and/or
cotyledons AtCuAQx2, AtCUAQO'1 andAtCuAQO2) as well as in vascular tissues of new emerging
leaves and in cortical root cells at the divisidorgation transition zoneA(CuAQO1), columella
cells AtCuAQ?2) or hypocotyl and rootAtCuAQ:3) was identified. Quantitative and tissue-
specific gene expression analysis performed by RTR| and GUS-staining in 5- and 7-day-old
seedlings under stress conditions or after treaisith hormones or PAs, revealed that all four
AtCuAOswere induced during dehydration recovery, woundingatment with indoleacetic acid
(IAA) and putrescine (Put)AtCuAQx2, AtCuA@3, AtCuAQl and AtCuAQ?2 expression in
vascular tissues and hydathodes involved in waipplg and/or loss, along with a dehydration-
recovery dependent gene expression, would suggest an water balance homeostasis. Moreover,
occurrence in zones where an auxin maximum has bbearved along with an 1AA-induced
alteration of expression profiles, support a raletissue maturation and xylem differentiation

events.
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1. Introduction

Polyamines (PAs) are nitrogen-containing compoupdssent in all living organisms and
essential for cell growth and differentiation. P#lay a multitude of functions in cells and although
their biological roles remain somehow elusive, tivggrplay in basic cellular processes, including
DNA replication and transcription, RNA modificatioprotein synthesis, regulation of ion-channel
activities, free radical scavenging, cell cycleulagjon as well as signal transduction pathways and
programmed cell death. The fine regulation of thédsynthetic and catabolic pathways as well as
conjugation and transport processes, which ensauresccurate homeostasis of PA cellular levels,
also support the biological relevance of these aaumgds. Furthermore, besides their role in signal
transduction pathways, PAs may act as sourcesotifgically active compounds such as hydrogen
peroxide (HO,) and aldehydes, generated via PA catabolism/ioteersion pathways. In
mammalian cells, dysregulation of PA metabolism hasn linked to cancer development and
owing to their role as modulators of cell proliféoa and apoptosis, PAs have been target of
antineoplastic therapies (Tavladoraki et al., 20M@rray-Stewart et al., 2016).

In plants the PA spermidine (Spd), spermine (Spng their diamine precursor putrescine
(Put), behave as modulators in signaling pathwayslved in both developmental processes and
responses to biotic and abiotic stresses (Jiménemd@ht et al., 2014; Minocha et al., 2014;

Tiburcio et al., 2014; Cai et al., 2015). Due te #levated intracellular levels, PAs also represent

'TPQ: 2,4,5-trihydroxyphenylalanine quinonABA: Abscisic acid;AOs. Amine oxidasesAtCuAOs: Arabidopsis
thaliana copper containing amine oxidaged?A0s: Arabidopsis thaliana polyamine oxidasB€;: Back conversion;
GUS: B-glucuronidaseCuAOs. Copper containing amine oxidas€#D: Flavin adenine dinucleotid®AOs. Flavin

adenine dinucleotide depending polyamine oxidasdgifine oxidasesGFP: Green fluorescence proteibt,O,:

Hydrogen peroxydeiAA: indoleacetic acidl. SCM: Laser scanning confocal microscopyeJA: Methyljasmonate;
NO: Nitric oxide; PAs. PolyaminesPl: Propidium iodidePCD: Programmed cell deatRut: PutrescineRT-gPCR:

Reverse transcription quantitative PGRDS: Reactive oxigene specieSA: Salicylic acid;Spd: Spermidine;Spm:

SpermineTC: Terminal catabolisml-Spm: ThermospermineVT: Wild type.



important sink of assimilated nitrogen (N) playiagrole in the nitrogen/carbon balance by
modulating biochemical pathways involved in carbametabolism (Matoo et al., 2006).
Furthermore, KO, derived from PA catabolism interplays in the coaxphetwork made up of
reactive oxygen species (ROS) and nitric oxide (N@-uced by different plant enzymatic sources
and alternatively driving harmful or signaling et®ndepending on its spatiotemporal signatures
(Moschou et al., 2014; Gupta et al., 2016; SobmsgzdNowicka et al., 2017).

PAs are oxidized through terminal or back-conversieetabolism giving rise to an amine
moiety (that is ammonium, 1,3-diaminopropane or ¢bgresponding lower level PA), an amino-
aldehyde and ¥D, by two different classes of enzymes belonginghe amine oxidase (AO)
family, that is FAD-containing polyamine oxidasé$A0s) and copper-containing amine oxidases
(CuAOs), respectively oxidizing the carbon adjadenthe secondary or the primary amino group
(Moschou et al., 2012; Tavladoraki et al., 2012yladoraki et al., 2016). While PAOs include
members that may catalyze either PA back-conversmaiabolism (BC-PAOs) or terminal
catabolism (TC-PAOs), CuAOs are exclusively respmasfor terminal catabolism producing
ammonium, an amino-aldehyde andCd (Moschou et al.,, 2012; Tavladoraki et al., 2012;
Tavladoraki et al., 2016). In most plant specibs, preferred CuAO substrate is the diamine Put,
these enzymes mostly showing a lower affinity foe thigher PAs Spd and Spm, with some
exceptions (Ghuge et al., 2015c; Tavladoraki et 2016). The ability to catalyze the terminal
oxidation of Put and, in some cases, the first &dgPA Spd, positions CuAOs at an early key step
in the PA oxidative metabolism allowing them to &eé as important regulators of PA levels in
specific subcellular compartments.

In Arabidopsis thalianaive PAO genes AtPAO3Q, that is the two encoding the cytosolic
AtPAOL1 and AtPAOS and the three encoding peroxidditRAO2-4 (Fincato et al., 2011; Ahou et
al., 2014; Kim et al., 2014), and t€uAO genes AtCuAO$ are present, among which only eight
encode for already characterized or still puta@®uAOs, hereafter listed following nomenclature as

previously proposed (Tavladoraki et al., 2018)CuAQxl (At1g31670);AtCUAQx2 [At1g31690;



recently reported a&tCuAO8(Grol3 et al., 2017)JAtCUAG:3 [Atlg31710; previoushAtCuAO2
(Planas-Portell et al., 2013)AtCuA(¥ [At4g14940; previoushATAOLor AtAOL (Ghuge et al.,
2015a)]; AtCuAQ1 [At1g62810; previouslyAtCuAOl (Planas-Portell et al., 2013/tCuAQ2
(At3g43670); AtCUAQ [At4g12290, previouslyAtCuAD2, (Qu et al.,, 2014)]; AtCuAQ
[At29g42490; previouslyAtCuAO3 (Planas-Portell et al., 2013) &tCuAO1 (Naconsie et al.,
2014)]. The remaining two gen@dCuAQ:1 [At4g12270 previouslyAtCuAG;, (Qu et al., 2014)]
and AtCuAQ2 [At4g12280;previously AtCUADL (Qu et al.,, 2014)] based on the alignment of
their encoded proteins with the CuAO frétrsum sativumhave been shown to encode for proteins
lacking essential active residues and suppose@ tohbsecutive fragments of a caplyAtCuUAG
(Tavladoraki et al., 2016).

At present, some members belonging to the AtCua@ily have been only partially
characterized at the biochemical and molecularl.leReoteomic analysis studies revealed the
presence of AtCuA@ in the extracellular fluid (Boudart et al., 2008tCuAQOs in the vacuole
(Carter et al.,, 2004) and AtCuAR in the glyoxysomes (Fukao et al., 2003). Morep\vke
analysis of the biochemical properties and sublellocalization of AtCUAO recombinant proteins
showed that the apoplastic AtCup@nd AtCuAQ1, the peroxisomal AtCuA&B and AtCuAQ
and the cytosolic/glyoxysomal AtCuAR oxidize Spd at the primary amino group with aiméf
comparable or slightly lower to that displayed fut (Mgller et al., 1998; Planas-Portell et al.,
2013; Grol3 et al., 2017).

As it concerns the AO physiological roles, the @@l resident PAOs and CuAOs, detected
at high levels inPoaceaeand Fabaceaerespectively, have been suggested to be involuetha
H,0, biosynthesis driving peroxidase-mediated cell veatiss-linking, as well as developmental
and defense signaling pathways under biotic ortabstresses (Cona et al., 2006; Moschou et al.,
2012; Ghuge et al., 2015b; Tavladoraki et al., 200®reover, PAs may have a structural role in
cell wall assembly and thickness (Berta et al.,79% this regard, owing to the absence in the

apoplast of PA back-conversion metabolism alondn whie low levels/absence of detectable free



PAs, which are supposed to be secreted in thevedlllin response to environmental stresses, or at
specific developmental stages, a role of apopla&@s in PA general homeostasis is reasonably
unlikely (Yoda et al., 2003; Moschou et al., 20@)juge et al., 2015c; Tavladoraki et al., 2016).
Recently, growing attention has been focused amgetlular Oryza sativaand Arabidopsis BC-
PAOs, which have been implicated in several cellatal physiological events, such as pollen tube
growth, stomatal movement, fruit ripening, controf the thermospermine levels, xylem
differentiation and salt/drought tolerance (Kimakt 2014; Sagor et al., 2016; Tavladoraki et al.,
2016; Alabdallah et al., 2017; Zarza et al., 201@)this context, useful insights to progress in
unravelling of AtPAOs physiological functions have been provided by teetensive
characterization of their developmental expresgatierns by promoter-GUS fusions (Fincato et
al., 2012).

Less attention has been devoted to the physiologites played by AtCuAOs. Planas-
Portell et al. (Planas-Portell et al., 2013) repdra role for peroxisomal AtCuA3 and AtCuAd
in PA homeostasis. AtCuAQ has been firstly implicated in PA- and/or absciacid (ABA)-
mediated NO production (Wimalasekera et at., 20MOreover, AtCuA@2 has been shown to
participate in NO production by influencing argiaiavailability through the modulation of arginase
activity, suggesting a new regulatory pathway f@ production in plants (Grol3 et al., 2017). The
AtCuAOB-driven HO, production has been shown to signal the MeJA-ntedigrotoxylem
differentiation in Arabidopsis roots, independerftiym the auxin/cytokinin/T-Spm loop (Ghuge et
al., 2015a; Ghuge et al., 2015b) and promoter GBE&-@vidence provided corroborating data.
Considering that AtCuA@® was also shown to be expressed in guard cellsleamnr water balance
homeostasis has been suggested for this proteing@&let al.,, 2015b; Ghuge et al., 2015c).
Furthermore, the guard cell resident AtCuARas been hypothesized to be involved in the ABA-
mediated control of stomata opening (Qu et al. 420This peroxisomal AtCuAO is up-regulated in
response to ABA, MeJA, SA and flagellin suggestngossible role in defense responses to biotic

and abiotic stresses (Planas-Portell et al., 2013).



Herein, to lay the basis for future investigatiamsthe roles played by different members of
the AtCuAO family under physiological or pathologliconditions, a comprehensive and extensive
analysis of the early developmental-, stress-, looem and PA treatment-induced gene expression
pattern of fourAtCuAOsfrom thea andy phylogenetic subfamilies, namelyCuAQx2, AtCUAQ:3,
AtCuAO1l and AtCuAQ2 (Tavladoraki et al., 2016), encoding for the twergxisomal
AtCuAOau2/a3 (02, Fukao et al., 200333, Planas-Portell et al., 2013) and the two apdiplas
AtCuAOy1hH2 (y1, Planas-Portell et al., 2013; Y2,
http://suba.plantenergy.uwa.edu.au/flatfile.php2ic3g43670), has been carried out. To this
purpose, tissue-specific analysis AICUAGs expression patterns, exploiting promo@FEP-GUS
fusion transgenic plants, was integrated with gtetnte investigation of gene expression by RT-
gPCR analysis.

Our data reveal homogeneity and peculiarities & tthsue-specific expression pattern of
these fourAtCuAOs suggesting shared physiological functions in pld&velopmental processes

and abiotic stress responses in different tissoresdch member.
2. Material and M ethods

2.1. Plant materials, growth conditions and treatments

The Columbia (Col-0) ecotype of Arabidopsis wasduas the wild-type (WT). Transgenic
plants prom-AtCuAO::GFP-GUSf AtCuAQ:2 [At1g31690 TAIR (https://www.arabidopsis.org)
accession number 2028636AtCUAMK3 (Atlg31710 TAIR accession number 2028606)
AtCuAO1l (Atlg62810 TAIR accession number 2026267) aAtiCuAQ?2 (At3g43670 TAIR
accession number 2080173) were prepared by Gatdeeynology (Invitrogen) and plant
transformation methods as described in the nextgpaphs and/or sections.

Plants were grown in soil/perlite ratio 3:1 andiorvitro in a growth chamber at a
temperature of 23°C under long-day conditions (I6fhotoperiod; 50 pmol %s?). Forin vitro
growth, seeds were surface sterilized (Valvekersd.e988). After extensive washing with sterile

water, seeds were stratified at 4°C for 2 day$édark and then sown in %2 Murashige and Skoog



(MS) salt mixture (pH 5.7) supplemented with 0.3sucrose, 0.8% (w/v) agar (solid medium)
and 50 pg.mt* kanamycin (when antibiotic selection was necegs&tgptes were placed vertically
in the growth chamber.

Hormone and PA treatments as well as abiotic s{wesnding and dehydration) for RT-
guantitative PCR (RT-qgPCR) analysisAtiCuAQz2, AtCuA@3, AtCuAQ1 andAtCuAQ2 genes
were performed on 7-day-old WT seedlings grownéfalays in solid medium and then transferred
to ¥2 Murashige and Skodi1S) salt mixture (pH 5.7) supplemented with 0.3\msucrose (liquid
medium) for one more day, as acclimation. Aftestperiod, for hormone/PA treatments liquid
medium was replaced by fresh liquid medium contgyrthe analyzed hormone or PA as follows:
100 uM ABA (Duchefa), 50uM methyl jasmonate (MeJA; Duchefa), 2 mM salicydicid (SA;
Sigma-Aldrich), 10uM 3-indolacetic acid (IAA), 50QuM putrescine (Put), 50QM spermidine
(Spd). Fresh liquid medium alone was used for abnfor leaf-wounding analysis, cotyledons
from acclimated seedlings were cut with scissomensafter liquid medium exchange, and then
incubated in a growth chamber prior to be samplédthe time indicated below. For
dehydration/recovery stress analysis, acclimatedlsgs were left “drying” for 30 minutes (min)
on an open plate under a ventilated hood. Matesal collected before treatment (dehydration time
0) and immediately after this treatment (30 minyahtion). Fresh liquid medium was added to the
plates and material was collected after the timedgated below for recovery time course (30 min
dehydration represents O h recovery). Plant sanipiegene expression studies were harvested at 0,
1, 3, 6 and 24 h frozen in liquid nitrogen and tkept at -80° C until RNA extraction.

To perform histochemical GUS and/or GFP analysideurlight or confocal microscopy,
seedlings were grown on solid medium supplementiéd kanamycin and then used as hereafter
described. In detail, 3-, 5-, 7-day-oltCuAOs-promoter::GFP-GUSeedlings were used for
analysis of early developmental tissue-specificegexpression. For the analysis of inducible tissue-
specific gene expression upon hormone/PA treatnmandbiotic stressAtCuAOs-promoter::GFP-

GUS4-day-old (GUS and GFP analysis) or 6-day-old egsl (GUS analysis) were transferred to



12-well tissue culture clusters containing liquiddium for 1 day. Then, the later was replaced with
fresh liquid medium supplemented or not with thecsfic hormone/PA. For leaf-wounding and
drought-stress GUS analysis, acclimated seedliregs weated as described for RT-gPCR analysis
and sampled at relative mRNA-induction time. Samplere analyzed under Light- (LM) or Laser

Scanning Confocal Microscopy (LSCM).

2.2. Cloning of the promoter region of four AtCuAOs and preparation of the corresponding

AtCuAO::GFP-GUS transgenic plants

Transgenic plants expressipgpm-AtCuAO::GFP-GUSonstructs containing the promoter
regions ofAtCuAQr2, AtCuAQ@3, AtCUAQLl and AtCuAQ2 upstream of the GFP-GUS reporter
construct were prepared as follows. Gateway tedgyolvas used to clone the regions upstream of
the start codons of 2552 bp f8tCuAQr2, 2301 bp forAtCuAQ:3, 2350 bp forAtCuAQ1 and
1788 bp forAtCuAO2. First, the AtCuUAO promoter regions were amplified from Arabidopsis
genomic DNA by PCR using sequence-specific prinjgrsmAtCuAGfor/rev;, Table 1) and cloned
into the pDONR221 vector (Invitrogen) via Gatewaghnology (Invitrogen). The presence of the
insert was confirmed by colony PCR carried out wviita promAtCuAGfor/rev primers(Table 1)
and by digestion of the purified plasmid with regton enzymes (New England Biolabs) specific
for either the vector or the sequence of &t€uUAO promoter region. The selected clones were
further characterized to check for the presencposkible errors/mutations by sequencing with a
pair of external primers (the standakil3-for/rev sequences) and internal primemom-int-
AtCuAO for/revin the case oAtCUAN2, a3 andyl, or just prom-int-AtCuAO forin the case of
AtCuAQ2; Table 2).

These promoter regions were successively insamtedposition upstream of the GFP-GUS
fusion gene in the pKGWFS7 destination vector (MNakea et al., 2007). Constructs were
introduced inAgrobacterium tumefacier{strain GV301) and used to transform Arabidopsik by

floral dip transformation (Clough & Bent, 1998). &lon of transgenic plants was performed



using solid medium supplemented with 50 pgrkanamycin and PCR was carried out using
primersspecificfor the AtCuAOpromoters grom-int-AtCuAO foy as well as primers specific for
the enhanced green-fluorescent protei@KP for/rey or thep-glucuronidaseG@US for/rey genes
(Table 2). Particularly, PCR reactions were carnatlby using primer combinations suchpasm-
int-AtCuAO-fofGFP-rev, GFP-forl GFP-revor GUS-fofGUS-rev At least five transgenic lines per
construct were analyzed at T1 generation by hisimital GUS staining at various developmental
stages. Only highly reproducible results were talkéo consideration for further analysis. Of the
selected T1 generations, three independent traitsdjees, were subsequently followed (with
confirmation of the kanamycin resistance and by R@Rlysis), at the T2 and T3 generations with

detailed examination of GUS and GFP activity.

Name of primer Sequence of primer Amplicon size

prom-AtCuAOpi-for 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT
CAACGACCAAGTCTCATCAATG-3

prom-AtCuAO)i-rev 5-GGGGACCACTTTGTACAAGAAAGCTGGGT 23500p
CGATTGAGTGAGAGTTTTTGAC-3'

prom-AtCuAOa3-for 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT
ATGAATGTGCAGAGATAGGGAAATA-3'

prom-AtCuAOaG-rev 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT 2301 bp
CTTTGTGAGGTATTATTGTTTGCTT-3'

prom-AtCuAQ)2-for 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT
CAAACAACAACAACTTGAACCTAGA-3

prom-AtCuAO2-rev 5-GGGGACCACTTTGTACAAGAAAGCTGGGT 1783bp
GGGAAGATCAGAAGATAAGTAACA-3

prom-AtCuAOa2-for 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT
AGGGCTTAAAACATGAACGAGC -3

prom-AtCuAOa2-rev 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT 2552p
TGCTTTGTGATTTGATTGAGTTGG-3’

Table 1 Primers used for amplification étCuAOpromoters and colony PCR. Sequences in italiceespand to the
Gateway recombination recognition sites.

Name of primer Sequence of primer
GFP-for 5- GGTGAGCAAGGGCGAGGAGCTGTTC ‘3




GFP-rev 5- GTCGTCCTTGAAGAAGATGGTGCGCTC 3
GUSfor 5- CGTCCTGTAGAAACCCCAACCCGTGA -3
GUSrev 5- CGGCGTGACATCGGCTTCAAATGGCG 3
prom-int-AtCuAOA-for 5'- GAGGTTGGTTTCGAGTTTTCG - 3’
prom-int-AtCuAOJA-rev 5- AACGTGGAGATTTATGATGCTA -3
prom-int-AtCuAOaS3-for 5- GGACCCGAGTGGTGATTGGA -3
prom-int-AtCuAOa3-rev 5- CCCTACCTACCTAACACATAATC -3
prom-int-AtCuAQ)2-for 5- GTGGTTAAGTCGTTGGTTCGGG -3
prom-int-AtCuAOa2-for 5- GGATGGTTATGGAAACTATATAGC- 3’
prom-int-AtCuAOa2-rev 5- ATGTCTCGTCACCAAGAGGG- 3’

Table 2 Primers used for sequencing of the amplifé@uAOpromoters and control of the transgenic lines.

2.3. Genomic DNA and RNA extraction, PCR and RT-gPCR analysis

Genomic DNA was isolated from young leaf tissuel6fday-old Arabidopsis seedlings as
previously described (Fulton et al., 1995) and a§Q@vere used to amplify DNA fragments.

For promoter region cloning, the PCR reactionsewegarried out with thélatinum® Pfx
DNA polymerase (Invitrogen) in anCycler ™ Thermal Cycler (Bio-Rad) following the
manufacturer’s instructions with the following pareters: 95°C for 2 min then 30 cycles of 95°C
for 20 s, 55-60°C for 20 s, 72°C for 15-60 s/kbldi@wed by a final extension at 72°C for 3 min.

For screening PCR (bacterial colonies and tranegseedlings), the PCR reaction was
carried out with the BIOTAQ DNA Polymerase (Biol)neith the following parameters: 95°C for 2
min then 35 cycles of 95°C for 30 s; 55-60°C for 60 s; 72°C for 60 s.kb™, followed by a final
extension at 72°C for 10 min.

Total RNA was isolated from Arabidopsis seedlif@®0 mg) by using TRIzol® Reagent
(Invitrogen) following the manufacture’s instruativith slightly modifications. To eliminate traces
of genomic DNA, RNA samples were treated with RNEsze DNase Set (QIAGEN).

Quantitative expression profiles AICUAQ:2, AtCUAQ@.3, AtCUAQL andAtCuAQO2 genes
were determined by RT-quantitative PCR (RT-gP©R)7-day-old whole Arabidopsis seedlings

after different treatments. In detail, RT-gPCR gs@&l was performed on DNase-treated RNA (4



pg) as follows. cDNA synthesis and PCR amplificatizere carried out usingoTaq® 2-Step RT-
gPCR System20QPromega) following manufacturer’s protocol. Thestfi cDNA strand was
synthesized using random and oljbprimers in ariCycler "™ ThermalCycler (Bio-Rad) with the
following parameters: 25°C for 5 min, 42°C for 6@hrand 70°C for 15 min. The PCRs were run in
a Corbett RG6000 (Corbett Life Science, QIAGEN]Jizihg the following program: 95°C for 2
min then 40 cycles of 95°C for 7 s and 60°C fors40’he melting program ramps from 60°C to
95°C rising by 1°C each steptCuAQx2, AtCuA@:3, AtCuAQ@1 and AtCuAQ?2 specific primers
weregPCR-AtCuAO for-reyTable 3). Ubiquitin-conjugating enzyme 21 (UBC215925760) was
used as reference gene and specific primers wemapd PBC21-forand UBC21-rey Table 3
(Czechowski et al., 2005)]. The software used tatrod the thermocycler and to analyze data was
the Corbett Rotofsene 6000 Application Software (version 1.7, Build 87; Corbett Life Science,
QIAGEN). Fold change in the expression of € uAO genes were calculated according to the

AAC, method as previously described (Livak & Schmittg@001; Fraudentali et al., 2019).

Name of primer Sequence of primer
UBC21-for 5- CTGCGACTCAGGGAATCTTCTAA -3
UBC21-rev 5-TTGTGCCATTGAATTGAACCC -3
AtCuAQa2-gPCR-forl 5- GACGACACATTAGCCGTATGGTC -3
AtCuAOa2-gPCR-revl 5- AAGCCGCCAAACATAGTAGGCA -3
AtCuAQa3- qPCR-forl 5- ATTACGGAGGTTAGACCGGACG -3
AtCuAQOa3- gPCR-revl 5- CCGTGTATGTCTTCCCCTAGTT -3
AtCuAOyl- gPCR-forl 5- GCTGGCGACATTCTGAGATCC -3
AtCuAOyl1- gPCR-revl 5- CACCATTAACATTCCCGAAGCC -3
AtCuAOy2- gPCR-forl 5- CACAAACAATCAGATATGGGTGA -3
AtCuAOy2- gPCR-revl 5- CACTATGTCCTTGTTCTCAATGG -3

Table 3. Primers used for RT-qPCR analysis on 7-day-oldle/dmabidopsis seedlings after different treatments

2.4. Histochemical analysis of GFP signal and GUS assay

Investigation of constitutive and inducible tisspecific expressions was carried out by

histochemical GUS and GFP analysis under lightamfacal microscopy, respectively. GFP and



propidium iodide (PI; 10 pg.mit, Sigma-Aldrich) fluorescence, with the later usedeveal cell
outlines, were analyzed using a Leica TCS-SP5 cahimicroscope equipped with an Argon laser
emitting at the wavelength of 488 nm. Analyzes weeeformed exploiting the Leica Application
Suite Advanced Fluorescence-LAS-AF software seteetmission band ranging from 505 to 560
nm for GFP analysis and from 600 to 680 nm fort&hig.

GUS staining was performed as previously describetferson, 1987). Samples were gently
soaked in 90% (v/v) cold acetone for 30 min at €@3r prefixation and rinsed 3 times with 50
mM sodium phosphate buffer pH 7.0. After that, plamterial was immersed in the staining
solution (1 mM 5-bromo-4-chloro-3-indol{#-D-glucuronide, 2.5 mM potassium ferrocyanide, 2.5
mM potassium ferricyanide, 0.1% (v/v) Triton X-1000 mM EDTA, 50 mM sodium phosphate
buffer, pH 7.0) undevacuum For early developmental tissue-specific gene &sgon, the reaction
proceeded overnight at 37°C in dark. Histochen@dl staining following hormone/abiotic stress
treatments was allowed to proceed until differenoethe intensity between treated and untreated
plants were detected under the microscope. Chlgtbplas extracted by several washings; first
with ethanol/acetic acid ratio 1:3 (v/v) for 30 mthen with ethanol/acetic acid ratio 1:1 (v/v) for
30 min and finally with 70% ethanol. Samples wstered in 70% ethanol at@, prior to being
observed under light microscopy. For early develeptal and inducible tissue-specific gene
expression, images were acquired by a Leica DFC4b@ital camera applied to a Zeiss Axioplan2
microscope. Shown images of whole plants were toacted aligning overlapping micrographs of
the same seedling.

For cross-sections analyzes, 5-day-old GUS-staseedlings were embedded in Technovit
7100 resin (Heraeus Kulzer) following the manufeet instruction and 20 pm sections were
obtained using a Microm HM330 microtome. Imagesewnacquired under the light microscope

Zeiss Axioplan 2, equipped with a Leica DFC4500tdigcamera.

2.5. GUS and GFP experimental set-up and RT-qPCR statistics



The analysis by GUS staining and GFP fluoresceasfcthe early developmental tissue-
specific gene expression in seedlings at diffeegyds (3-, 5- and 7-day-old), was carried out on a
minimum of thirty plants from three independenhsgenic lines. Five sections of each plant organ
were observed.

The analysis by GUS staining and GFP fluorescehtiee hormone-, PA- and abiotic stress-
inducible tissue-specific gene expression was padd on a minimum of ten seedlings per
treatment from five independent experiments, umigzthe most representative transgenic line.
Images from single representative experimentstzoe/s.

For RT-gPCR analysis of at least three biologiegllicates each with three technical
replicates were performed. Statistical tests wesdopmed using GraphPad Prism (GraphPad
Software) with One-way ANOVA analysis followed byid&k’s multiple comparison tests.
Statistical significance of differences was evadabyP level. ns not significant? value > 0.05; *,

** xxx and *** P values< 0.05, 0.01, 0.001 and 0.0001 respectively.

3. Results

3.1. Expression pattern analysis of the AtCuAOs a and y phylogenetic branches

Phylogenetic analysis based on amino acid sequielecdity (Additional file 1: Fig. S1)
revealed that members of the AtCUAO (Copper amiidases E.C. 1.4.3.6) familyare clustered
in three different clades, so being represente@ach of the three plant CuAO family clades
(Tavladoraki et al., 2016): in particular cladentlude AtCuA®, AtCuAOal, AtCuAQu2 and
AtCuAOa3, clade Il AtCuAG®, AtCUuACel, AtCuACe2, AtCuAOy1 and AtCuAQ2 and clade I
AtCuAQ(. The alignment of the aminoacid sequences of ti@AO putative proteins encoded by
the ten genes annotatedAt€uAOswith that ofPisum sativunCuAO (referred as PSAO), revealed
that eight of them include all the active site degis crucial for the catalytic activity, except for
AtCuAQOel and AtCuAQ@2 (Additional file 2: Fig. S2). In detail, PSAO mess five active site

residues essential for catalysis namely His44244sand His603 involved in copper coordination,



Tyr387 precursor of the topaquinone (TPQ) cofaend Asp300 (Kumar et al., 1996), while
AtCuAOe2 and AtCuAQ@L1 respectively lack Asp300 and His442/444/603/Tyr88sidues (PSAO
numbering; Additional file 2: Fig. S2). It has bebypothesized tha&atCuAQ:1 and AtCUAQ:2,
located upstream @&tCuAQ on chromosome 4, could be fragments arisen fraopa of the latter
generated by a duplication event (Tavladoraki gt24l16), that was successively followed by the
insertion of the transposable elemeAt4gl12275 (The Arabidopsis Information Resource;
https://www.arabidopsis.org).

Considering that except for AtCuAOwhich is in clade Ill, most of the AtCuAOs are
clustered in clade | and Il, we have chosen to ooo members belonging to the latter major
branches of the phylogenetic tree. Concerning dads several studies are already available about
AtCuAOp tissue-specific expression and physiological rd@luge et al., 2015a, Ghuge et al.,
2015b, Ghuge et al., 2015c), the attention has Heensed on thex members, especially
AtCuAOa2 and AtCuA@3 that present a peculiar developmental patterexpiression of the
corresponding genes based on EFP browhkép:/{bar.utoronto.ca/efp/cgi-bin/efpWeb.cgilata.
Furthermore, considering that the sub-branch in clade Il includes only one-membeodimg for
a putative functional enzyme, AtCuAQwhich has been object of a recent study (Fraadiezital.,
2019), we have decided to follow through with thalgsis of the two members of theub-branch.

Here the developmentally-regulated and tissue-Bpeexpression patterns &tCuAQ:2,
AtCuAr3, AtCUAO1 andAtCuAQ2 genes have been investigated by analysis of pgeontaFP-
GUSfusion transgenic plants at 3, 5 and 7 days giemination. Moreover, the hormone-induced
tissue-specific expression patterns of these AA@UAOshave been explored by treatments with
four different hormones, among which the growthutatpr IAA and the three stress-related
hormones ABA, MeJA and SA (Verma et al., 2016)eskd on the basis of data retrieved from the
Arabidopsis EFP Browser [http://bar.utoronto.ca/efp/cgi-bink&fgb.cgi; (Winter et al., 2007)]
and/or available in literature (Cona et al., 2006malasekera et at., 2011; Moschou et al., 2012;

Planas-Portell et al., 2013; Ghuge et al., 201%ag8 et al., 2015c; Tavladoraki et al., 2016; Grol3



et al.,, 2017). To integrate the stress-related basmanalysis, the effect of two different abiotic
stresses, dehydration/recovery and wounding, wieceiavestigated. Furthermore, we analyzed the
effects of two PAs, Put and Spd, on the expressidhe fourAtCuAOgenes. The qualitative data
obtained were supported by a quantitative anabfsiee AtCuAOexpression profiles by RT-gPCR

analysis.

3.2. Analysis of tissue-specific expression pattern of AtCuAOa?2 during early development

Figure 1 shows that at all the analyzed developahestages, promoter-driven GUS
expression and GFP signal were exclusively obsenvddaves. In 3-day-old seedlings, a diffuse
spotted GUS staining was detectable in cotyledoteayes (Fig. 1a and b) characterized by a more
intense staining in hydathodes (Fig. 1c) and leaidérs (Fig. 1b and c). Moreover, a clearly
detectable promoter activity was revealed alsceaf primordia (Fig. 1d). Likewise, in 5-day-old
seedlings, a widespread promoter activity withnsee GUS staining in cotyledonary leaf borders
and hydathodes was observed as well (Fig. le- @)galvith a strong promoter-driven GUS
expression in expanding first leaves (Fig. 1f ahdAmalysis of promoter-driven GFP signal in 5-
day-old seedlings, showed fluorescence in epiden®itd of cotyledons (Fig. 1i and j) and young
leaf margins (Fig. 1k). Conversely, in cotyledonbrgves of 7-day-old seedlings, promoter activity
was restricted to the external margins (Fig. 1)ereremaining at high levels in cotyledonary

hydathodes (Fig. 1m) and in new emerging leaves ().



Figure 1. AtCuUAQx2 tissue expression pattern in 3- 5- and 7-dayAtduAQx2-promoter::GFP-GUSArabidopsis
transgenic seedlings by light microscopy analyiex &US staining and LSCM analysis of GFP signal.

3.3. Analysis of tissue-specific expression pattern of AtCuAOa3 during early development

Figure 2 shows thaAtCuAQx3 expression is mainly detectable in stipules, logpgd and
root. Indeed, analysing GUS-stained 3-day-old segsll (Fig. 2a), it was possible to detect
promoter activity in shoot apex where staining \@asociated with stipules (Fig. 2b) as well as in

hypocotyl (Fig. 2b, c), hypocotyl/root junction ¢fi2d) and root mature zone (Fig. 2e), where



AtCuAQr3 expression was especially detected in vascidandi This expression pattern remained
stable in 5-day-old seedlings (Fig. 2f) where prtena@ctivity was detected in stipules (Fig. 29),
hypocotyl (Fig. 2h), hypocotyl/root junction (Figi), and root mature zone (Fig. 2j). Analyzing
longitudinal sections from 5-day-old seedlingswas possible to observe the presence of GUS
staining in shoot apex where staining was assatiafiéh stipules (Fig. 2k), and in hypocotyl,
especially in xylem vessels (Fig. 2I). Cross saxiof hypocotyl (Fig. 2m), hypocotyl/root junction
(Fig. 2n) and root mature zone (Fig. 20) confirmeldat observed with longitudinal sections,
showing promoter activity in metaxylem vessels. éetlay-old seedlings maintained the same

expression patterns compared to those shown byd35-alay-old plants (Fig. 2p-s).



Figure 2. AtCuAQ:3 tissue expression pattern in 3-, 5- and 7-dayAt@uAQu3-promoter::GFP-GUStransgenic
seedlings and sections by light microscopy anabfies GUS staining.



3.4. Analysis of tissue-specific expression pattern of AtCuAOyl1 during early development

In 3-day-oldAtCuAO'1-promoter::GFP-GUSseedlings (Fig. 3a-g), GUS staining revealed
an intense promoter activity in shoot apex (Fig, 8bhypocotyl and hypocotyl/root junction (Fig.
3d), and in root apex particularly at the transitand elongation zone (Fig. 3g). Staining was also
detected in the apical tip of cotyledons (Fig. &njl in root mature zone (Fig. 3e). Five-day-old
transgenic plants (Fig. 3h-I) showed strong promatetivity in root apex, especially at the
transition and elongation zones (Fig. 3l). A weagssmoter activity was revealed in the apical
meristem (Fig. 3]) as well as in vascular tissuéscatyledons (Fig. 3i) and developing leaf
primordia (Fig. 3k). Analyzing GFP fluorescenceseqguential root sections from the epidermis to
the central zone of primary root apex from 5-dayAICuAQ1-promoter::GFP-GUSlants under
confocal microscopy, it was possible to detect oremdetail promoter activity in cortical cell files
at the transition and elongation zones (Fig. 3m @ndn root mature zone, GFP signal was also
associated with epidermal cells (Fig. 30). Analysiis/-day-old plants showed a strong promoter
activity in hydathodes and vascular tissues ofledtyns (Fig. 3p) and young leaf (Fig. 3q and r)
that were respectively weaker and stronger thasetlobserved in cotyledons and leaf primordia of
5-day-old plants. Moreover, a fainter GUS stainives observed in the root mature zone (Fig. 3s

and t).



Figure 3. AtCuAQ1 tissue expression pattern in 3-, 5- and 7-dayA@uAQ1l-promoter::GFP-GUStransgenic
seedlings by light microscopy analysis after GUSnéhg and LSCM analysis of GFP signal.

The analysis of cross- and tangential-sections adyledons from 5-day-oldAtCuAQ/1-
promoter::GFP-GUS plants showed promoter activity in the vasculsssues (Fig. 4a-e).

Furthermore, observation of longitudinal sectioasealed promoter-driven GUS staining in the



shoot apex, in particular at the junction betwesaf primordia and hypocotyl (Fig. 4f-h), in roots

(Fig. 4i-k) as well as in hypocotyl and hypocotygtit junction always associated with vascular
tissue (Fig. 4l-0). In details, the analysis oftrtangitudinal sections confirmed the occurrence of
promoter activity in cortical cell files of matu@nd transition/elongation zones (Fig. 4i and )
coherently to what observed with GFP analysis (Big.and n). Moreover, cross-sections analysis
showed that GUS staining was strongly associatéld vascular tissue in hypocotyl (Fig. 41) and

cortical cell files in roots (Fig. 4k and p). A wea expression was observed in epidermis of

hypocotyl (Fig. 4k) and root (Fig. 4p).



Figure 4. AtCuAQ1 tissue expression pattern in sections of 5-dayAtlduAQ/1-promoter::GFP-GUStransgenic
Arabidopsis seedlings by light microscopy analgdier GUS staining.

3.5. Analysis of tissue-specific expression pattern of AtCuUAOy2 during early development

Analysis of 3-day-oldAtCuAQ22-promoter::GFP-GUSplants (Fig. 5a) revealed strong
promoter activity in hydathodes of cotyledons (Fip), in hypocotyl/root junction (Fig. 5d),
hypocotyl (Fig. 5¢) and in root apex (Fig. 5e).tA¢ following developmental stages, namely at the
age of 5-days, promoter activity staining was veatgnse in root apex (Fig. 5l). GUS staining was

also clearly visible in root mature zone, espegiat the root/hypocotyl junction (Fig. 5k).



Moreover, like what was observed in 3-day-old a@US staining was evident in hydathodes of
cotyledons (Fig. 5g) and appeared also in apicdiathodes of newly formed expanding leaves
(Fig. 5i and j). GFP analysis of 5-day-old seedlirgjrongly supported data so far described.
Indeed, the GFP fluorescence was visible in theathatle zone of cotyledons (Fig. 5h). Moreover,
GFP signal was detectable in columella cells (Bg and n). Seven-day-ol&tCuAQ2-

promoter::GFP-GUSplants showed a pattern of promoter activity samib what was observed in

5-day-plants (Fig. 50-r).

LE

Figure 5. AtCUAQ?2 tissue expression pattern in 3-, 5- and 7-dayAtlduAQ2-promoter::GFP-GUSArabidopsis
transgenic seedlings by light microscopy analyiex £&US staining and LSCM analysis of GFP signal.

vﬁ ;



Analysis of longitudinal- and cross-sections of &+ld seedlings, allowed us to further
confirm what was observed in whole plants. Inddedgitudinal- and cross-sections of root tip
(Fig. 6a and b) confirmed the occurrence of a gtrpromoter activity in whole root cap. Cross-
sections of root mature zone revealed a prevalem@ter activity in epidermis and in cortical cells
while a lower expression was observed in endodexuls (Fig. 6¢c and d). The analysis of
hypocotyl longitudinal- and cross-sections showezldccurrence of promoter-driven GUS staining
in epidermis and cortical cells (Fig. 6e and finigar to root mature zone. Moreover, the analysis o
tangential- and cross-sections of cotyledons (&@gl) showed a strong staining around the central
vascular bundle in the hydathode zone (Fig. 6d, i), while longitudinal sections of shoot apex

exhibited a clear staining in the apical zone af [@imordia (Fig. 6i and j).



Figure 6. AtCUAQ?2 tissue expression pattern in sections of 5-dayAttlduAQ2-promoter::GFP-GUStransgenic
seedlings by light microscopy analysis after GUBnéng.

3.6. Expression profile of AtCuAOa2 and AtCuAOa3 after treatment with auxin and the

stress-related hormones, MeJA, ABA and SA

Similar modulation of the expression profilesAadCuAQx2 andAtCuAQx3 by auxin (IAA),
MeJA, ABA and SA were highlighted by RT-gPCR anay$AA (10 uM) induced an initial peak
followed by a repression, MeJA induced expressibbath genes while ABA and SA showed a

down-regulating effect (Fig. 7). In particular, IAAduced the expression AfCuAQ:2 of 3.6- and



3.2-fold at 1 and 3 h respectively. The strong espion effect, 20% of control untreated plants
(TO), was visible only at the 24 h time-point (Fita). The effect of IAA induction cAtCuUAQ:3
expression was significant albeit at a lower lg2eland 1.4-fold at the same time points) than for
AtCuAQr2. The observed repression effect was visible earbet at a lower level than for
AtCuAQr2, being 40% of TO at 6 and 24 h time-point (Fig). An the other hand, 50 uM MeJA
inducedAtCuAQx2 expression by 2.7- and 2.4- fold respectivelyraéftand 24 h from the treatment
onset, while no significant changes were observed 4 and 3 h in comparison with TO (Fig. 7c).
Similarly, a strong induction cAtCuAQx3 expression was observed after the same treatrment.
detail, we observed an initial 4-fold inductioneaf h, followed by a 5-fold and 4-fold-induction
after 6 and 24 h respectively, from the treatmersted in comparison with TO (Fig. 7d). Upon 100
UM ABA treatment AtCuAQ:2 and AtCuAr3 expression rapidly decreased during the period of
the time course analysis. In particular, we obs®r@%, 67% and 90% decreaseAdCuAQ:2
gene expressioafter 3, 6 and 24 h from the treatment onset ipeeisto TO, while after 1 h no
significant differences were visible (Fig. 7e). thermore, a similar profile oAtCUAQx3 gene
expression was observed with 80% and 90% decrdéi@sésaand 24 h from the treatment onset with
no significant differences after 1 and 3 h in resge TO (Fig. 7f). A decrease BtCuAQx2 and
AtCuAr3 expression was also observed upon 2 mM SA tredtnSpecifically, no significant
differences inAtCuAQx2 expression profile were observed after 1 and @i fthe treatment onset
as compared with that observed in TO, wAKEUAQ:2 expression levels decreased by 50% and
80% at 6 and 24 h respectively (Fig. 7g). MoreovaCuAr3 expression level showed no
significant differences up to 6 h from the treatinenset, while at 24 h a 72% decrease was

observed compared with TO (Fig. 7h).
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Figure 7. Time-course analysis #tCuAQr2 andAtCuAQa3 gene expression by RT-gPCR upon treatment with, IAA
MeJA, ABA and SA.

Considering data from RT-gPCR, the analysis oftibgue specific expression pattern of
AtCuAQ2 and AtCuAx3 after IAA and MeJA treatments have been carried osing

promoter::GFP-GUSplants. 1AA inducedAtCuAQx2 expression in cotyledons and newly formed



expanding leaves, especially in hydathodes andeapid (Fig. 8a-d), as revealed by the presence
of an intense GUS staining at the external bordecatyledons (Fig. 8b) as well as at the
hydathodes of new emerging leaves (Fig. 8d), agpeoad to control untreated plants (Fig. 8a and
c). Furthermore, IAA inducedtCuAn3 expression (Fig. 8k-n) in stipules, in the petiapex
junction (Fig. 8l) and remarkably in the stele obt mature zone (Fig. 8n), as compared to control
untreated plants (Fig. 8k and m). MeJA induée@uAx2 expression in cotyledons and newly
formed expanding leaves, especially in hydathodwk epidermis (Fig. 8e-j), as revealed by the
presence of a more intense GUS staining at theldpycathode (Fig. 8f) and at the external border
of cotyledons (Fig. 8h) as well as at the hydatloafenew emerging leaves (Fig. 8j), as compared
to control untreated plants (Fig. 8e, g, i). Fumthere, MeJA inducedtCuAQx3 expression (Fig.
8o-t) in stipules (Fig. 8p), in the hypocotyl stedad in hypocotyl/root junction (Fig. 8r), and
principally in the stele of root mature zone (RBg). Particularly, analysis of GFP signal (Fig.tBs-
revealed that in root mature zone of MeJA treatkuhtp, gene expression was induced in the
vascular tissue (Fig. 8t) as compared to untregiedts, in which fluorescence was barely

detectable (Fig. 8s).



Figure 8. Analysis ofAtCUAQ2 andAtCUuAQA3 tissue specific expression pattern upon IAA andMeeatments.

3.7. Expression profile of AtCuAOe«2 and AtCuAOa3 after dehydration/recovery and

wounding stress

To correlate theAtCuAQx2 and AtCuAQx3 gene expression profiles after ABA and MeJA
treatments with the responses of the same genésetonain ABA and MeJA-signaled abiotic
stresses, the variations AICuUAQx2 and AtCUAQx3 gene expression profiles under dehydration
and successive recovery, and upon leaf woundirgy Siwere analyzed.

As shown in Fig. 9, after 30 min dehydration (TD) apparent changes in the expression

levels (Fig. 9, inset in both upper panels) weghhghted for both genes while significant changes



were observed during the successive Dehydrationoweg (DR). In particular, AtCUAQ:2
presented peaks of expression at T3 and T4 (3 dn®R) with 4-fold inductions that returned to
TO levels at T5 (24 h DR), whilatCuAQx3 presented a peak from T2 to T3 (2-fold inductiod a
and 3 h DR) that were no longer significantly diéiet from TO levels at T4 and T5 (Fig. 9, upper
right and left panels). Upon leaf-woundildggCuAQx2 expression presented a small but significant
peak (1.6-fold) of induction at 1 h time point,léaed by a quick return to TO levels (Fig. 9, lower
left panel), whileAtCuAQx3 expression presented an induction from 1 to Grte tpoints with a
strong induction peak at 3 h (2-fold for 1 and @Hpld at 3 h) returning to TO levels at 24 h (Fig

9, lower right panel).
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Figure 9. Time-course analysis oAtCUA2 and AtCUAQ3 gene expression by RT-qPCR upon abiotic stress
treatments (dehydration and recovery and leaf wimgnd

Considering data from RT-gPCR, the analysis of ttbgue-specific expression pattern of

AtCUAr2 and AtCuAx3 after these stress treatments have been carriedBoth DR and leaf



wounding stresses inducedtCuAQx2 expression in cotyledon margins and newly formed
expanding leaves, especially in hydathodes andeapid (Fig. 10a-f), as revealed by the presence
of an intense GUS staining at the external borderotyledons (Fig. 10d and f) as well as in the
hydathodes and in leaf margins of new emergingded¥ig. 10c and e) of stressAtCuAQ:2-
promoter::GFP-GU3lants as compared to control untreated plants (la and b). Furthermore,
both stresses induc&dCuAQx3 expression (Fig. 10g-I) in stipules (Fig. 10i d)dand in the stele

of root mature zone (Fig. 10j and l) as comparecbtdrol untreated plants (Fig. 10g and h).

Figure 10. Analysis of AtCUAQa2 andAtCuAQa3 tissue-specific expression pattern upon abiot&sst(leaf wounding
and dehydration recovery) treatments.

3.8. Expression profile of AtCuAOa2 and AtCuAOa3 after treatment with PAs



To verify the occurrence of a direct effect of ggnous Put and Spd on the expression
profile of the clade | genes presented in this\stRIT-qPCR analysis has been carried out on plants
treated with Put or Spd at the final concentragdbb00 M.

As shown in Fig. 11, treatments with Put and Spdl different effects on the expression of
these clade | genes (Fig. 11). Treatment with S80Rut inducedAtCuAQx2 at the late 24 h time
point (2-fold) while it was maintained at TO leveds 1, 3 and 6 h (Fig. 11, upper left panel).
Instead, Put strongly induce®tCuAQx3 from 1 h time point (2-fold) up to 6 h (3-fold)nly
returning to TO levels at the latest time poindetd (Fig. 11, upper right panel). Responses to 500
UM Spd treatment presented opposite time coursidgador AtCUAQx2 and forAtCuAQr3 with
induction peaks of 4- and 2-fold at 3- and 24 htfe former (Fig. 11 Lower left panel), and a
strong repression at 6 h (20%) which returned apprately to TO levels at 24 h (1.4-fold) for the

latter (Fig. 11, lower right panel).
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Figure 11. Time-course analysis &tCuAQx2 andAtCuAQa3 gene expression by RT-qPCR upon treatment with the
polyamines putrescine e spermidine.



Considering data from RT-gPCR, the analysis oftibgue specific expression pattern of
AtCuAQx2 and AtCuUAr3 after Put and Spd treatments have been carriedBotth PAs induced
AtCuAQx2 expression in cotyledon margins and newly formggdaading leaves, especially in
hydathodes and epidermis (Fig. 12a-f), as revelajethe presence of an intense GUS staining in
the hydathodes and in leaf margins of new emer{gages (Fig. 12c and e) as well as in the
hydathodes of cotyledons (Fig. 12d and f) of Pot §pd-treateétCuAQx2-promoter::GFP-GUS
plants as compared to control untreated plants. (ERa and b). Furthermore, Put induced
AtCuAQr3 expression (Fig. 12g-j) in the stele of root mataone (Fig. 12h) and in stipules (Fig.

12j), as compared to control untreated plants (E2g. and i).

Figure 12. Analysis of AtCUAQr2 and AtCUAQX3 tissue specific expression pattern upon putrescmspermidine
treatment.



3.9. Expression profile of AtCuAOy1 and AtCuAOy2 after treatment with auxin and the stress-
related hormones, MeJA, ABA and SA

The quantitative analysis cAtCuAQ1 and AtCuAQ2 expression by RT-gPCR upon
treatment with IAA showed similar profiles betwettrese clade Il genes with an initial induction
(2-fold) followed by return to TO levels or a regseon (40%) at the late time point (24 h).
Concerning the action of the three stress-relatgdhbnes analyzed on the expression profiles of
these two genes, induction effects were observedt@uAQ1 expression upon ABA and SA
treatments, while repressive or no effect was olesefor all the other treatments (Fig. 13). In
particular, IAA (10 uM) inducedtCuAQ'1 expression of approximately 2-fold from 1 to 6 isr
effect was no longer visible at the 24 h time pdifg. 13a). A significant 2-fold induction of
AtCuAQO2 expression was observed at the 3 h time poinfevehrepression effect was clear at the
last time point studied (40%) when compared to Hig.(13b). After treatment with 50M MeJA,
no significant changes iAtCUAQ1 expression profile occurred at each analyzed timatpas
compared with TO (Fig. 13c), while a 40% and 50%rease oAtCUAQO2 expression was revealed
respectively at 1 and 3 h (Fig. 13d). Treatmenhvi®0 pM ABA inducedAtCuAQ1 expression
by 2-fold after 3 h from the treatment onset (Fie) while a 60 % decrease AfCuAQ?2
expression was detected after 24 h (Fig. 13f).@nother hand, 2 mM SA-treated plants showed a
50% decrease dAtCuAQ1 (Fig. 13g) andAtCuAQ2 (Fig. 13h) expression respectively upon 1 h

of treatment in respect to TO and a 1.8-fold insecafAtCUACO'1 expression after 6 h of treatment.
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Figure 13. Time-course analysis #tCuAOA andAtCuAO2 gene expression by RT-gPCR upon treatment with I1AA,
MeJA, ABA and SA.

SA

Considering data from RT-qPCR, a GUS staining aisiyas carried out to investigate the
IAA-induced tissue specific expression patternidoth AtCuUAQ1 and AtCUAO2 while the ABA-

and SA-induced tissue specific expression patteas explored only foAtCuAO1l (Fig. 14).



Consistently, IAA-treatedtCuAQ1-promoter::GFP-GUSlants displayed a stronger blue staining
in the root elongation zon@ig. 14a) as compared to control untreated plants (Hg). ABA-
treated AtCuAQ1-promoter::GFP-GUSplants displayed a more intense promoter driverSGU
staining in root transition/elongation zone as cameg with control untreated plants (Fig. 14c and
d). Moreover, while SA induceAtCuAQO1 expression in the same root zone (Fig. 14e arief)
tissue specific expression pattern revealed tleaptbhmoter activity detectable in the ground tissue
of the root elongation zone in control untreateahpd (Fig. 14e) spread towards the ground tissues
of the root maturation zone upon SA treatment (Edf). IAA inducedAtCuAQ2 expression in the
columella (Fig 14h) and the stipules of young ermgrgeaves (Fig. 14j) as revealed by the
presence of a more intense GUS staining in IAAte@&tCuAO2-promoter::GFP-GUSplants

when compared with control untreated plants (Fdg and i).
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Figure 14. Analysis ofAtCUAOA andAtCUuAOZ2 tissue specific expression pattern upon IAA, ABAI 8A treatments.



3.10. Expression profile of AtCuAOyl and AtCuAOy2 after dehydration/recovery and
wounding stress

As for the case of clade | genes, we investigated dventual correlation between the
AtCuAQ1l and AtCuAQ2 gene expression profiles after ABA and MeJA treatta with the
expression profile of these genes after the abistiesses signaled by the same hormones.
Specifically, the variations AtCuAQ1 andAtCuAQO2 gene expression profiles under dehydration
and successive recovery, and upon leaf woundirgg (/5) were analyzed.

The applied dehydration stress caused no relevemtge in expression levels I&tCuAQ/1
(Fig. 15, inset in left upper panel) while it stgy repressedtCuAO2 (40% of TO; Fig. 15, inset
in right upper panel). The effects of DR causedhifitant changes in the expression profiles of
both genes. In the case AfCuUAQ1, a peak of 2-fold was observed at T3 time poinh(BR)
followed by a gradual return to TO levels (Fig. 165t panel), while forAtCuUAQ2, a peak of 1.6
fold was observed at T2 that was followed by adstgaduction towards the last time point (T5, 24
h DR) when a 50% repression was observed. Leaf dingnpresented regulation profiles with
stronger inductions of bothtCUAO'1 andAtCuAQ2 expression in respect to those observed in the
case of dehydration and recovery stress. In EGuAQ1 expression was induced stably from 3 to
24 h, with 2.7-, 1.7- and 2-fold increases respedtti (Fig. 15, lower left panel) andtCuAQ?2
presented induced expression at 1 and 3 h (2-fetdjning at 6 h to TO levels (Fig. 15, lower right

panel).
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Figure 15. Time-course analysi&tCuAOA andAtCuAO2 gene expression by RT-gPCR upon abiotic stressiezds
(dehydration and recovery and leaf wounding).

Considering the data from RT-gPCR, the analysth®ftissue-specific expression pattern of
AtCuAQO1 andAtCuAQO?2 after these stress treatments have been carrte@Figu 16a-1). Both DR
and wounding inducedtCuAQ1 expression in the apex/petiole junction after @ty. 16b, DR
and 16c¢, leaf wounding) and in the root elongatione after 6 h (Fig. 16e, DR) and 3 h (Fig. 16f,
leaf wounding) when compared to the respective g@feontrol untreated plants (Fig. 16a and d).
AtCuAQO2 expression was only induced upon wounding strésg. (16g-1). Expression in the
cotyledon apical hydathode (Fig. 16j), stipuleyaifing leaves (Fig. 16k) and the root cap (Fig. 161)

was increased as compared to control untreatedspliy. 16g-i).



- ¥ y SR et i =

Figure 16. Analysis of AtCUAQA and AtCUAO2 tissue specific expression pattern upon abiotiesst (cotyledonary
leaf wounding and dehydration recovery) treatments.

3.11. Expression profile of AtCuAOy1 and AtCuAOy2 after treatment with PAs

Following the analysis of the effects of Put andl $p the expression of the clade | genes,
the effects of these PAs on expression of cladeeinbersAtCuAQ/1 andAtCuAQ2 was studied.
These two PAs had diverse effects on the expresditirese genes (Fig. 17).

Treatment with 500 uM Put induced batCuAQ1 and AtCuUAQ2 expression at similar
levels from 1 h up to 3 h (2- to 3-fold). From tHisme point, expression oAtCuAQ1 was
maintained at an induced level of approximatelprdd 2-fold, respectively at 6 and 24 h, compared

to TO levels (Fig. 17, upper left panel) while la same time poin&tCuAQ2 expression returned



to TO levels (Fig. 17, upper right panel). The 508 Spd treatment responses presented an
opposite pattern with visible repressionACUAQ1 expressiorat 1 and 3 h (approximately 40%
and 50% of TO respectively; Fig. 17, lower left phrand no observed significant differences as

compared to TO in the caseAMCuUAO2 (Fig. 17, lower right panel).
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Figure 17. Time-course analysis &tCuAOA and AtCUAO2 gene expression by RT-gPCR upon treatment with the
polyamines putrescine e spermidine.

Considering data from RT-gPCR, the analysis of tthgue-specific expression pattern of
AtCuAO1 andAtCuAQ2 after Put treatments has been carried out (Fig.l&&letail, Put induced
AtCUuAQ1 expression in the stipules, hydathodes of new gimgieaves and root elongation zone
(Fig. 18a-d), as revealed by the presence of amset GUS staining in these tissues (Fig. 18b and
d) in comparison to control untreated plants (Ei8a and c). Furthermore, Put indudaCuAQ?2
expression (Fig. 18e-h) in the cotyledon apicalatigddes and root columella (Fig. 18f and h), as
shown by the tissue-specific increase of the premdtiven GUS expression in Put-treated

AtCuAQ2-promoter::GFP-GUSlants as compared to control untreated plants (e and g).



Figure 18. Analysis ofAtCUAOA andAtCuAQ2 tissue specific expression pattern upon putrego@gament.

4. Discussion

4.1. AtCuAOa2/a3 and AtCuAOyl/y2 gene expression: possible relevance in water balance,

vascular tissue differentiation, wounding and immune response

The expression pattern @ftCuAQx2, a3, y1 and y2 revealed by GUS staining shows an

association with tissues and cells involved in watgply and water loss such as vascular tissues



and hydathodes. In detail, in developing seedlipgsnoter-driven GUS expression was clearly
visible in hydathodes of cotyledom&tCuAQr2, AtCuAQ1 andAtCuAO2; Fig. 1, 4, 7 and 8) and
new emerging leave®\{CuAQ1 and AtCuAOQ2; Fig. 4, 7 and 8), as well as in vascular tissafes
new emerging leave&{CuAQ1,; Fig. 4 and 7) and hypocotyl/root zon@dGQuUAQ:3; Fig. 2).

In this regard, the occurrence of AOs in tissuesled in water balance homeostasis has
been revealed in several plant species. In detaihe AO members have been shown to be
expressed in vascular tissuesFabacee PoaceeandNicotiana tabacun{Paschalidis et al., 2005;
Ghuge et al., 2015c), in stomata\itia faba(An et al., 2008; Qu et al., 2014nd in both stomata
and vascular tissues of Arabidopsis (Kim et al12®u et al., 2014; Ghuge et al., 2015a; Ghuge et
al., 2015b; Ghuge et al., 2015c; Alabdallah et2817) andVitis vinifera(Paschalidis et al., 2009;
Paschalidis et al., 2010). The expressioAtGfuAr2/a3 andAtCuAQ1/y2 in both stomata-related
hydathode pores and vascular tissues, as welleasrégulation by DR stress (Fig. 9, 10, 15, 16) is
therefore congruent with the previously reported W@alization in tissues and cells involved in
water transport, further supporting the hypothesisan AO role in water balance regulation.
Moreover, peroxisomal AtCuA&B is likely involved in IAA-induced root xylem d#fentiation
(Fig. 8), although this latter phenomenon may behér regulated by thermospermine and its
metabolism by other AOs (Yoshimoto et al., 2016akAlallah et al.,, 2017). On the other hand,
AtCuAO1 encoding an apoplastic protein is positively rated by IAA and shows a strong
expression in vascular tissues of young leaves @and Fig. 13).

It has been shown that both apoplastic and permab@uAOs and PAOs contribute to the
ABA-induced ROS biosynthesis leading to stomatatete possibly in cooperation with NADPH
oxidases (An et al., 2008; Paschalidis et al., 20tinalasekera et at., 2011; Qu et al., 2014). The
complex network of ROS sources is further enricbgdthe recent discovery that the vacuolar
AtCuAOQs is involved in the KO, production related to ABA-induced stomatal clos{ifrraudentali
et al.,, 2019). Furthermore, apoplastic PAOs and @sAave been involved in early xylem

differentiation especially under stress-like comlis, such as those signaled by MeJA treatment



(Ghuge et al., 2015a; Ghuge et al., 2015c) or stadl by treatment with exogenous PAs, AO
overexpression (Tisi et al., 2011a; Tisi et al.12) or a compromised status of cell-wall pectin
integrity (Cona et al., 2014). Thus, the ROS sigreatoccurring during specific developmental
events or in response to biotic/abiotic stress itmmd is generated by a complex interplay among
AOs with different subcellular localization and pidy NADPH oxidases (Gupta et al., 2016). On
this basis, it is reasonable to hypothesize thatpgroxisomaAtCuAx3 may cooperate with the
apoplasticAtCuA(®, both positively regulated by MeJA (Ghuge et @aD15a) in a potentially
MeJA-signaled maturation of root metaxylem vesgelg. 2). Therefore, the occurrence of CUAOs
with different subcellular localization, tissue sjfie expression and hormone responsiveness, such
as AtCuAQi3 in vascular bundles, the apoplastic ABA- and 8éduced AtCUuAQ@1 in vascular
tissues of new emerging leaves and the apoplas@eiAOy2 in vascular bundles of cotyledons,
may contribute to developmentally-regulated or sstfi@duced xylem tissue maturation in these
organs. Furthermore, the expressioAtEuAQr2, AtCUAO1 andAtCuAQ2 in hydathodes, which
are structures evolutionarily related to the st@amd represent sites of high free-auxin levels dgvi
xylem differentiation (Aloni et al., 2003), may hea role in xylem maturation of differentiating
vascular bundle in cotyledon and leaf. In this eahtbased on the evidence tBaCuAQx2 and
AtCuAQr3 expression is induced by the wound associatechkigeJA, we can hypothesize that
the encoded CuAOs may have a role in xylem diffiéeaéon during the auxin-driven xylem
regeneration around a wound (Aloni, 2001). Morep\teis interesting to note th&tCuAQ1/y2
are positively regulated by wounding but insensitis MeJA suggesting the involvement of these
genes in the MeJA-independent wounding-respondemaat (Titarenko et al., 1997; Ledn et al.,
1998).

The expression oAtCuAQx2 and AtCuAQ'1/y2 in the hydathodes may be also relevant in
the early stage of immune responses. In fact,dtlieeen reported that FLS2 (Flagellin Sensitive?2)
receptor is expressed in the hydathodes (Beck,e2@l4) and may contribute to ROS production

elicited by the bacterial Pathogen Associated MdiecPattern flagellin (Mersmann et al., 2010).



The apoplastic (AtCuA¢@) and the peroxisomal (AtCuAlp have been already suggested to be
involved in flagellin signal transduction (Planasrtell et al., 2013) and the present data further

enrich thisscenario

4.2. AtCuAOa2/a3 and AtCuAOyl/y2 gene expression: possiblerelevancein PA homeostasis,

cell wall maturation, cell expansion and root gravitropism

A combined approach of GUS staining in tissue eastiand promoter-driven GFP signal
analysis revealed gene expression also in the episl®f cotyledon and young leafd), in the root
cortex at the division/elongation transition zop#) @s well as in cotyledon margins and columella
cells ¢2). In this regard, AOs have been involved in groeid developmental processes in several
plant species. Specifically, apoplastic AOs havenbanplicated in cell wall maturation events
during developmentally-regulated or light-inducéssue differentiation irNicotiana tabacumas
well as in species belonging EabaceaeandPoaceag(Cona et al., 2006; Karkénen & Kuchitsu,
2015; Tavladoraki et al., 2016). In these procesbesPA-derived KD, behaved as a co-substrate
in the peroxidase-mediated cross-linking of celllvyalymers and/or lignin/suberin biosynthesis
(Angelini et al., 2010). Moreover, it has been ®gigd that both apoplastic and/or cytosohOH
might modulate cell water uptake by regulating délggiaporin abundance at the plasma membrane
via endocytosis activation resulting in a reducedewtransport (Schmidt et al., 2016). The reduced
water uptake hinders the turgor pressure-driveh ecgdansion cooperating with the cell growth
inhibition triggered by wall stiffening events. Tiag in mind this consideration, the occurrence of
the apoplastic AtCUAgL in outer-tissues (root cortex) of the transitioorgation zones, suggests a
role in cell wall stiffening events occurring wheells stop dividing and enter the elongation phase,
prior to acquiring a final differentiated statusikéwise, the expression of the peroxisomal
AtCuAOQOa?2 in the growth-rate controlling epidermis of cetybn and young leaf, might contribute
through aquaporin activity modulation to the intidm of the cell growth eventually triggered by a

cell wall localized production of #D,.



Interestingly, AtCUAQO?2 is specifically expressed in columella cells andpissitively
regulated by IAA, suggesting a possible link witlagtropic response through an AO-mediated
H,0,-dependent negative regulatory loop (Su et al.72@hou et al., 2018).

On the other hand, since the simultaneous produafd+,0, and superoxide anion {p
leads to the enzymatic or chemical formation of wal-loosening agent hydroxyl radical (QH
the HO;, derived from AO-mediated PA oxidation could thastgipate in the ROS-mediated cell-
wall expansion, depending on a specific ROS sigedi@upta et al. 2016; Schmidt et al., 2016). In
line with this hypothesis, the soybean CuAO-driv¢sO, production has been involved in cell
expansion of fast-growing tissues (Delis et alQ&0 In this context it is interesting to note that
AtCuAQr2 and AtCUAQ1 are positively regulated by IAA in fast expanditigsues of leaf
primordia and root elongation zone their encodeddpects possibly contributing to .B»
biosynthesis needed for wall expansion (Fig. 77, 3, 13, 14).

Furthermore, ROS have also been involved in menisize specification by controlling the
transition between cell proliferation and differatibn, independently from the cytokinin/auxin
pathway (Bishopp et al., 2011; Petricka et al.,2pWith H,O, and Q™ respectively promoting cell
differentiation and cell division (Tsukagoshi et &010). In this regard, it is worth mentioningith
analysis ofAtCuAQx2, a3, y1 andy2 expression pattern reveals overlapping profile$ hoteach
other and in relation to the tissue distributiontgra of free-auxin production sites (Aloni et al.,
2003; Jacobs & Roe, 2005), suggested to contrapéi@s maturation sequences and vascular
differentiation in leaf and root (Aloni et al., 2B0Petricka et al., 2012). In detail, among the{re
auxin production sites a specific expression peafil each of the analyzed members ofAlGUAO
family has been displayeAtCuAQx3 is expressed in stipules2 andyl in leaf primordium tipp2,
yl andy2 in hydathodesu2 in leaf marginsy2 and AtCUAQ (Ghuge et al., 2015a) in root apex;
AtCUAQ (Ghuge et al., 2015a) in the youngest region efdtiferentiating central cylinder and
AtCUAQ (Ghuge et al., 2015c) andtCuAQ{ (Qu et al., 2014) in stomata. The occurrence of

AtCuAO family members in each of the zones whera@in maximum has been observed support



the above reported evidences of CuAO roles in ¢igeaturation events and xylem differentiation,
especially under stress conditions, by leading 40.Hbroduction consequent to the modulation of
AtCuAOgene expression and PA homeostasis and tran$pahis regard, the positive regulation
by Put of the expression @uAO genes under study may represent the necessityfiokaPA
homeostasis and/or a mechanism fg®fproduction (Fig. 11, 12, 17, 18). Indeed, it is kmathat

at specific developmental stages or under stresditbons, the HO, derived by the CuAO-driven
PA-oxidation may trigger both wall maturation eveand induction of defense- and developmental

programmed cell death (PCD)-gene expression (Ghaugk, 2015c).
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Figurelegends

Fig. 1 AtCuAQx2 tissue expression pattern in 3- (a-d), 5- (e-ldJ @rday-old (I-n)AtCuAQx2-promoter::GFP-GUS
Arabidopsis transgenic seedlings by light microgcapalysis after GUS staining (a-h; I-n) and LSCh4lgsis of GFP
signal (i-k). a, 3-day-old whole seedlindp-d Magnified details of GUS staining in 3-day-old dlegs showing
cotyledon with diffused GUS staining particulartyogig in apical hydathode (b, c) and shoot apek aigar staining at
the tip of one of the leaf primordia (d; Lp3.5-day-old whole seedling-h Details of GUS staining in 5-day-old
seedlings. Strongly stained cotyledon and newlyrging leaf (f); stained hydathode and surroundiisgues (g);
emerging leaf with staining in its apical part (hkk GFP fluorescence in 5-day-old seedlings. GFP éiscence in the
epidermal layer of a cotyledqi); and sub-epidermal layer neighboring the hydath@gd&EP signal associated with
young leaf margins (k)-n Details of GUS staining in 7-day-old seedlingsty@adon with spotted staining and the
strongly stained hydathode (I); magnification ofcap hydathode of cotyledon presented! ifm); shoot apex with
expanding first leaves showing strong staining @GS staining reaction proceeded overnight.

a, Bar =500 um; b, d, h, Bar = 100 um; c, g, iBa, = 50 um; e, Bar =1 mm; f, I, n, Bar = 200 |jnk, Bar = 25 pm.

Fig. 2 AtCUAQ:3 tissue expression pattern in 3- (a-e), 5- (f-ad @rday-old (p-s)AtCUAQx3-promoter::GFP-GUS
transgenic seedlings and sections by light micneganalysis after GUS staining. 3-day-old whole seedlingh-e
Details of GUS staining in 3-day-old seedlinf§hoot apex showing staining in stipules (b); GUS staining in vascular
tissue of hypocotyl (c), hypocotyl/root junction)(@nd root mature zone (€)5-day-old whole seedlingy-j Details of
GUS staining in 5-day-old seedlings. GUS stainirggogiated with stipules in shoot apex (g), hypdcdhy,
hypocotyl/root junction (i) and vascular tissuesradt mature zone (jk-o Details of GUS staining in sections of 5-
day-old seedlingds.ongitudinal section of shoot apex with detailsledf primordia showing GUS staining in stipules
(k); longitudinal section of hypocotyl with promoter activity associated with xylem vessels (1); cross-sections of
hypocotyl (m), hypocotyl/root junction (n) and rootature zone (0) showing promoter activity in vdacdissue,
remarkably in metaxylem vessetss Details of GUS staining in 7-day-old seedlingso&hapex with GUS staining in
stipules (p, q); GUS staining associated with vascular tissues of hypocotyl/root junction (r) and root (s). Staining
reaction proceedagvernight. a, r, s, bar = 500 um; b, ¢, d, e, h, i, bar = 100 um; f, bar = 1 mm; g, j, k, 1, n, bar = 50 pm;

m, 0, g, bar = 2hum; p, bar =200 pm.

Fig. 3 AtCUAQ1 tissue expression pattern in 3- (a-g), 5- (h-aj @day-old (p-t)AtCuAQ1-promoter::GFP-GUS
transgenic seedlings by light microscopy analyfisraGUS staining (a-I and p-t) and LSCM analysisGé-P signal
(m-0).a Three-day-old whole seedlinig-g Three-day-old seedlings showing promoter-driverSGpression in shoot
apex (b), apical tip of cotyledon (c), hypocotyldamypocotyl/root junction (d), mature zone of tlo®tr (€) and root
division/elongation transition zone (f, d).Five-day-old whole seedling:l Five-day-old seedlings showing cotyledon
apical tip (magnification froni) with staining in vascular tissues and hydathode (i); leaf primordia with staining in
developing vascular tissues and in the apical tip (j); magnification of leaf primordia shown in j with staining clearly
associated with developing vasautissue (k); root apex showing GUS staining of ground tissues starting from the
elongation zone towards the differentiation zonen-o GFP fluorescence in 5-day-old seedlings. GFP &ignthe
cortical cell files of the root apex, from the evfthe division zone towards the elongation anéedéntiation zoném);

sequential confocal sections from root epidermis tfee left) to the central zone (on the riglhowing GFP signal



associated with cortex cells (n); GFP signal inuratzone of the root with an emerged lateral (odip-t Details of
GUS staining in 7-dayld seedlings. Cotyledon with staining in the apical hydathode (p); expanding leaf with strong
expression associated with developing vascular system and hydathodes (q); magnified details of q (r); root mature zones
with staining in ground tissues (s, t). GUS staining reaction proceeded overnight. a, p, bar = 500 um; b, ¢, d, f, j, 0, q, 1,

bar =100 um; e, g, k, I, m, s, t, bar = 50 pm; h, bar = 1 mm; i, bar = 200 pm.

Fig. 4 AtCuAQ1 tissue expression pattern in sections of 5-dayA@uAQ1-promoter::GFP-GUStransgenic
Arabidopsis seedlings by light microscopy analygdier GUS staininga Cross section of cotyledons with expression
associated with vascular bundle.Tangential sections of cotyledon upper lamina wgithining in vascular bundle.
Details of vascular bundle showing staining in wdac tissuesd Section of cotyledon with promoter activity in
vascular tissues Magnification of vascular tissue with its assoethiIGUS expressiorfi-h Longitudinal sections of
shoot apex in sequence, showing staining assoandthdhe junction of leaf primordia with hypocasyl Longitudinal
root apex section showing GUS staining at the ttiangelongation zong. Longitudinal section of root mature zote.
Two root cross sections in sequence showing expresssociated with ground tissues especially cairtiell layeren
endodermis; C: cortex; p: pericycle; v: vascular tissued. Cross section of hypocotyl above hypocotyl/roatcjion
showing strong GUS expression in vascular tissuandn Longitudinal section of hypocotyl/root junctionttvistrong
promoter activity in vascular tissue. Magnification of vascular tissue of hypocotyl/rgonction showed in mp
Mature root cross section with expression assatiafith ground tissues. Staining reaction proceemestnight. a, b,

bar =200 pum; ¢, d, bar = 100 um; e-n, p, bar = 50 um; o, bar = 25um.

Fig. 5 AtCuAQ?2 tissue expression pattern in 3- (a-e), 5- (f-njl @day-old (o-r)AtCuAQ?2-promoter::GFP-GUS
Arabidopsis transgenic seedlings by light microscapalysis after GUS staining ga4-1; o-r) and LSCM analysis of
GFP signal (h, m, npa 3-day-old whole seedlindp-e Details of GUS staining in 3-day-old seedlingsrRoter-driven
GUS expression was detectable in hydathode ineddyl (b), in hypocotyl (c), in root and hypocotybt junction (d)
and in root apex (ef. 5-day-old whole seedlingy, i, j, k, | Details of GUS staining in 5-day-old seedlingsaisd
hydathode in cotyledons (g); hypocotyl with view of shoot apex (i); GUS staining associated with apical hydathodes in
newly formed expanding leaves (j); details of root mature zone close to the hypocotyl/root junctiorhvgtained ground
tissues (k); strong promoter activity in root apex (1). h, m, n GFP fluorescence in 5-day-old seedlings. GFP &igna
associated with cotyledon margins at hydathodes ddnfocal section of the root tip showing expression clearly
associated with columella cells (m); reconstructed projection of a series of confocal sections of the root tip showing
GFP signal associated with root cap (). Details of GUS staining in 7-day-old seedlingsoB8g promoter activity in
fully expanded cotyledon with clearly stained hydathode (0); stained apical hydathodes in newly formed expanding
leaves repeating the pattern visible already irapald seedlings (p); hypocotyl/root junction (q); magnified details of
root mature zone, with staining in ground tissugsGUS staining reaction proceeded overnighbar = 500 um; b, k,

1, bar = 50 um; c, d, j, bar= 100 um; e, h, I, m, n, bar = 25 pm; f, bar = 1 mm; g, i, o, p, g, bar = 200 um.

Fig. 6 AtCUAQ?2 tissue expression pattern in sections of 5-dayA@uAQ?2-promoter::GFP-GUStransgenic
seedlings by light microscopy analysis after GU&n#ihg. a Longitudinal section of the root tip with apprdda

staining in root caph Cross section of root tip with staining of the whooot capc andd Cross sections of roots with



clearly stained epidermis, cortex and endodermendf Cross and longitudinal sections of hypocotyl shapwizUS
staining in epidermal and cortical cell filggTangential section of upper lamina of cotyledothveissociated promoter
activity in hydathode zondn Magnified detail of g showing staining of mesophodlls around the vascular bundie.
andj Longitudinal sections of shoot apex showing cktaming in the apical zone of leaf primordialCotyledon cross
section showing strong staining around the centaslcular bundlel Magnified details of k, showing the vascular
bundle and the strong staining around it. Staim@gagtion proceeded overnight. a-f, h-j, |, bar =u2§ g, k, bar = 100

pum.

Fig. 7 Time-course analysis &tCuAQx2 and AtCUAQI3 gene expression by RT-gPCR upon treatment with (AA
b), MeJA (c, d), ABA (e, f) and SA (g, h). Gene eegsion was analyzed in 7-day-old WT seedlingseatd&d or
treated with 10 pM IAA, 50 uM MeJA, 100 uM ABA orr@M SA for 0 (TO), 1, 3, 6 and 24 h. The reportedles of
expression fold-inductions after treatment aretinedato the corresponding expression values of ineated plants for
each time point, with the value for time zero assdro be one. Data is the result of three bioldgieglicates, each
with three technical replicates (mean values +1$B;3). The significance levels between relativeN#Revels at each
time point and time O are reported only wherx B.05. *, ** *** *x* P yalues< 0.05, 0.01, 0.001 and 0.0001

respectively.

Fig. 8 Analysis of AtCUA2 and AtCUAQA3 tissue specific expression pattern upon IAA andMé&eatmentsa-j
Light microscopy analysis by GUS staining of 7-adg-AtCuAQu2::GFP-GUStransgenic seedlings untreated (a, c, e,
g, i) or treated with 1@M IAA for 3 h (b, d) or with 50 uM MeJA for 24 hf,(h, j). The staining reaction proceeded for
2 h.aandb Cotyledon apical zone showing a slight increas@df staining at the apical hydathode (bdndd Shoot
apex with newly formed expanding leaves showingnarease of promoter activity in the apical hydatddd).e andf
Cotyledon apical zone showing a strong increas&W$ staining at apical hydathode (@.andh Cotyledon lateral
zone showing increase of GUS staining at the eatdsorder (h).i andj Shoot apex with newly formed expanding
leaves showing an increased promoter activity e ahpical hydathode and leaflet margins Kjy. Light microscopy
analysis by GUS staining of 7-day-odCuAQu3-promoter::GFP-GUSransgenic seedlings untreated (k, m, o, q) or
treated with 1uM IAA for 3 h (I, n) or with 50 uM MeJA for 6 h (p). The staining reaction proceeded 2 h and I h fo
IAA and MeJA treatments, respectivelly.and| Shoot apex showing an increase of GUS stainingjcpéarly in
stipules (I).m andn Mature root showing a clear increase of promotéividy in the vascular tissues (r9.andp Shoot
apex showing an increase of GUS staining in stijp(®.q andr Hypocotyl/root junction showing a clear increage o
promoter activity in the hypocotyl, and the matwet zone (r)s andt LSCM analysis of GFP signal and PI staining of
5-day-oldAtCUAa3::GFP-GUStransgenic seedlings untreated (s) or treatedi(t) 3 pM MeJA for 2 h showing a

stronger signal in the vascular tissue of treatadtp. a-d, k-n bar = 200 um; e-j, o-t, bar = 100. u

Fig. 9 Time-course analysis #tCuAQ2 andAtCuAQa3 gene expression by RT-gPCR upon abiotic streasnients
(dehydration and recovery and leaf wounding). Gexpression was analyzed in 7-day-old WT seedlingeeated or
treated for Oh (T0), 30 min dehydration (T1) (seset graph) followed by 1 (T2), 3 (T3), 6 (T4) a&d h (T5)
recovery, or 0 (TO), 1, 3, 6 and 24 h after leafumding. The reported values of expression fold-atidns after

treatment are relative to the corresponding exjesslues of non-treated plants for each time fpoiith the value



for time zero assumed to be one. Data is the re$utiree biological replicates, each with threehtécal replicates
(mean values + SD; n = 3). The significance lelmisveen relative mRNA levels at each time point am# O are
reported only when R 0.05. *, **, *** ** P yglyes< 0.05, 0.01, 0.001 and 0.0001 respectively.

Fig. 10 Analysis of AtCuAQx2 and AtCUAA3 tissue-specific expression pattern upon abiotiesst (leaf wounding
and dehydration recovery) treatmerad. Light microscopy analysis by GUS staining of 7-adg AtCUAQR2::GFP-
GUStransgenic seedlings untreated (a, b) or subjaotdehydration 30 min plus 3 h recovery (c, d)tcocotyledonary
leaf wounding for 3 h (e, f). The staining reactjmmceeded for 2 h in both treatmerdsc, and e Young leaves of
untreated (a), subjected to dehydration recoveryfdo cotyledonary leaf wounding (&), d, and f Cotyledon of
untreated (b) subjected to dehydration recovery(dp wounding (f)g-l Light microscopy analysis by GUS staining
of 7-day-oldAtCuAQx3-promoter::GFP-GUSransgenic seedlings untreated (g, h) or treatéd dehydration 30 min
plus 3 h recovery (i, j), or with cotyledonary lembunding for 3 h (k, I). The staining reaction peeded for 2 h in both
treatmentsg, i andk Petiole/apex junction of untreated (g), submittedieéhydration recovery (i) or to cotyledonary
leaf wounding (k).h, j and | Root mature zone of untreated (h), submitted thydeation recovery (j) or to

cotyledonary leaf wounding (l). a-l, bar = 200 um.

Fig. 11 Time-course analysis AAtCUAQ2 and AtCUAQa3 gene expression by RT-qPCR upon treatment with the
polyamines putrescine e spermidine. Gene expressasranalyzed in 7-day-old WT seedlings untreatedeated with
500 uM putrescine or 500 uM spermidine for 0 (TIQ)3, 6 and 24 h. The reported values of expredsidrnductions
after treatment are relative to the correspondxgression values of non-treated plants for eacle fimint, with the
value for time zero assumed to be one. Data isrékalt of three biological replicates, each witheth technical
replicates (mean values + SD; n = 3). The signifiealevels between relative mMRNA levels at eacle fimint and time

0 are reported only when<P0.05. *, ** *** *x* P yglues< 0.05, 0.01, 0.001 and 0,0001 respectively.

Fig. 12 Analysis of AtCUA2 and AtCuUAQr3 tissue specific expression pattern upon putresoinspermidine
treatment-f Light microscopy analysis by GUS staining of 7-adg AtCuAQu2::GFP-GUStransgenic seedlings
untreated (a, b) or treated with 500 uM Put (c,od)with 500uM Spd (e, f), for 3 h. The staining reaction prates
for 2 h.a, ¢, e Shoot apex with newly formed expanding leaves shgwan increase of promoter activity in the apical
hydathode and leaf margins with Put (c) and Spdrégitment. Cotyledonary leaf apical zone showingnarease of
GUS staining at the apical hydathode with Put (d) Spd (f) treatmeng-j Light microscopy analysis by GUS staining
of 7-day-oldAtCuAQx3-promoter::GFP-GUSransgenic seedlings untreated (g, i) or treatgd %00 uM Put for 1 h
(h, j). The staining reaction proceeded for Zytlandh Root mature zone showing an increase of GUS stiim the
vascular tissue after Put treatment {lgndj Stipules showing an increased promoter activitgraPut treatment (j). a-
f, i, j, bar =200 um; g, h bar = 100 pm.

Fig. 13 Time-course analysis #ftCuAOA andAtCuAO2 gene expression by RT-gPCR upon treatment with (AA
b), MeJA (c, d), ABA (e, f) and SA (g, h). Gene eegsion was analyzed in 7-day-old WT seedlingseatdd or
treated with 10 pM IAA, 50 uM MeJA, 100 uM ABA orr@M SA for 0 (TO), 1, 3, 6 and 24 h. The reportedles of



expression fold-inductions after treatment aretinadato the corresponding expression values of tneated plants for
each time point, with the value for time zero assdno be one. Data is the result of three bioldgieplicates, each
with three technical replicates (mean values + 8B3). The significance levels between relative mRB\vels at each
time point and time O are reported only wherx B.05. *, ** *** *x* P yalues< 0.05, 0.01, 0.001 and 0,0001

respectively.

Fig. 14 Analysis of AtCUAOA andAtCuAO2 tissue specific expression pattern upon 1AA, ABAI 8A treatmentsa
andb Light microscopy analysis by GUS staining of 7-adgt AtCUAOA::GFP-GUStransgenic seedlings untreated (a)
or treated (b) with 10 uM IAA for 3 h, showing arciease of GUS staining in the root transition/gidion zone (b).
The staining reaction was allowed to proceed fon®. c andd Light microscopy analysis by GUS staining of 5-day
old AtCuAOA::GFP-GUStransgenic seedlings untreated (c) or treated {t) ¥00 uM ABA for 24 h showing an
increase of GUS staining in the root transitioniglation zone (d). The staining reaction proceededfh.e andf
Light microscopy analysis by GUS staining of 7-ddg-AtCUAOA::GFP-GUStransgenic seedlings untreated (e) or
treated (f) with 2 mM SA for 3 h, showing a sligincrease of GUS staining towards the ground tissfethe
maturation root zone (f). The staining reactiongaexed for 5 ming-j Light microscopy analysis by GUS staining of
7-day-oldAtCuAO2::GFP-GUStransgenic seedlings untreated (g, i) or treateg (hith 10 uM IAA for 3 h, showing
an increase of GUS staining in the root cap (collahéh) and the stipules associated with the frsierging leaves (j).

The staining reaction proceeded for 2 h. a-j, b&0& pum.

Fig. 15 Time-course analysi&tCUAO/AL and AtCUAO2 gene expression by RT-gPCR upon abiotic stressmiesds
(dehydration and recovery and leaf wounding). Gexpression was analyzed in 7-day-old WT seedlingeeated or
treated for Oh (TO), 30 min dehydration (T1) (seset graph) followed by 1 (T2), 3 (T3), 6 (T4) a2d h (T5)
recovery, or 0 (TO), 1, 3, 6 and 24 h after leafumding. The reported values of expression fold-atidns after
treatment are relative to the corresponding exjesslues of non-treated plants for each time fpoiith the value
for time zero assumed to be one. Data is the refutiree biological replicates, each with threehtécal replicates
(mean values + SD; n = 3). The significance lelmisveen relative mRNA levels at each time point am# O are
reported only when R 0.05. *, **, *** ** P yalues< 0.05, 0.01, 0.001 and 0,0001 respectively.

Fig. 16 Analysis of AtCUAOA and AtCuAO2 tissue specific expression pattern upon abiotiesst(cotyledonary leaf
wounding and dehydration recovery) treatmeratd. Light microscopy analysis by GUS staining of 7-adg
AtCuAOAL::GFP-GUStransgenic seedlings untreated (a, d), subjecte@hgdration 30 min plus 3 h recovery (b) or 6
h recovery (e), or to cotyledonary leaf wounding ®&h (c, f). The staining reaction proceeded foh In both
treatmentsa, b, and c Petiole/apex junction of untreated seedlings gapjected to dehydration recovery (b) or to
cotyledonary leaf wounding (cll, e, and f Root apex of untreated (d) subjected to dehydratazovery (e) or to
cotyledonary leaf wounding (f)g-l Light microscopy analysis by GUS staining of 7-ad¢y AtCuAO2-
promoter::GFP-GUSransgenic seedlings untreated (g-i) or subjettembtyledon wounding for 3 h (j-). The staining
reaction proceeded for 2 ¢.h andi Cotyledon (g), Petiole/apex junction (h) and rapéx (i) of untreated seedlings.

k and | Cotyledon (h), Petiole/apex junction (k) and rapéex (I) subjected to cotyledon wounding. a-l, 400 pum.



Fig. 17 Time-course analysis chtCUAOA and AtCUAO2 gene expression by RT-gPCR upon treatment with the
polyamines putrescine e spermidine. Gene expresssranalyzed in 7-day-old WT seedlings untreatddeated with
500 pM putrescine or 500 pM spermidine for 0 (TI0)3, 6 and 24 h. The reported values of expredsidrinductions
after treatment are relative to the correspondixression values of non-treated plants for eacle fimint, with the
value for time zero assumed to be one. Data isrékalt of three biological replicates, each witheth technical
replicates (mean values = SD; n = 3). The signifiealevels between relative mMRNA levels at eacle fiwint and time

0 are reported only when<P0.05. *, ** *** =*xx P yglues< 0.05, 0.01, 0.001 and 0,0001 respectively.

Fig. 18 Analysis of AtCUAO/A and AtCUAQ2 tissue specific expression pattern upon putresttegamenta-d Light
microscopy analysis by GUS staining of 7-day-#ltCuAOA::GFP-GUS transgenic seedlings untreated (a, ¢) or
treated (b, d) with 500 uM putrescine for 1 h shmpiGUS staining in the apex/petiole junction anta@phydathodes
(arrows) (b) and the root transition/elongationedd). The staining reaction was allowed to prodee@ h.e-h Light
microscopy analysis by GUS staining of 7-day-@ltCuAQ2::GFP-GUStransgenic seedlings untreated (e, g) or
treated (f, h) with 500 uM putrescine for 3 h, shuywGUS staining in the cotyledon apical hydath¢®eand in the
root cap (columella) (h). The staining reactionga@ded for 2 h. a-h, bar = 100 um.
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Additional file 1: Fig. S1 Phylogenetic analysis of AtCuAOs. Predicted amao@ sequences were retrieved by the
online databaseThe Arabidopsis Information Resoutq@AIR) (https://www.arabidopsis.org)A, phylogenetic tree
constructed by the online web servRRRylogeny.fr(http://www.phylogeny.fr/simple_phylogeny.cd) identity matrix
made by the online web serviE®BL-EBI Clustal Omegéhttp://www.ebi.ac.uk/Tools/msa/clustalo).
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Additional file 2: Fig. S2 Alignment of AtCUAO and PSAO amino acids sequenddignment was performed by
using the online web serviégeMBL-EBI Clustal Omegéhttp://www.ebi.ac.uk/Tools/msa/clustalo). Theefiactive site
residues essential for catalysis (Asp300, Tyr38i84#R, His444 and His603; PSAO numbering) are fogléd in
blue.



AtCuAOu2/03 and AtCUAOy1/y2 present characteristic devel opmental -regulated profiles.
AtCuAOa2/a3 genes are induced by MelA,

AtCuAOy1 geneisinduced by ABA and SA.

IAA, Putrescine, Dehydration-recovery and wounding induce AtCUAOs expression.

These AtCuAOs were expressed in vascular tissues, hydathodes and auxin-maximum zones.
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