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1 Abstract

Crop productivity relies heavily on fertilization. However, the augmented use of
fertilizers by industrial farming results in an over-accumulation of nutrients in the soil,
which induces nutritional stresses. The utilization of nitrate, ammonium, and urea as
nitrogen sources leads to an elevated intracellular accumulation of ammonium, which
makes indispensable to understand and elucidate the mechanism by which plants face
ammonium toxicity. Early studies on plant metabolism of polyamines pointed to their
involvement in responses to different environmental stresses. However, the precise
mechanisms by which polyamines control plant responses to stress stimuli have not been
elucidated yet. Previous results of our laboratory suggested the importance of the “urea
cycle” on the tolerance of Medicago truncatula seedlings to ammonium, in which
polyamine catabolism might play a key role in such tolerance, but there are still important
gaps to fulfill. The excess of ammonium originated either from ammonium nutrition or
from polyamine metabolism may be suggested to act as a feedback inhibitor of amine
oxidases since polyamines, mainly putrescine, were accumulated while the content of y-
aminobutyric acid decreased. In the present study, an intra- and interspecific phylogenetic
analyses of amine oxidases are performed in order to characterize them. Moreover, the
differential effect of distinct nitrogen nutrition and doses on diamine oxidases and
polyamine oxidases activities involved in the catabolic processes of polyamines in
connection to the “urea cycle” was assayed. In general terms, the results obtained in this
study showed higher diamine oxidase activities in Medicago truncatula plant shoots than
that observed in roots. In addition, plants supplied with low dose of ammonium exhibited
significantly higher diamine oxidase activity in shoots in comparison with nitrate- and
urea-fed plants, whereas diamine oxidase activity was significantly higher in roots of
ammonium-fed plants at high dose. Since diamine oxidase activity has been shown to be
increased under ammonium conditions in Medicago truncatula tissues, this might suggest
the importance of polyamine catabolism in the tolerance against high ammonium
conditions. Although alternative mechanisms underlying ammonium stress/tolerance
response are proposed in this report, future research should be performed to elucidate the
mechanisms underlying plant ammonium tolerance responses.






2 Abbreviations

ADC: Arginine decarboxylase
AIH: Agmatine iminohydrolase
ALMT: Aluminum-activated malate
transporter

AMT: Ammonium transporter
Arg: Arginine

Asn: Asparagine

Cad: Cadaverine

CaM: Carbon-terminal calmodulin
CAPK: Cytosol-associated protein
kinase

CuAO: Copper-containing amine
oxidase

DAO: Diamine oxidase

dcSAM: decarboxylated S-
adenosylmethionine

FAD: Flavin adenine dinucleotide
GABA: y-aminobutyric acid
GAD: Glutamate decarboxylase
GIn: Glutamine

GOGAT: Glutamate synthase

GS: Glutamine synthetase

H20:: Hydrogen peroxide

N: Nitrogen

NAGK: N-acetyl-L-glutamate kinase
NH4": Ammonium

NOs™: Nitrate

OAT: Ornithine-6-aminotransferase
ODC: Ornithine decarboxylase

Orn: Ornithine

PA: Polyamine

PAO: Polyamine oxidase

Pro: Proline

Put: Putrescine

PSCS: Delta 1-pyrroline-5-carboxylate
synthetase

ROS: Reactive oxygen species
SAM: S-adenosylmethionine
SAMDC: S-adenosylmethionine
decarboxylase

Spd: Spermidine

SPDS: Spermidine synthase
Spm: Spermine

SPMS: Spermine synthase






3 Introduction

Crop productivity relies heavily on fertilization. The availability of nitrogen in soils
affects plant growth, and limits the productivity in agricultural ecosystems due to its
involvement in key functions in plants. Nitrogen fertilizers for crops typically contain
nitrate and ammonium salts, and urea. The augmented use of fertilizers by industrial
farming, results in an over-accumulation of nutrients in the soil leading to environmental
issues such as eutrophication. In this context, it is interesting to understand how plants
utilize nutrients, and also the mechanism by which plants deal with nutritional stresses
such as nitrogen over-accumulation in soils.

3.1 Nitrogen nutrition

Nitrogen (N), one of the main nutrients, is essential for the optimal growth and
development of plants since it is the constituent of many plant cell components and
biomolecules. Plant are able to uptake nitrogen in distinct forms such as nitrate (NO3°),
ammonium (NH4"), urea (CO(NH2)2), molecular nitrogen (N2) in symbiosis with
nitrogen-fixing bacteria and/or amino acids under particular conditions of soil
composition (Buchanan, 2015). Atmospheric N cannot be directly used by plants but
legumes can form symbiotic relationships with soil bacteria, mainly from the Rhizobium
family, and consequently utilize this N2. Specifically, Medicago truncatula is found in
symbiosis with Sinorhizobium sp., which results in the formation of N-fixing nodules on
the roots of the host plant (Wais et al., 2000). However, the biological fixation of
atmospheric N, as a way of converting atmospheric N into another more accessible N
form, is neither sufficient for maintaining the yield of crop production required to supply
the present human population needs nor the expected needs of human population in the
future. Therefore, the use of N fertilizers containing nitrate, ammonium and/or urea, is
required by agriculture (Sutton et al., 2011).

Although its absorption and assimilation implies higher energy consumption, nitrate turns
as the most commonly uptaken N source by roots (Britto and Kronzucker, 2002). Nitrate
is assimilated to ammonium in a two steps process catalyzed by the consecutively action
of the nitrate reductase and nitrite reductase enzymes. Urea is the most used fertilizer and
its uptake by plants can be both in the form of ammonium resulting from the action of
soil ureases and/or directly by transporters (Witte, 2011; Yang ef al., 2015; Pinton ef al.,
2016). Whatever the source of N is, only ammonium can be incorporated into amino acids
(Lea and Miflin, 2011). Should be mentioned that at low concentrations, ammonium is
the N source typically preferred by plants, however, it becomes toxic above certain
threshold (Britto and Kronzucker, 2002). The ammonium tolerance/toxicity depends on
plant species and, indeed, on crop varieties (Esteban et al., 2016b). Thus, ammonium
exclusive nutrition can lead to physiological and morphological disorders affecting the
plant normal growth and development (Li et al., 2014; Bittsanszky et al., 2015; Esteban
et al., 2016b).



The utilization of either, nitrate, ammonium, or urea as N sources leads to an elevated
intracellular accumulation of ammonium, which makes indispensable to understand and
elucidate the mechanism by which plants face ammonium toxicity. Ammonium nutrition
has been studied along different species and, although some tolerance mechanisms have
been proposed, the way in which plants cope with ammonium toxicity has not been
clarified yet (Britto and Kronzucker, 2002; Bittsanszky et al., 2015; Esteban et al.,
2016Db).

3.2 Ammonium nutrition: uptake, assimilation and transport

For plant economy, ammonium may be thought as a favorable N nutrient. The
assimilation of ammonium takes place at a lower energy cost in comparison to nitrate;
since it can be assimilated directly once it is uptaken by roots. However, the presence of
ammonium as the only N source is paradoxically toxic for most plants, since high levels
of ammonium dissipate the required transmembrane proton gradients for essential
processes for plant development such as photosynthesis and respiration (Gerendas ef al.,
1998; Cruz et al., 2011; Li et al., 2014; Esteban et al., 2016a). The excess of ammonium
also causes changes in ion balance by the inhibition of cations (K*, Mg?* or Ca®*) uptake,
intracellular alkalinization and extracellular acidification, interference with
photosynthetic activity, altered expression/activity of ammonium assimilating enzymes,
and high energy cost to maintain low levels of cytosolic NH4" content, as reviewed by
Esteban et al., 2016b.

Ammonium uptake by roots is mediated by transporters, and once inside the plant cell it
is distributed to intracellular compartments also via different classes of transporters. The
transport of ammonium across the plasma membrane has been proposed to be through
ammonium transporters (ATMs), non-specific cation channels (Coskun et al., 2013), and
aquaporins (Bertl and Kaldenhoff, 2007; Coskun et al, 2013; Kirscht et al., 2016).
Moreover, the transport of ammonium via ATMs takes place at low ammonium
concentrations, whereas it transport at high ammonium concentrations via non-specific
cation channels and aquaporins appears to be the cause of toxicity (Pantoja, 2012;
Bittsanszky et al., 2015). Plant cells tend to assimilate the ammonium close to the site
where it is absorbed or generated, and store any excess in their vacuoles. An accurate
balance among the uptake, production, and assimilation of ammonium has to be also
maintained (Bittsanszky et al., 2015).

The ammonium derived from either the transformation of other N sources or directly from
the ammonium uptake is firstly assimilated into amino acids. The incorporation of such
ammonium in the carbon chains is mainly produced by the sequential actions of glutamine
synthetase (GS) and glutamate synthase (GOGAT) enzymes, the so called GS-GOGAT
cycle. However, when ammonium is supplied as the sole source of nitrogen, alternative
pathways are induced, as the reversible deamination of glutamate to 2-oxoglutarate
catalyzed by the glutamate dehydrogenase (Skopelitis et al., 2006; Sarasketa et al., 2014).

10



Nitrogen compounds synthesized in the roots, are transport along the plant mainly in the
form of amides and ureids (Marschner, 2012). These organic compounds transfer the N
from the source organs to the sink tissues, and acts as transient storage during periods of
high N availability (Hawkesford et al., 2012). Temperate legumes, as Medicago
truncatula, transport N in the form of amides as the amino acids asparagine (Asn) and
glutamine (Gln) (Lea and Azevedo, 2007). Moreover, studies with non-nodulated
soybean and pea plants showed that under high ammonium concentration, the
accumulation of lower carbon-to-nitrogen ratio amino acids such as Asn or arginine (Arg)
increased (Ueda et al., 2008; Ariz et al., 2013).

Arginine is the amino acid with the lowest carbon-to-nitrogen ratio. It is considered a N
store molecule, as well as a signal molecule. Arginine is produced within the “urea cycle”
in plants (Zhou et al., 2000), which serves as a distribution and repackaging hub for
inorganic carbon and nitrogen, and it contributes significantly to the metabolic response
against ammonium toxicity. Thus, the “urea cycle” may be a regulatory control point in
nitrogen metabolism (Esteban et al., 2016b). Moreover, the “urea cycle” is related with
polyamine (PA) and y-aminobutyric acid (GABA) metabolisms.

3.3 Mechanisms of tolerance

3.3.1 The “urea cycle”

The “urea cycle” activation as a metabolic response to high nitrogen availability, as
described by Allen et al, 2011 in diatoms, can reduce an excess of ammonium
intracellular content. Nevertheless, the “urea cycle” is not considered complete in plants,
since the urea cannot be synthetized directly from ammonium. Consequently, the internal
ammonium content would not be reduced during stress. In contrast, plants can synthesize
urea from glutamine (Zhou et al., 2000) (Figure 1).

In the “urea cycle”, arginine can be further degraded to urea and ornithine (Orn), or it can
act as substrate to form agmatine (Zhou et al., 2000). However, arginine can be
synthesized from Orn in a metabolic process catalyzed by the N-acetyl-I-glutamate kinase
(NAGK) (Chellamuthu et al., 2014). The Orn, as well as the agmatine, are precursors for
the biosynthesis of putrescine (Put), which is the first PA synthetized. Put acts as the
precursor of PAs of higher molecular weight, mainly spermidine (Spd) and spermine
(Spm). Putrescine and Spd can be oxidized to 4-aminobutanal (which spontaneously
cycles to A-pyrroline and it is further converted to GABA), ammonium and H2O2 through
the enzymatic activity of amine oxidases (Zhou et al., 2000). Therefore, PA metabolism
can be a sink as well as a source of ammonium (Minocha et al., 2014). Moreover, PA
catabolism is a major node of nitrogen and carbon recycling, with the concomitant
production of hydrogen peroxide (H202) (Moschou et al., 2012). However, the
importance of this pathway in plants is still unclear.
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Figure 1: The “urea cycle” in plants and PA synthesis. In the “urea cycle” in plants, the
carbamoyl phosphate is synthetized in plants from glutamine instead of from ammonium. The
arginine, as well as the ornithine, can act as precursors in PA synthesis. Ammonium and hydrogen
peroxide molecules resulted from oxidases catalysis are given rise in inter-conversions of PAs.
The enzymes are represented inside a circle as: agmatine imidohydrolase (AIH);
argininosuccinate lyase (AsL); arginase (ARG); arginine decarboxylase (Arg DC);
argininosuccinate synthase (AsuS), diamine oxidase (DAO), ornithine decarboxylase (Orn DC);
transcarbamylase (OTC), polyamine oxidase (PAQO); putrescine carbamoyl transferase (PCT);
spermidine synthase (SpdS); spermine synthase (SpmS); urease (Ure). lllustration from Esteban
etal., 2016b.

3.3.2 Polyamine metabolism

Polyamines are small ubiquitous aliphatic cations with low molecular weight present
mainly in cell apoplast. The major PAs are putrescine, spermidine and spermine. They
are involved in several physiological processes such as cell proliferation, differentiation
and defense responses (Tiburcio et al., 2014); which makes the synthesis of PAs essential
to cell viability.

The biosynthesis of PAs (Figure 2) starts from Arg to produce Put. Arg is converted to
the diamine Put through both pathways via agmatine, which is only present in plants and
bacteria, and via Orn. The synthesis of Put from agmatine is catalyzed by three sequential
enzymes: arginine decarboxylase (ADC), agmatine iminohydrolase (AIH) and N-
carbamoylputrescine amidohydrolase (CPA). The synthesis of Put via Orn is catalyzed
by the enzymes arginase (ARG) and ornithine decarboxylase (ODC). Once Put is
synthesized, it is converted to Spd when an aminopropyl group from decarboxylated S-
adenosylmethionine (dcSAM), which is formed from the decarboxylation of S-
adenosylmethionine (SAM) catalyzed by SAM decarboxylase (SAMDC), is transferred
in a reaction catalyzed by spermidine synthase (SPDS). Spermidine, which is a triamine,
is further converted to a tetraamine spermine in a reaction catalyzed by spermine synthase
(SPMS) where one more aminopropyl group is added (Alcéazar et al., 2010).
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Figure 2: Polyamines metabolism and interaction with other metabolic routes. Green arrows
represent PA biosynthetic pathways, while red arrows represent PA catabolic pathways.

As well as PA biosynthesis, PA catabolism is an important process to maintain PA
homeostasis within plant cells. PA oxidation is catalyzed by a heterogeneous class of
enzymes including diamine oxidases (DAO, EC 1.4.3.6) and the polyamine oxidases
(PAO, EC 1.5.3.3) (Cona et al., 2006a; Angelini et al., 2010; Tavladoraki et al., 2012).
During PA catabolism where the PAs are deaminated by the DAO and PAO enzymes,
there is a simultaneous generation of H202. This H202 has both effects the generation of
oxidative stress and the activation of anti-oxidative defense responses as the lignification
of plant cell wall (Gupta et al., 2016).

Polyamines accumulation correlated with an enhanced tolerance to environmental
stresses (Marco et al., 2015). When plants are exposed to one or more abiotic stresses,
several genes involved in the biosynthesis pathway of PAs have been reported to be
upregulated, being the Put the first PA which is accumulated inside plant cells (Alcazar
et al., 2006a).

The metabolic pathway of PAs is interconnected with other metabolic routes in which
signaling molecules and metabolites involved in plant stress response are synthesized. PA
and ethylene biosynthesis share a common precursor, SAM, which undergo antagonistic
effects during leaf and flower senescence, and fruit ripening (Pandey et al., 2000). The
H20: generated during PA oxidation by DAO and PAO enzymes is involved in both biotic
and abiotic stress signaling, as well as in the stomatal closure induced by ABA (Cona et
al., 2006). Another important product from Put and Spd terminal catabolism is the
GABA, which is a non-protein amino acid that rapidly accumulates in plant tissues when
they are exposed to biotic and abiotic stresses, and regulates plant growth. According to
Ramesh et al., 2015, GABA regulates negatively the anion flux through plant aluminum-
activated malate transporter (ALMT) proteins present in root apical cells, which is
activated by anions. This novel signaling pathway of GABA-mediated regulation of
ALMT proteins is able to translate this metabolite stress concentration changes into plant
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physiological outputs. Finally, PA catabolism is closely related to proline (Pro)
accumulation in response to salt stress (Aziz et al, 1998). Proline levels increased in
response to abiotic stress, which may be related to the accumulation of PA under these
conditions since both share a common precursor, the Orn (Filippou et al., 2013). It has
been reported that Pro is synthesized from Orn during supra-optimal nitrogen conditions
and seedling development (Roosens et al,, 1998; Armengaud et al., 2004; Dar et al.,
2016). Therefore, PA metabolism is interconnected with several hormonal and metabolic
pathways involved in plant development, nitrogen assimilation, respiratory metabolism
and stress response. Early research of plant PAs outlines their involvement in abiotic
stress tolerance. However, the precise molecular mechanisms by which PAs modulate
plant stress responses to abiotic stress stimuli are largely unknown although PA signaling

is recently showed to interact with different routes and intricate hormonal cross-talks
(Alcazar et al., 2010).

3.3.3 Polyamine catabolism: amine oxidases

Polyamine homeostasis is essential to plant cell viability. During PA catabolism and/or
interconversion, H2O2 is generated; this reactive oxygen species (ROS) acts up or
downstream of various signaling cascades and its accumulation in a given time is the
determinant whether ROS are a part of the prime event of the cascade, usually at low
levels, or a harmful event, at high levels (Foyer and Noctor, 2005; Miller et al., 2010).
Amine oxidases located in the apoplast have been reported as a key source of reactive
oxygen species such as H20z, and nitric oxide (NO) regulating differentiation events, as
well as participating in signaling of plant both local and systemic defense responses.

Polyamines are catabolized through the activity of both types of amine oxidases DAOs
and PAOs. The first one shows a strong preference for diamines Put and Cad, while the
latter oxidize only higher PAs such as Spd and Spm. DAOs, which are present at high
levels in dicots especially pea, chickpea, lentil and soybean seedlings, are copper-
containing proteins which tend to form homodimers whose each sub unit contains a single
copper ion and a 2,4,5-trihydroxyphenylalanine quinone cofactor. From this point, these
enzymes will be called either diamine oxidases or copper-containing amine oxidases
(CuAO). CuAOs catalyze the oxidation of Put to 4-aminobutanal with the concomitant
production of NH4" and H202, being the resulting aldehyde further converted to GABA
(Figure 2). On the other hand, PAOs are monomeric, flavin adenine dinucleotide (FAD)
dependent amine oxidases where FAD cofactor is bounded non-covantly (Kusano et al.,
2015). They are highly expressed in monocots. Nowadays, there is a current consensus
which indicates that plants have two types of PAOs, those involved in PA terminal
catabolism and those involved in back-conversion of PAs. Through terminal catabolism,
PAOs convert Spd into 4-aminobutanal, with the concomitant production of 1,3-
diaminopropane, NH4" and H202; or Spm to N-(3-aminopropyl)-4-aminobutanal, NH4*
and H>0> (Sebela et al., 2001). The back-conversion reaction converts Spm into Spd, and
Spd into Put, with the concomitant production of 3-aminopropanal and H202 (Kusano et
al., 2008) (Figure 2).
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3.3.4 Involvement of polyamine metabolism in abiotic stress response

The involvement of PA metabolism in stress tolerance responses has been reported. Some
PA functions in stress tolerance have been related with the production of GABA and
H202, since 4-aminobutanal produced during the Put and Spd terminal oxidation
catalyzed by DAOs and PAOs, respectively, can be further converted to GABA (Zarei et
al., 2015b), which enter into the Krebs cycle constituting a link between nitrogen and
carbon metabolism (Moschou et al., 2012). GABA is also synthesized from glutamate
through the action of glutamate decarboxylase (GAD) (Snedden ef al., 1995; Snedden et
al., 1996). Under salt stress, Put catabolism via DAO contributes to Pro accumulation
(Aziz et al., 1998); moreover, under salinity conditions DAO and PAO activities have
been observed to increase in tomato leaves, soybean roots, and shoots and roots of rice
(Xing et al., 2007; Quinet et al., 2010; Legocka et al., 2017).

The participation of PAs in the response to abiotic stresses is the topic of interest in the
present study since the supply of ammonium as the sole source of nitrogen causes plant
abiotic stress. High concentrations of exogenous ammonium have been reported to have
several effects in carbon and nitrogen metabolism, which can be alleviated by the
application of high light intensity that allows a higher carbon and energy availability,
higher root respiration and lower the endogenous cell content of ammonium (Ariz at al.,
2011; Ariz et al, 2013). Under high ammonium concentration, pea plants show an
increase of the Arg content that is decreased and apparently transformed into Put under
high light intensity conditions, while Spd and Spm contents remain constant increasing
the ratio Put/(Spd+Spm) (Ariz et al, 2013). Although PAs are stress-associated
molecules linked to the “urea cycle” in plants, their contribution to the response to
ammonium nutrition remains still unknown.

Previous studies performed by our laboratory showed the lack of stress symptoms when
the legume Medicago truncatula was grown under low ammonium concentration since
the correct growth and development of the plant was not affected (Esteban et al., 2016a).
The same study showed that the application of high concentration of nitrogen did not
have important effects on plant growth and development since Medicago truncatula
seemed not to be affected by being cultured under these conditions. It suggest that this
legume is able to efficiently adapt its metabolism to different nitrogen sources
availability, as well as to different nitrogen source concentrations applied (Royo, 2017).

Under axenic culture conditions, a comparative study of the differential effect on the
“urea cycle” and PA synthetic pathway of ammonium and urea as the sole source of N
against nitrate-based nutrition was performed by our laboratory. Its results highlighted
the accumulation of Arg and PA, mainly Put, and the decrease of GABA content when
high dose of ammonium was applied (Cerdan, 2017). It has been also proposed the
activation of GABA shunt under ammonium nutrition to face with the excess of
ammonium inside the plant cells (Allen et al., 2011; Ariz et al., 2013; Bittsanszky et al.,
2015). Moreover, the possible block of the oxidative metabolism of PAs by the effect of
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ammonium as a product of the amine oxidases catalytic steps might be occurring (Cerdan,
2017). Esteban et al., 2016b speculated that the excess of ammonium originated either
from ammonium nutrition or from PA metabolism can act as a feedback inhibitor of PA
deamination, further impairing PA metabolism.

Therefore, the importance of “urea cycle” on the tolerance of Medicago truncatula
seedlings to ammonium has been proposed, in which polyamines catabolism might play
a key role in such tolerance, but there are still important gaps in our knowledge. The
present study seeks to elucidate whether the high intracellular ammonium content of
Medicago truncatula plants grown under ammonium nutrition as the sole nitrogen source,
in comparison to those nitrate- and urea- fed plants, may be blocking the terminal
catabolism and the back-conversion of PAs.
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4 Aim

The general purpose of this work was to study in deep the amine oxidases in plants,
especially in the legume Medicago truncatula. In previous studies carried out by our
group, a higher importance of “urea cycle” on the tolerance of Medicago truncatula
seedlings to ammonium has been proposed. Polyamine catabolism might play a key role
in such tolerance, but there are still important gaps in our knowledge. Therefore, the
central aim was carried out through two major and consecutive goals (see details below).

1. A phylogenetic analysis of plant amine oxidases proteins to predict Medicago
truncatula _amine oxidases cellular location, substrate preference and polyamine
catabolism pathway they are involved in.

The identification of Medicago truncatula amine oxidases and their orthologous proteins
in other relevant species was conducted prior to the performance of the analysis. Both
intra- and inter-specific phylogenetic analysis of amine oxidases using the identified
sequences were carried out (Section 6.1 and 7.1).

2. A study of the differential effect of distinct nitrogen nutrition and doses on diamine

oxidases and polyamine oxidases activities involved in the catabolic process of
polyamines in connection to the urea cycle.

Medicago truncatula plants were grown on nitrate, ammonium or urea as a sole nitrogen
source in axenic culture. This kind of axenic culture is of great interest because it allows
the modeling of the plants response, without contamination with interfering bacteria
and/or fungus which can be avoided. Thereby, an attempt to measure the diamine oxidases
and polyamine oxidases activities spectrophotometrically on plant extracts was performed
and, the role of such activities on ammonium- or urea-induced “stress” will be discussed
(Section 6.2 and 7.2).

17



18



5 Material and Methods

5.1 Phylogenetic analysis

In order to fulfill the first specific goal of the present study, a phylogenetic analysis of the
amine oxidases proteins was performed using bioinformatics tools (Jill Harrison and
Langdale, 2006; Cvrckova, 2016). In particular, both intra- and interspecific study of M.
truncatula and plant amine oxidases were carried out as described below.

5.1.1 Medicago truncatula amine oxidases

First of all, a research of all amine oxidases of the species Medicago truncatula was
performed against Uniprot (http://www.uniprot.org) database. Secondly, the identified
amine oxidases of M. fruncatula were clustered into two groups as follow: diamine
oxidases (DAO) and polyamine oxidases (PAO). In Table 1, a relation of all the Medicago
truncatula proteins is accordingly depicted. Finally, a file with the FASTA sequences and

gene locus was created to make easier the forthcoming analysis (see Supplementary Table
1 and 2).

Table 1: Medicago truncatula amine oxidases. A list of the Medicago truncatula (4) diamine
oxidases and (B) polyamine oxidase identified, and the correspondence between the gen identifier
and the Uniprot ID of each protein is showed. The gen identifier of M. truncatula proteins was
assigned as cited in Jill Harrison and Langdale, 2006. Thus, two initial letters corresponding to
the species name followed by the type of amine oxidase and an arbitrary number were used as

gen code.
A) Diamine oxidases B) Polyamine oxidases
Gen identifier Uniprot ID Gen identifier ~ Uniprot ID
MtDAO1 AO0AO072TRW3 MtPAO1 A2Q567
MtDAO2 AO0AO072TRL3 MtPAO2 AO0A072UVV1
MtDAO3 AOA072TRL9 MtPAO3 G7K27Z6
MtDAO4 AOAO072TRW9 MtPAO4 G7KD02
MtDAOS AOA072TSH3 MtPAOS AO0AO072UNGS
MtDAO6 AOAQ072TTHS MtPAO6 AO0A072UW35
MtDAO7 G7JYY1 MtPAO7 G7J7X8
MtDAOS AO0A072UDP7 MtPAOS G7J7Y0
MtDAQ9 G7J4S8 MtPAO9 G7J7X9
MtDAO10 G7J7B0 MtPAO10 G71DT4
MtDAOI11 G71D64 MtPAOI11 G7IM95
MtDAO12 G7ID65 MtPAO12 AO0A072TCJ7
MtDAO13 AO0A072URBI1 MtPAO13 G7J0U8
MtDAO14 AO0A072UT22
MtDAO15 A0A072VOB7
MtDAO16 AO0A072UUP2
MtDAO17 AO0A072V290
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5.1.2 Identification of orthologous amine oxidase proteins

With the purpose of performing an interspecific phylogenetic analysis of Medicago
truncatula both amine oxidases, DAOs and PAOs, orthologous proteins from several
plants species were retrieved through BLASTY search
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The criterion followed to choose the
orthologous amino acid sequences was an identity higher than 96%; and the e-score, the
closer the e-score is to 0, the higher degree of homology between two sequences. This
BLAST search was performed for each amine oxidase of Medicago truncatula.
Moreover, in order to be able to characterized the proteins of interest, amine oxidases of
both model plants Arabidopsis thaliana and Oryza sativa, which have been already
characterized, were added (Jill Harrison and Langdale, 2006; Cvrckova, 2016).

Table 2: Selected orthologous amine oxidases. A list of the identified and selected (A) diamine
oxidases and (B) polyamine oxidase orthologous proteins of several species; and the
correspondence between the gen identifier and the Uniprot ID of each protein is showed. The gen
identifier was cited as previously assigned in literature or, in the case that no terminology was
found, a new gen identifier was assigned (Jill Harrison and Langdale, 2006). Thus, two initial
letters corresponding to the species name followed by the type of amine oxidase and an arbitrary
number were used as gen code.

A) Diamine oxidases B) Polyamine oxidases
Gen identifier ~ Uniprot ID Gen identifier Uniprot ID
AtDAO1 Q8HIH9 AtPAO1 QI9FNA2
AtDAO2 Q9M2B9 AtPAO2 QI9SKXS5
AtDAO3 F4IAX1 AtPAO3 QILYTI
AtDAO4 PODO00 AtPAO4 Q8HI191
AtDAOS F41AXO0 AtPAOS Q9SU79
AtDAO6 023349 GsPAO1 AOA0B2QXT4
CaDAO 065749 GsPAO2 KHN38359.1
GmDAOI1 K7LI&S HvPAO1 Q93WMS
GmDAOQO2 K7LI86 HvPAO2 Q93WCO
LcDAO P49252 MdPAO AOA1C8MSI8
MdDAOI AO0A096ZNR5 OsPAO1 Q5NAI7
MdDAO2 A0A096ZNUS OsPAO2 QO0DUC7
NtDAO AOAO075EZT1 OsPAO3 Q7X809
OsDAO1 A3AUU3 OsPAO4 Q7XR46
OsDAO2 Q7XWWO0 OsPAOS Q0J954
PsDAO Q43077 OsPAO6 Q0J291
SIDAO K4CNU3 OsPAO7 Q0J290
TpDAO AOA2K3NT42 SmPAO A6U6Y8
TrDAO AQQS81871 TpPAO1 AO0A2K3P3K3
ZmDAO A0A096SGQ3 TpPAO2 A0A2K3JRK6
TrPAO A0A286QIQ2
ZmPAO 064411

Species used in the study: Arabidopsis thaliana (At), Cicer arietinum (Ca), Glycine max (Gm),
Glycine soja (Gs), Hordeum vulgare (Hv), Lens culinaris (Lc), Malus domestica (Md),
Nicotiana tabacum (Nt), Oryza sativa (Os), Pisum sativum (Ps), Sinorhizobium medicae (Sm),
Solanum lycopersicum (S1), Trifolium pratense (Tp), Trifolium repens (Tr) and Zea mays (Zm).
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In this case, also Uniprot database was utilized to obtain the FASTA sequences of
orthologous proteins. In Table 2, a relation of all the orthologous proteins is accordingly
depicted. Additionally, the FASTA sequences and gene locus were presented in
Supplementary Table 3 and 4.

5.1.3 Phylogenetic analyses

The next step in the completion of Medicago truncatula amine oxidases phylogenetic
analysis was to carry out a multiple sequence alignment. The same procedure was
followed in both intra- and inter-specific phylogenetic analyses, taking into account that
the interspecific phylogenetic study of both DAO and PAO were independently
performed. MAFFT 7 alignment software (https://mafft.cbre.jp/alignment/software/) was
selected to perform the multiple sequence alignment. In particular, the MAFFT 7 E-INS-
I algorithm was utilized (Katoh ef al.,, 2017). Then, once the amino acid sequences were
aligned, CD-HIT tool was applied in order to remove 100% redundant sequences. Finally,
the phylogenetic tree corresponding to each phylogenetic analysis was obtained through
the Neighbor Joining method and the statistical Bootstrap test with 1000 replications.

5.2 Plant material and culture conditions

In the present study, seedlings of Medicago truncatula were used to achieve the second
specific objective previously cited in section 4: to study the differential effect of distinct
N nutrition and doses on diamine oxidase and polyamine oxidase activities involved in
the catabolic process of PAs in connection the urea cycle.

5.2.1 Medicago truncatula

The model plant Medicago truncatula (Gaertn.) belongs to the Fabaceae family. The
choice of Medicago truncatula as a model plant is given by its short life cycle, its high
yield of seed production and because its genome has been already sequenced (Tang et al.,
2014).

5.2.2 Culture conditions

Seeds of Medicago truncatula ecotype Jemalong A17 were scarified (Figure 3A) with
95% sulfuric acid during 8 minutes, and washed 3-4 times with mQ water. Further, seeds
were sterilized with 50% (v/v) sodium hypochlorite solution for 5 minutes under a
laminar flow cabinet, and consecutively washed with milliQ sterile water until the pH
was approximately 7. In order to synchronize germination, seeds were kept overnight in
sterile water at 4°C in darkness. Then, they were germinated on Petri dishes containing
0.4% (w/v) plant agar during 4 days at 14°C also in darkness (Figure 3B). After seed
germination (Figure 3C), the sprouts were transferred to glass jars under sterile conditions
(Figure 3D) which contained 100 ml of culture media.
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Figure 3: Medicago truncatula growth steps in axenic conditions. (A) Fresh, (B) sterilized,
and (C) germinated Medicago truncatula seeds; and (D) 15 days-old seedlings.

The Fahraeus nutrient solution was used as culture media and its composition is showed
in Table 3.

Table 3: Fahraeus nutrient solution for Medicago truncatula growth under axenic conditions.
Macro- and micronutrients composition and concentrations of Fahraeus medium. PhytagelTM
was added to have a final concentration of 5.5% (w/v) agar.

Macronutrients Concentration (mM) Micronutrients Concentration (LM)
CaCl, 0,9 MnCl, 0,8
MgSOs4 0,5 CuSOy4 0,6
KH,PO4 0,7 ZnCl, 0,7
NazHPO4 0,8 H3 BO3 1 ,6
Ferric citrate 0,02 NaxMoO4 0,5

For the study of the differential effect of nitrate, ammonium and urea nutrition, either
calcium nitrate (Ca(NOs3)2), ammonium sulfate ((NH4)2SO4), or urea (CO(NH2)2) were
supplied as the sole source of N. Moreover, two different situations were considered
depending on the supplied nitrogen concentration: 1 mM (low dose) and 25 mM (high
dose) of N, as can be seen in Table 4. In addition, to compensate the Ca®* applied on the
nitrate medium, ammonium and urea containing solution were also supplied with the
same Ca®" concentration as CaSO4. An exhaustive control of the pH was performed
during the preparation of the culture media for the purpose of achieving a pH value around
6.5.

Table 4: Nitrogen sources utilized to grow Medicago truncatula under axenic conditions.
Calcium sulfate was applied to ammonium and urea media in order to balance the amount of Ca
ion compared with the other nitrogen media.

Nitrogen source Concentration (mM) CaSO4 (mM)
Nitrate 1 -
Ca(NO3)2 25 -
Ammonium 1 0.5
(NH.),SO4 25 12.5
Urea 1 0.5
CO(NH»), 25 12.5
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Medicago truncatula seedlings were grown during 15 days in a growth chamber under
controlled environmental conditions with a day/night temperature of 24.5/22°C, 80% of
relative humidity, day/night photoperiod of 16/8 hours and 70 upmol’s? of
photosynthetically active radiation. After the growth period, root and shoot were
separately harvested, frozen in liquid nitrogen, and samples were stored at -80 °C until
use.

5.3 Diamine and polyamine oxidases activity assay

The catalytic activity of Medicago truncatula diamine oxidase (DAO; EC 1.4.3.6) and
polyamine oxidase (PAO; EC 1.5.3.3) activities were measured following the protocol
described in Wisniewski ef al., 2000. Medicago truncatula frozen tissues (300 mg) were
homogenized in a chilled mortar with 100 mM sodium phosphate pH 6.5 buffer, the
extracts were centrifuged for 20 min at 12000 g at 4°C, and the recovered supernatants
were used for the analytical measurements. The reaction mixture contained 100 pl of
plant extract and 100 pl of the following reaction buffer composed by 100 mM sodium
phosphate pH 6.5, 0.1 mg/ml 3,3",5,5 -tetramethylbenzidine, 0.3 mU horseradish
peroxide and 20 mM of the correspondent polyamine. Specifically, putrescine was used
to test DAO activity, while spermidine and spermine were used in PAO activity assay.
The reaction was incubated at room temperature for 10 min, and then 50 pl of 1 M H2SO4
was added to stop the reaction. The spectrophotometric assay was performed in a 96-
wells plate and the absorbance at a wavelength of 450 nm was read in a microplate reader
(SpectraMax 340pc, Molecular Devices). To calculate the specific activity, either o-
phenanthroline (Wisniewski et al., 2000) or guazatine (Cona et al., 2006) were used as
inhibitors of DAO and PAO, respectively. Thus, the absorbance obtained when samples
were incubated with the specific inhibitor (2 mM final) for 15 min prior to add the reaction
buffer was subtracted from the sample absorbance.

5.4 Statistical analysis

Statistical analyses were performed with IBM Statistics for Windows, Version 21.0.
Armonk, NY: IBM Corp. The data obtained in this study were analyzed statistically using
the mean as a measure of central tendency and the standard error (S.E.) as a measure of
dispersion. All data were tested for normality (Kolmogorov-Smirnov test) and
homogeneity of variances (Levene test). Differences among treatments were evaluated
with one-way ANOVA and post-hoc Student-Newman-Keuls or non-parametric T3-
Dunnet test. Finally, the resulting p values were considered to be statistically significant
at a = 0.05.
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6 Results

6.1 Phylogenetic study of plant amino oxidases enzymes

Plant amino oxidases are a large family of proteins which catalyze different reactions on
the catabolism of polyamines. As the metabolic pathway they are involved is related to
several stress situations, the phylogenetic study of this proteins is performed thereafter.

6.1.1 Intraspecific phylogenetic analysis of Medicago truncatula amine oxidases

After the research of M. truncatula amino oxidases, 30 different proteins were identified
which were grouped according to the prediction of the presence or absence of a copper
ion bound (Table 1). Thus, 17 out of those proteins belong to the diamine oxidase family
(DAO; CuAO), whereas 13 were identified as polyamine oxidase (PAO). Then, the
sequence of all those 30 amino oxidases were used to perform the intraspecific
phylogenetic analysis. The resulting phylogenetic tree (Figure 4) clearly differentiates
two clades corresponding with both types of Medicago truncatula amine oxidases. As
expected, this clustering matches with the classification showed earlier in Table 1. So,
while Clade I grouped the 13 PAO proteins, Clade II grouped the 17 diamine oxidases.
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Figure 4: Phylogenetic tree of the intraspecific study of Medicago truncatula amine
oxidases. A phylogenetic analysis of 30 amine oxidases sequences of M. truncatula were
performed using MAFFT 7 E-INS-I; the phylogenetic tree was obtained through the Neighbor
Joining method and the statistical Bootstrap test with 1000 replications. Bootstrap values were
higher than 90 for all the branches of the tree (not shown). Clade I (light blue) corresponded
to Medicago truncatula PAOs, while in Clade 11 (dark blue) the DAOs were clustered.
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6.1.2 Interspecific phylogenetic analysis of Medicago truncatula amine oxidases

Once Medicago truncatula amine oxidases were clearly grouped into two types of
proteins, an interspecific phylogenetic analysis was performed for both amine oxidases,
respectively. In those analyses, M. truncatula proteins and their identified orthologous
(Table 2) were included in each phylogenetic study.

The resulting phylogenetic tree of diamine oxidases interspecific analysis showed three
different clusters (Figure 5). Thus, the DAOs analyzed were grouped on Clade I that was
mainly composed by Medicago truncatula DAOs; Clade 11 and Clade III.
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Figure 5: Phylogenetic tree of the interspecific study of diamine oxidases. A phylogenetic
analysis of plant diamine oxidases sequences including the 17 previously identified from M.
truncatula were performed using MAFFT 7 E-INS-1. The phylogenetic tree was obtained
through the Neighbor Joining method and the statistical Bootstrap test with 1000 replications.
Bootstrap values were indicated at the nodes meaning the percentage of times the same branch
was observed in the same place when the phylogenetic reconstruction was repeated. Green
branches represented Clade I, dark blue corresponded to Clade 11, and light blue to Clade I11.
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More specifically, Clade I was formed by nine M. truncatula proteins (from MtDAO1 to
MtDAOQOY) along with one of Malus domestica, one of Oryza sativa and another of Zea
mays (MdDAO1, OsDAOI1 and ZmDAO). Moreover, the clustering showed that Clade II
and Clade III proteins were more similar, but higher species heterogeneity was observed
on Clade II. The protein MtDAO10 was the only M. truncatula DAO found in this Clade
IT; in which additionally AtDAO1, AtDAO2, GmDAO1, GmDAO2, TpDAO, NtDAO,
SIDAO, MdDAO?2 and OsDAO?2 were represented. Finally, in Clade III we found seven
M. truncatula CuAOs (from MtCuAO11 to MtCuAO17), three 4. thaliana DAOs (from
AtDAO3 to AtDAOS) represented as an outgroup, and DAOs from four species more
were clustered such as Trifolium repens, Cicer arietinum, Lens culinaris and Pisum
sativum (TrDAO, CaDAO, PsDAO and LcDAO).

The interspecific phylogenetic analysis of PAOs resulted in a phylogenetic tree that also
showed three different clusters (Figure 6). In this case, the M. truncatula protreins were
more widespread among the different Clades. Thus, the Clade I was only formed by six
proteins: MtPAO1, MtPAO2, AtPAOS, GsPAO1, OsPAO1 and TpPAOI. Clade II, the
largest one, was composed by seven Medicago truncatula polyamine oxidases (from
MtPAO3 to MtPAO9) in addition to AtPAO2, AtPAO3, AtPAO4, GsPAO2, MdPAO,
OsPAOQO3, OsPAO4, OsPAOS, SmPAO, TpPAO2 and TrPAO. Finally, in Clade III four
Medicago truncatula PAOs (from MtPAO10 to MtPAO13) were grouped along with
AtPAO1, HVPAOI1, HvPAO2, OsPAO2, OsPAO6, OsPAO7, and ZmPAO.

It should be mentioned that among the PAO homologous sequences used, it has been
included a non-plant protein from Sinorhizobium medicae (SmPAQ). Its inclusion on the
analysis was because of the symbiotic relation that this bacterial species can form with
the different Medicago sp.
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Figure 6: Phylogenetic tree of the interspecific study of polyamine oxidases. A phylogenetic
analysis of plant polyamine oxidases sequences including the 13 previously identified from M.
truncatula were performed using MAFFT 7 E-INS-1. The phylogenetic tree was obtained
through the Neighbor Joining method and the statistical Bootstrap test with 1000 replications.
Bootstrap values were indicated at the nodes meaning the percentage of times the same branch
was observed in the same place when the phylogenetic reconstruction was repeated. Light blue
branches represented Clade I, dark blue corresponded to Clade II, and green to Clade II1.

The present phylogenetic study enables us to make a characterization of Medicago
truncatula amine oxidases by means of comparing both Medicago truncatula DAOs and
PAOs to those belonging to the same cluster and have been already characterized. In the
following Table 5, the characteristics of interest of the orthologous diamine oxidases and
polyamine oxidases, respectively, were summarized.
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Table 5: Characteristics of the orthologous proteins utilized in the interspecific analysis of
amine oxidases. The research of the identified orthologous (A) diamine oxidases and (B)
polyamine oxidases characteristics included the cellular location, substrate preference,

function, and the polyamine catabolism pathway they are involve in.

Proteins Cellqlar e Function e References
location preference BC*
A) Amine oxidases
CLADE 1
MdDAOI1  Apoplast Put - TC  Zarei et al. (2015a)
ZmDAO Peroxisome  Put - TC Qietal. (2014)
CLADE II
PA- and ABA- )
AtDAO1  Apoplast Put, Spd ediated NO TC  Moller and McPherson, 1998;
production
MdDAO2 Peroxisome Put, Cad - TC Zareietal., 2015a
CLADE III
AtDAO3  Peroxisome Put, Spd ABA-induced TC Planas-Portell et al., 2013
stomatal
closure
AtDAO6  Apoplast Put, Spd - TC  Wimalasekera et al., 2011;
Planas-Portell et al., 2013
CaDAO Apoplast Put Defense TC Reaetal., 2002
response
LcDAO Apoplast Put, Spd, Spm - TC  Medda et al., 1996;
Tavladoraki et al., 2012
PsDAO Apoplast Put, Spd, Spm - TC Tipping and McPherson, 1995;
Moschou et al., 2012
B) Polyamine oxidases
CLADE 1
AtPAOS  Ciytosol Spm PA BC
ytoso p homeostasis, Kim et al., 2014;
plant growth, Zarza et al., 2017
stress response
GsPAO1 - Spm - BC Qietal, 2014
OsPAOL1 Cytosol Spm Plant growth BC Liuetal, 2014a,c
TpPAO1 - Spm - - IStvanek et al., 2014; 2017
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Table 5: Continuation.

Proteins Cellqlar il Function ey References
location preference BC*
CLADE II
. Moschou et al., 2008b;
AtPAO2 Peroxisome  Spm, Spd Stress response  BC Takahashi et al,, 2010
) Stress [eSponse. Moschou et al., 2008b;
AtPAO3  Peroxisome  Spd, Spm Pollen tip BC  Takahashi et al.. 2010
growth °
. Moschou et al., 2008Db;
AtPAO4 Peroxisome  Spm Senescence BC  xamada-Nobusada et al.,
2008; Takahashi et al., 2010
CLADE II
GsPAO2 - Spm, Spd - BC Qietal, 2014
OsPAO3  Peroxisome  Spd, Spm - BC Onoetal., 2012
OsPAO4  Peroxisome  Spm - BC Onoetal., 2012
OsPAOS5  Peroxisome  Spm - BC Onoetal., 2012
TpPAO2 - Spd, Spm, - - IStvanek et al., 2014; 2017
CLADE III
Bc, Takahashi et al., 2010;
AtPAO1 Cytoplasm Spm Stress response TC  Sagoretal, 2016
Cervelli et al., 2001;
HvPAOI1 Apoplast - - TC Cona etal., 2006a
Cervelli et al., 2001;
HvPAO2  Vacuole Spm, Spd - TC Cona et al., 2006a
OsPAO6  Apoplast - - - Liuetal, 2014b
OsPAO7  Apoplast Spm, Spd - TC Liuetal, 2014b
Cell wall
ZmPAO Apoplast Spm, Spd differentiation ~ TC  Cona et al., 2006a

* Terminal catabolism of PAs (TC) or back-conversion pathway (BC)
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6.2 Effect of nitrogen-source on Medicago truncatula amine oxidases
activity

Since the metabolic pathway in which plant amine oxidases are involved, is related to
several stress situations, the enzymatic activity of DAOs and PAOs was measured as
described in section 5. Previous results obtained by our laboratory suggested that the
oxidative catabolism of PAs might be blocked in ammonium-fed plants due to the high
dose of NH4" supplied either as a result of a general stress originated by NH4", or as a
inhibition since NH4" is a final product of several reactions in the urea cycle and PA
metabolism. Thereby, in this section the results for Medicago truncatula amine oxidases
activity are shown.

Medicago truncatula plants were grown under axenic conditions in differentially
nitrogen-supplemented media: nitrate, ammonium and urea; and the specific activities
were determined by spectrophotometry in both, shoots and roots (Figures 7 and 8). In
general terms, the DAO activity was higher in M. truncatula shoots than in roots. Here,
seedlings grown under low dose of ammonium presented a significantly higher DAO
activity in shoots (Figure 7A), while no significant differences among treatments were
observed at high N doses in this plant tissue (Figure 7B).
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Figure 7: DAO relative activity of Medicago truncatula shoots. The differential effect of the
distinct nitrogen sources on DAO activity was assayed in shoot extracts of Medicago truncatula
seedlings grown under axenic conditions at (A) low and (B) high doses of N supplied as NOs,
NH,*, and urea. The values are the mean + S.E. (n = 3-5). Different letters denote statistically
significant differences at a = 0.05 using the Student-Newman-Keuls test.
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Concerning to DAO activity in Medicago truncatula roots, although higher activity was
found on ammonium-fed seedlings grown at low dose, it did not represent a significant
difference (Figure 8A). However, when N was supplied at high dose, ammonium-fed
seedlings showed a significant higher DAO activity in roots in comparison with both,
nitrate- and urea-fed seedlings (Figure §B).
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Figure 8: DAO relative activity of Medicago truncatula roots. The differential effect of the
distinct nitrogen sources on DAO activity was assayed in root extracts of Medicago truncatula
seedlings grown under axenic conditions at (A) low and (B) high doses of N supplied as NOs,
NH,*, and urea. The values are the mean + S.E. (n = 3-5). Different letters denote statistically
significant differences at o. = 0.05 using the Student-Newman-Keuls test

Finally, attempts to measure PAO activity on both roots and shoots of Medicago
truncatula seedlings were assayed. However, we failed to obtain results of PAO activity
on both tissues. We tried to measure the activity in some different conditions but any of
them worked for us, and therefore the PAO activity was not detected under our
experimental conditions.
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7 Discussion

Ammonium sensitivity of plants is a worldwide problem, constraining crop production.
Prolonged application of ammonium as the sole nitrogen source may result in
physiological and morphological disorders that lead to toxicity and decreased plant
growth (Esteban et al., 2016a). However, the threshold in which ammonium is toxic
depends on various factors such as plant species, even varieties (Dominguez- Valdivia et
al., 2008; Cruz et al., 2011; Li et al., 2011; Sarasketa et al., 2014). Medicago truncatula
is usually used for the study of atmospheric nitrogen fixation, but it is also utilized for the
study of nitrogen nutrition. Several studies with Spinacia oleracea, Pisum sativum and
Medicago truncatula have reported that the different sources of nitrogen can affect the
plant growth and development in different ways, especially at phenotypic level
(Dominguez- Valdivia et al., 2008; Ariz et al., 2011; Esteban et al., 2016a). The model
legume M. truncatula was chosen to perform the present study due to its relative tolerance
to ammonium nutrition and its ability to be cultured under axenic conditions. By means
of this technique, it was possible to prevent the growth of bacteria and other
microorganisms that can interfere in plant metabolism, as well as to avoid nodulation.

7.1 Medicago truncatula amine oxidases phylogenetic analyses

Diamine oxidases, which are present at high levels in dicots especially pea, chickpea,
lentil and soybean seedlings, catalyze the terminal oxidation of Put to 4-aminobutanal
with the concomitant production of NH4" and H202, being the resulting aldehyde further
converted to GABA. In contrast, polyamine oxidases are highly expressed in monocots.
Nowadays, there is a current consensus which indicates that plants have two types of
PAOs, those involved in PA terminal catabolism and those involved in back-conversion
of PAs. Through terminal catabolism, PAOs convert Spd into 4-aminobutanal, with the
concomitant production of 1,3-diaminopropane, NH4" and H202; or Spm to N-(3-
aminopropyl)-4-aminobutanal, NH4" and H20: (Sebela et al, 2001). The back-
conversion reaction converts Spm into Spd, and Spd into Put, with the concomitant
production of 3-aminopropanal and H202 (Kusano et al., 2008).

Phylogenetic analyses have been performed in order to characterize Medicago truncatula
amine oxidases. The intraspecific phylogenetic analysis has allowed to identify between
both DAOs and PAOs that Medicago truncatula possesses, while the interspecific
phylogenetic analysis has allowed to suggest the cellular location, substrate preference,
function and their involvement in the terminal catabolism or back-conversion of PAs
(Table 5), since Medicago truncatula amine oxidases were clustered with their previously
characterized orthologous proteins of other plant species. Through the utilization of
MAFFT 7 (E-INS-i) software alignment (Katoh et al., 2017), Medicago truncatula amine
oxidases were placed into the context of existing knowledge for already characterized
orthologous proteins. Amine oxidases of both model species Oryza sativa and
Arabidopsis thaliana, which should be included in a multiple sequences alignment
(Cvr¢kova, 2016), and the closest orthologous amine oxidases to those of Medicago
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truncatula were retrieved from BLAST tool. In general, bootstrap values are higher than
50%, even being up to 90-100% in some cases. This means that the resulting phylogenetic
trees, obtained by the Neighbor Joining method, are stable (Jill Harrison and Langdale,
2006).

After performing the intraspecific phylogenetic analysis, Medicago truncatula amine
oxidases were clearly clustered into two different clades (Figure 4). In Clade I, 13
polyamine oxidases were grouped, while in Clade II there were clustered 17 diamine
oxidases.

Despite plant DAOs have been less studied and characterized than plant PAOs, a little
characterization of Medicago truncatula DAOs has been carried out. The resulting
phylogenetic tree showed the existence of three different clades in which plant DAOs are
grouped. As it can be seen in Figure 5, nine Medicago truncatula proteins (from MtDAOI1
to MtDAQY) were clustered in Clade I along with MdDAO1, OsDAO1 and ZmDAO.
MdDAOL is located in the apoplast (Zarei et al., 2015a), while ZmDAO has been reported
to be in the peroxisomes. Both MdADAO1 and ZmDAO show a substrate preference for
Put (Zarei et al, 2015a), and they are involved in the terminal catabolism of PAs
oxidizing Put. MtDAO10 was clustered in Clade II in addition to AtDAOI1, AtDAO2,
GmDAO1, GmDAO2, MdDAO2, NtDAO, OsDAO2, SIDAO and TpDAO. AtDAO1 and
MdDAO2 are located within the apoplast (Meller and McPherson, 1998) and
peroxisomes (Zarei et al., 2015a), respectively. Both diamine oxidases are involved in
PA terminal catabolism. AtDAOI1, which has been related to PA- and ABA-mediated
NO production, shows a substrate preference for Put and Spd (Meller and McPherson,
1998). In contrast, MdDAQO?2 shows a substrate preference for Put and Cad (Zarei et al.,
2015a). Finally, in Clade III there were seven Medicago truncatula diamine oxidases
(from MtDAO11 to MtDAO17) along with AtDAO3, AtDAO4, AtDAOS, AtDAOG,
CaDAO, LcDAO, PsDAO and TrDAO. In this clade, some diamine oxidases have been
reported to be in the apoplast such as AtDAO6 which is related to PA- and ABA-mediated
NO production (Wimalasekera et al., 2011; Planas-Portell et al., 2013), CaDAO which is
related to defense response, (Rea ef al., 2002), LcDAO (Medda et al., 1996, Tavladoraki
etal., 2012) and PsDAO (Tipping and McPherson, 1995, Moschou et al., 2012); whereas
AtDAO3 is located in the peroxisomes (Planas-Portell et al., 2013). All of them are
involved in the terminal catabolism of PAs. CaDAO shows a substrate preference for Put;
AtDAO3 and AtDAOG6 can oxidize Put and Spd; and LcDAO and PsDAO oxidize Put,
Spd and Spm. Although DAOs can also oxidized Spd and Spm, they show a lower affinity
than Put, being the activity of LcDAO with Put, Spd and Spm at a ratio of 100:42:20;
whereas those of PSDAO are at ratio of 100:35:0.3 (Sebela ez al., 2001). In general, plant
diamine oxidases are located within the apoplast and/or peroxisomes. As it can be seen
in Figure 5, Clade II and III shared the same branch of the phylogenetic tree, whereas
Clade I was clearly separated at the first node. This suggests Clade II and III may share
more common characteristics than those shared with Clade 1.
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The resulting phylogenetic tree obtained from the interspecific phylogenetic analysis of
Medicago truncatula polyamine oxidases also showed three different clades in which
plant PAOs can be clustered (Tavladoraki et al.,, 2016; Takahashi et al., 2018). Clade 1
corresponds to those plant PAOs generally localized in the cytosol and involved in PA
homeostasis, stress response and plant growth, whose preferred substrate is Spm, and
participate in PA back-conversion enzymatic reactions (IStvanek et al., 2014; Kim et al.,
2014; Qi et al., 2014; Liu et al., 2014a,c; Zarza et al., 2017; Istvanek et al.,, 2017). This
may suggest that Medicago truncatula MtPAO1 and MtPAO2 grouped in the present
cluster, could share the same characteristics as OsPAO1, AtPAOS, GsPAO1 and
TpPAO1. Regarding to Clade II, AtPAO2, AtPAO3, AtPAO4, OsPAO3, OsPAO4 and
OsPAOS are localized within the peroxisomes and they are involved in the back-
conversion of PAs (Moschou et al., 2008b; Takahashi ez al., 2010; Ono et al., 2012; Sagor
etal., 2016). Moreover, these Arabidopsis thaliana amine oxidases are related with stress
response and senescence. GsPAO2, from soybean (Glycine max), is also present in this
clade and it is involved in the back-conversion of PAs (Qi et al., 2014). All polyamine
oxidases present in Clade II show preference for Spd and Spm as substrates. There are
seven Medicago truncatula PAOs (from MtPAO3 to MtPAQOY) clustered in Clade II; two
of them have been already studied by Young et al., 2011, who found that MtPAQO7 is
localized in the peroxisomes in accordance to the rest of already characterized PAOs
present in this clade. Clades I and II shared the same branch of the phylogenetic tree
(Figure 6), which may suggest they were more similar between them in comparison to
Clade 111, since the latter belonged to a tree branch clearly separated at the first node.
Plant PAOs clustered in Clade III are located in the apoplast as OsPAO6, OsPAO7,
HvPAOI1 (Liu et al., 2014b) and ZmPAO (Cona et al., 2006a), with some exceptions such
as AtPAO1 and HvPAO2 which are located in the cytosol (Tavladoraki er al., 2006;
Takahashi ef al., 2010; Sagor et al., 2016) and vacuole (Cervelli et al., 2001; Cona et al.,
2006a), respectively. These amine oxidases have been reported to be involved in PA
terminal catabolism, excepting AtPAOI1 that participates in the back-conversion of PAs
(Tavladoraki et al., 2006). HYPAO2, OsPAO7 and ZmPAO are able to oxidase Spd as
well as Spm; however, AtPAOI1 shows a substrate preference for Spm. AtPAOI1
participates in stress response, whereas ZmPAO participates in cell wall differentiation
(Cona et al., 2006a).

Taking all together, Medicago truncatula amine oxidase predicted proteins will be
characterized based on their shared characteristics with the orthologous proteins clustered
in the same clade. On the one hand, Medicago truncatula has its 17 DAOs grouped in
three different clusters. In Clade I there were nine DAOs (from MtDAOT1 to MtDAQ?Y),
which may be located in the apoplast and/or peroxisomes. They may show a substrate
preference for Put, and may catalyze the terminal oxidation of this PA. In Clade II,
MtDAOI10 was the only Medicago truncatula diamine oxidase clustered that may be
located in the apoplast and/or peroxisomes. It may show a substrate preference for Put,
Spd and/or Cad, and may catalyze the terminal oxidation of these PAs. In Clade III, there
were grouped seven Medicago truncatula amine oxidases (from MtDAOI1 to
MtDAOI17), which may be located in the apoplast. They might show a substrate
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preference for Put, although they could oxidize with lower affinity Spd and Spm. On the
other hand, Medicago truncatula has its 13 PAOs also clustered in three different clades.
MtPAO1 and MtPAO2, from Clade I, may be located in the cytosol. They may show a
substrate preference for Spm, and might catalyse the back-conversion of this PA into Spd.
In Clade II, there were six Medicago truncatula polyamine oxidases (from MtPAO3 to
MtPAQO9), which may be located in the peroxisomes. They may show a substrate
preference for Spd and Spm, and be involved in the back-conversion of these PAs
oxidizing Spm to Spd, and Spd to Put. Finally, in Clade III there were clustered four
Medicago truncatula polyamine oxidases (from MtPAO10 to MtPAO13), which may be
localized mainly in the apoplast. They may show a substrate preference for Spd and Spm,
and may catalyse the terminal oxidation of these PAs. However, although Medicago
truncatula amine oxidases will be expected to share the characteristics of the clade they
are clustered in, in order to elucidate the exact location of Medicago truncatula DAOs
and PAOs, respectively, and the expression profiles of amine oxidases genes under
ammonium nutrition, a future gene expression analysis of amine oxidases genes involved
in PA catabolism will be required.

7.2 Medicago truncatula diamine oxidases activity under ammonium
nutrition

During the NHa" stress response episodes, there could be two possible reasons for PA
accumulation within plant cells, (i) it could be attributed to an increased PA biosynthesis
and/or (ii) to a decreased PA catabolism. However, in general, the accumulation of PAs
in plants grown under stress conditions has largely been attributed to an increase of de
novo synthesis of free PAs since biosynthetic genes have been found to be up-regulated
under different abiotic stress conditions. Sometimes, there exists a disparity between the
expected genes expression profiles and the content of PAs, which has been suggested to
result from possible changes in PA catabolism depending on plant species (Marco et al.,
2015). Anyway, an understanding of the PA biosynthetic genes expression patterns of
Medicago truncatula under ammonium stress conditions is important in order to
understand the regulation of PA levels; as well as the elucidation of the effect of
ammonium stress on the catalytic activity of the enzymes involved in PA degradation
since the exact mechanisms involved still remain unelucidated.

Plant amine oxidases are responsible for PA catabolism. In the present study both DAO
and PAO relative activities were analysed applying the protocol described in Wisniewski
etal., 2000. DAOs are involved in the terminal catabolism of PAs, especially the diamines
Put and Cad; whereas PAOs are involved in PA terminal catabolism as well as in the
back-conversion of PAs, especially Spd and Spm (Sebela et al., 2001). Previous results
have evidenced an increase in the products of the oxidative pathway of PA synthesis,
which is downstream of the urea cycle as PAs remarkedly accumulate in legumes like
pea (Ariz et al., 2013) or Medicago truncatula (Cerdan, 2017) as a result of NH4" stress.
The initial hypothesis of the present study was the fact that ammonium accumulation in
plants might be blocking the interconversion and catabolism of PAs by its effect on both

36



DAO and PAO activities within the urea cycle of plants, as NH4" is a final product from
these reactions. Previous results of our laboratory showed (i) an over-accumulation of
Put, (i1) a decrease of GABA content, (iii) a decrease of Orn content, and (iv) an over-
accumulation of Arg in Medicago truncatula ammonium-fed seedlings with respect to
nitrate-fed seedlings. Moreover, M. truncatula seedlings grown in axenic medium with
ammonium as the sole source of nitrogen at high dose, showed a significantly higher
accumulation of ammonium in both plant tissues shoots and roots. In general terms, the
results obtained in this study, on one hand, showed a higher DAO activities in Medicago
truncatula plant shoots than that observed in roots. On the other hand, plants supplied
with low dose of ammonium exhibited significantly higher DAO activity in shoots in
comparison with nitrate- and urea-fed plants, while DAO activity was significantly higher
in roots of ammonium-fed plants at high dose in comparison to nitrate- and urea-fed
plants.

Medicago truncatula ammonium-fed plants at low dose showed significant higher DAO
activity in shoots, whereas root tissues did not show significant differences in comparison
to nitrate- and urea- fed plants. In contrast, Medicago truncatula plants grown under high
ammonium conditions did not show significant differences in shoots, while DAO activity
in roots was significantly higher. The previous results, cited above, obtained by our
laboratory showed a decrease of the content of GABA in Medicago truncatula plants
grown under ammonium nutrition in comparison to nitrate- and urea- fed plants, except
for shoot tissues of Medicago truncatula plants grown under ammonium nutrition at low
dose. Under high ammonium nutrition, Medicago truncatula plant shoots, where DAO
activity did not show significant differences, showed a significant increase of the contents
in ammonium, Arg, Put and Spd; whereas the content of GABA decreased significantly
in comparison to low ammonium-fed plants. However, in roots, where DAO activity
showed to be significantly higher, there was a significant increase in the content of
ammonium, Arg and Put, while the content of Orn decreased significantly, and the content
of GABA did not show significant differences in comparison to ammonium-fed plants at
low dose. Put oxidation by plant DAOs has been reported to contribute up to 22% of
GABA content in roots of lupine seedlings grown under salt stress (Legocka et al., 2017;
Yang et al., 2018), which suggested the importance of DAO activity as stress tolerance
mechanism since GABA accumulation is related to enhanced stress tolerance (Ramesh et
al., 2015). Increased DAO activity corresponded to higher Put and/or Cad content in
olive, barley and soybean (Asthir et al, 2002; Gomez-Jimenez et al, 2010;
Quinet ef al., 2010). These data fit with the results obtained in root tissues under high
ammonium nutrition, where DAO activity was showed to be significantly higher in
comparison to nitrate- and urea-fed plants while Put was accumulated concomitantly.

An up-regulation of genes involved in the biosynthesis of PAs have been considered
crucial for plants to be tolerant against abiotic stresses; which corresponds with the
observation of Marco et al., 2015 about the PA accumulation correlation with an
enhanced tolerance to environmental stresses, being Put the first PA accumulated (Gupta

37



et al., 2016). Arabidopsis thaliana plants grown under different types of abiotic stresses
showed different induction patterns of PA biosynthetic genes expression. Under drought
conditions, ADC, SPDS and SPDM expressions were induced (Alcazar et al., 2006a;
Alcdzar et al., 2010), where Put levels increased while the content of Spd and Spm did
not increase above the basal levels. ADC and SPMS gene expressions were induced under
salt stress, which resulted in an increase of Put and Spm contents (Urano et al., 2003;
Alcézar et al., 2010). Also, under cold ADC and SAMDC genes were induced, where the
content of Put increased in contrast to Spd and Spm contents, which remained constant
or even decreased. The lack of correlation between the induction of SAMDC and the
decrease of Spm level has been suggested to be due to an increase of Spm catabolism
(Cuevas et al., 2008; Alcazar et al, 2010). In Arabidopsis thaliana ODC transgenic
plants, since this species does not possess its own ODC gene according to Hanfrey et al.,
2001, Majumdar ef al., 2013 demonstrated that an increase up to 12-fold of Put from Orn
did not have any significant impact in Put production from Arg by ADC; even ADC was
not inhibited under both short-term inducible and constitutive conditions by a 40-fold
increase in cellular Put. This suggest that Put metabolism via ADC may not be inhibited
by neither the induction of ODC gene nor the accumulation of Put. This is in accordance
with the previous results obtained by our laboratory where 25 mM ammonium-fed plant
shoots presented an increase in the content of Put and Spd; whereas Medicago truncatula
roots showed an elevated increase in Put content while Spd level remained constant; and
in both plant tissues Spm contents did not show any significance difference. Until now,
there has not been performed yet any assay related with the expression of biosynthetic
genes of PAs under ammonium stress conditions. Taking into account that Medicago
truncatula showed different tolerance responses to ammonium stress from those showed
under salt stress, it makes interesting to analyse the expression of ADC, ODC, SPDS,
SPMS and SAMDC biosynthetic genes of PA synthesis pathway under ammonium
nutrition.

PA export to the apoplast where the majority of amine oxidases involved in PA terminal
catabolism are present, their oxidation by DAOs and PAOs, and H20:2 production
activating ROS-induced Ca?" influx across the plasma membrane is a common response
of plants to abiotic stresses, hormonal regulation, growth and development, and even
program cell death scenarios (Moschou et al., 2012; Tavaldoraki et al., 2012). Plants
grown under ammonium nutrition as the sole source of nitrogen show, as Medicago
truncatula showed in previous results of our laboratory, a diminution of essential cations
such as Mg*, K* and Ca?" in comparison to nitrate-fed plants (Britto et al., 2001; Britto
et al., 2002). From this point of view, PA overproduction under ammonium stress has
been reported by Fernandez-Crespo et al., 2012 to contribute to the maintenance of
cellular ionic balance, which correlates with the results obtained previously where
Medicago truncatula plants fed by high dose of ammonium accumulated higher PA
contents. Although sensing and regulatory mechanisms of ammonium in plant cells are
not fully elucidated yet, there has been proposed by Bai et al., 2014 the existence of a
tonoplast-localized receptor-like kinase encoded by cytosol-associated protein kinase
(CAPK) genes, which regulates root hair tip growth by maintaining cytoplasmic Ca?*
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gradients through the influx of ammonium into the vacuole via CAPK and/or CAPK-
induced aquaporins, since an excess of ammonium in the cytosol seems to inhibit the
influx of Ca?*. As CAPKI1 in Arabidopsis thaliana is almost expressed in all plant tissues
its function as ammonium tolerance mechanism could be extended not only to root hair
cells, but also to the rest of plant tissues (Liu and Von Wirén, 2017). Moreover, apoplastic
H202 generated by PA catabolism has been reported by Pottosin et al., 2014 to induce
Ca?" influx, which suggests that the increase activity of DAOs in Medicago truncatula
roots under high ammonium nutrition could be a tolerance mechanism in order to
reestablish the Ca*" intracellular content despite the total content of Ca?* of ammonium-
fed plants is largely reduced in comparison to nitrate-fed plants.

On the other hand, stress-induced PA accumulation in response to abiotic stress such as
salinity, drought, chilling, and hypoxia is widely reported (Alcazar et al., 2010; Gill and
Tuteja, 2010); all these stresses have a common denominator, which is the increase of
cytosolic free Ca®*. In this sense, PA-induced activation of plasma membrane Ca?*-
ATPase may be an important component of adaptive mechanism to restore the basal
cytosolic Ca?* level (Bose et al., 2011). Besides, cytosolic pH could affect the activity of
membrane transporters; especially, cytosolic alkalization leads to the inhibition of K™ and
Ca’" influx, and the activation of both cations efflux observed by Alcézar et al., 2010.
Under high ammonium nutrition, Medicago truncatula plants showed a significant
increase in Put content in shoots and roots, while Spd increased significantly in shoots,
and Spm remained unchangeable. High level of Put has been shown to be able to induce
the plasma membrane H*-ATPase activity which results in alkalization of the cytosol
(Alcazar et al., 2010). This suggest that the cytosol of Medicago truncatula cells may be
alkalized under ammonium nutrition at high concentration, which along with a low
cytosolic Ca?" content could inhibit the activity of the enzyme involved in the synthesis
of GABA from glutamate, the GAD; this could be a reason for the decrease of GABA
content in Medicago truncatula under high ammonium nutrition showed in previous
results of our laboratory.

GAD is localized in the cytosol, its optimum pH is slightly acidic 5.8, and it is related
with intracellular pH regulation since GAD activity consumes H". However, the presence
of GAD carbon-terminal calmodulin (CaM)-binding domain enables in vitro GAD
activity at neutral pH when the intracellular Ca®>" content is elevated, as under abiotic
stress conditions (Ueno et al., 2000; Shelp et al., 2017). Even, GAD activity at pH 5.8 is
3 to 9 times higher than activity at pH 7.3 in the presence of saturating Ca** and CaM
(Snedden et al., 1995; Snedden et al., 1996). This obervation makes a possible difference
between the distinct tolerance response of Medicago truncatula under both salt and
ammonium stress conditions. During salt stress, the transport of Na?* through the
tonoplast and/or the efflux through the cell plasma membrane requires a Na?'/H*
antiporter (Jan et al., 2013). The accumulation of cytosolic Ca?* and the acidification of
the cytosol because of the vacuolar Na?" compartmentalization, may activate GAD
activity with the concomitant synthesis of GABA (Shelp et al., 1999). Therefore, it could
be suggested that the intracellular alkalization induced by ammonium uptake in the plant
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cell, as well as in the vacuole can be driven by aquaporins (Esteban et al., 2016a), and the
lack of accumulation of Ca?", accentuated in root tissues in Medicago truncatula cells
would block GAD activity and thereby the synthesis of GABA. Hence, it is possible to
have a decrease of the GABA content because of the inhibition of GAD activity instead
of the inhibition of DAO and PAO activities. Furthermore, if GAD was actually inhibited
under high ammonium nutrition, the portion of remaining GABA found in Medicago
truncatula plants under these abiotic stress conditions could be suggested to result from
terminal catabolism of PAs, which may confer tolerance against ammonium stress
through the activity of the plant amine oxidases DAOs and PAOs, since DAO activity
showed to be significantly higher in the present study. Taking all this together, it would
be interesting to discern whether GAD activity is totally-, partially- or non-inhibited
under ammonium stress conditions in Medicago truncatula.

Orn has been postulated to be a key metabolite in PA biosynthesis (Majumdar et al.,
2013); moreover, Orn is not only precursor of the diamine Put, but also of the osmolite
Pro, which suggests that the levels of both metabolites could be related. At this point,
there has been observed discrepancies between different authors about whether the
content of Put and Pro increase in a parallel way under abiotic stress, or the contents of
both metabolites show a negative correlation. In previous results of our laboratory, there
has been observed an accumulation of Pro in Medicago truncatula in high ammonium-
fed plants, especially in shoots, while the increase of Put level was lower than that
accumulated in roots. This could be related to the significant higher activity of Medicago
truncatula DAQOs obtained in the present study in plant shoots compared to roots. An
increase of DAO activity means a concomitant increase of H202 production, and the
possible increase of H202-induced Pro. 15 to 20% of Pro accumulation in Glycine max
leaves under salt stress derived from PA catabolism while the application of a DAO
inhibitor resulted in a decrease of Pro in the same percentage (Su and Bai, 2008; Legocka
et al., 2017). Conversely, as Put and Pro have Orn as a common precursor, it could be
suggested that Pro may be synthesized from Orn via OAT instead from glutamate via
P5CS. In response to osmotic stress, Medicago truncatula Pro synthesis from Glu is
strongly activated since MtP5CS5 transcript is seven-fold accumulated; while OAT
transcript, four-fold. Despite Pro accumulation in shoots was correlated with both
MtP5C5 and MtOAT transcripts, Pro accumulation in roots was only related with MtOAT
alone (Armengaud et al., 2004). At a first sight, but still inconclusive, the notably higher
Pro accumulation in Medicago truncatula shoots under high ammonium nutrition could
correspond with the activation of both MtP5C5 and MtOAT, being the MtOAT the only
responsible of the little increase of Pro accumulation in roots. However, since Medicago
truncatula tolerance response to salt stress differs from that of ammonium stress, it could
be interesting to perform a transcriptional analysis of MtP5SC5 and MtOAT under
ammonium stress to elucidate whether they are up-regulated under these conditions.

Finally, previous results of our laboratory showed an over-accumulation of Arg in
Medicago truncatula seendlings grown under high ammonium dose in comparison to
nitrate- and urea-fed seedlings. Arginine can be synthesized from Orn within chloroplasts
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(Slocum, 2005), which suggests the possible relation between the increase of Arg content
in ammonium-fed Medicago truncatula plants and the parallel decrease of Orn content of
these plants. Ammonium is rapidly assimilated via GS-GOGAT cycle when GS catalyzes
the ATP-synthesis of Gln from ammonium and glutamate, once ammonium has entered
plant cells. It has been proposed a central role for Gln, reflecting the plant cell nitrogen
status (Xu et al., 2012). In a recent study, it has been identified a protein-mediated Gln
sensing mechanism in higher plants, PII, which co-ordinates the assimilation of
ammonium with cellular energy in plant chloroplasts as well as its nitrogen status
(Chellamuthu et al., 2014). NAGK is a main enzyme involved in the synthesis of Arg,
which is inhibited by a feedback mechanism when the content of Arg increase. However,
NAGK regulation can be mediated by PII signal transduction protein which has been
firstly described in cyanobacteria (Heinrich et al., 2004), and in Arabidopsis thaliana
(Burillo et al., 2004).

NAGK, is feedback-inhibited by its downstream metabolic product Arg and hence
NAGK is a crucial regulator of nitrogen metabolism via Arg. When Gln binds to the
carbon-terminal domain in PII makes this to change conformationally allowing the
interaction between PII and NAGK with the concomitant activation of NAGK
antagonizing the inhibitory effect of Arg; and therefore, promoting Arg synthesis
(Heinrich et al., 2004; Slocum, 2005; Bourrellier et al, 2009). This could be an
explanation for the accumulation of Arg under ammonium stress conditions in Medicago
truncatula, whose Gln content also increased under these conditions. The carbon-terminal
domain is widely present in higher plants excepting for Brassicaceae. Moreover, PII
proteins from Oryza sativa, an ammonium tolerant species, shows a high requirement of
GIn to interact with NAGK, while the ammonium sensitive model Arabidopsis thaliana
PII showed to behave independent from Gln; which suggests a possible role of PII
proteins in regulating the amino acid flow through Arg/Orn pathway and, in addition, PA
metabolism (Chellamuthu et al., 2014). Taking all together, the possible over-production
of Arg from Orn because of GIn-PII-NAGK interaction could be inducing PA
biosynthesis via ADC in order to avoid the biosynthesis of Put from Orn, since the
arginase and posterior urease activity results in a concomitant production of ammonium,
which indeed could increase plant ammonium toxicity.

Medicago truncatula plants show to be ammonium tolerant since they do not show any
acute symptoms when grown under high ammonium nutrition. To elucidate the tolerance
mechanisms that Medicago truncatula possesses against ammonium stress, further
research should be performed. PA metabolism has been widely related to plant abiotic
stress tolerance. Previous results of our lab showed a large accumulation of Put in
ammonium-fed plants, as well as Arg and Pro content increased; however, the content of
GABA, which is a plant stress tolerance-related metabolite (Ramesh et al., 2015), and
Orn decreased. The inhibition of DAOs and PAOs, which are the enzymes in charge of
PA catabolism, by ammonium was the initial hypothesis. However, our results show that
DAO activity showed a significant higher activity in ammonium-fed plants shoots at low
dose, and in roots at high dose. So, it may suggest the importance of PA catabolism as
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stress tolerance mechanism against ammonium stress since it seems to be a source of
GABA under these conditions as GAD activity could be inhibited by the insufficient
content of cytosolic Ca?" to be active in an alkalinized cytosol by Put-induced H*-
ATPase. Orn content decrease could result from the synthesis H202-induced Pro, MtOAT
induction under ammonium stress conditions, and/or because of the Arg overproduction
from Orn due to the possible interaction between GIn-PII-NAGK, which could induced
PA biosynthesis via ADC to avoid ammonium production by arginase and urease
activities. Once DAO activity has been shown to be increased under ammonium stress
conditions in Medicago truncatula, tissues the following assays should be performed to
elucidate the mechanisms underlying plant ammonium tolerance responses: (i) PAO
activity assay, (ii) gene expression of DAOs and PAOs involved in PA catabolism, (iii)
PA biosynthetic genes expression of Medicago truncatula ADC, ODC, SPDS, SPMS and
SAMDOC, (iv) GAD activity assay, (v) transcriptional analysis of MtP5C5 and MtOAT,
and (vi) GIn-PII-NAGK analysis.
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8 Conclusion

In summary, after performing the intraspecific phylogenetic analysis, Medicago
truncatula 17 diamine oxidases and 13 polyamine were clearly differentiated. The
interspecific phylogenetic analyses of both DAOs and PAOs, respectively, enabled us to
make a characterization of Medicago truncatula amine oxidases by means of comparing
both kind of proteins to those belonging to the same cluster and have been already
characterized. While Medicago truncatula diamine oxidases are suggested to be involved
in the terminal catabolism of polyamines, mainly putrescine; Medicago truncatula
polyamine oxidases, which mainly oxidize spermidine and spermine, have been
suggested to be involved in either the terminal catabolism of polyamines or the polyamine
back-conversion. Moreover, Medicago truncatula amine oxidases have been proposed to
be located in the apoplast and/or peroxisomes. Regarding to Medicago truncatula
diamine oxidase activity assay, in general terms, the results obtained in this study showed
higher diamine oxidase activities in Medicago truncatula plant shoots than that observed
in roots. In addition, plants supplied with low dose of ammonium exhibited significantly
higher diamine oxidase activity in shoots in comparison with nitrate- and urea-fed plants,
whereas diamine oxidase activity was significantly higher in roots of ammonium-fed
plants at high dose. Since diamine oxidase activity has been shown to be increased under
ammonium conditions in Medicago truncatula tissues, this may suggest the importance
of polyamine catabolism in the tolerance against high ammonium conditions. Although
alternative mechanisms underlying ammonium stress/tolerance response are proposed in
this report, future research should be performed to elucidate the mechanisms underlying
plant ammonium tolerance responses.

43



44



9 References

Alcazar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M., Koncz, C., & Tiburcio,
A. F. (2010). Polyamines: molecules with regulatory functions in plant abiotic stress
tolerance. Planta, 231(6), 1237-1249.

Alcazar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A., Carrasco, P., & Altabella,
T. (2006). Involvement of polyamines in plant response to abiotic stress. Biotechnology
letters, 28(23), 1867-1876.

Allen, A. E., Dupont, C. L., Obornik, M., Horak, A., Nunes-Nesi, A., mccrow, J. P., Bowler,
C. (2011). Evolution and metabolic significance of the urea cycle in photosynthetic diatoms.
Nature, 473(7346), 203-207.

Angelini, R., Cona, A., Federico, R., Fincato, P., Tavladoraki, P., & Tisi, A. (2010). Plant
amine oxidases “on the move”: an update. Plant Physiology and Biochemistry, 48(7), 560-
564.

Ariz, 1., Artola, E., Asensio, A. C., Cruchaga, S., Aparicio-Tejo, P. M., & Moran, J. F. (2011).
High irradiance increases NH4" tolerance in Pisum sativum: higher carbon and energy
availability improve ion balance but not N assimilation. Journal of plant physiology,
168(10), 1009-1015.

Ariz, L., Asensio, A. C., Zamarrefio, A. M., Garcia-Mina, J. M., Aparicio-Tejo, P. M., &
Moran, J. F. (2013). Changes in the C/N balance caused by increasing external ammonium
concentrations are driven by carbon and energy availabilities during ammonium nutrition in

pea plants: The key roles of asparagine synthetase and anaplerotic enzymes. Physiologia
Plantarum, 148(4), 522—-537.

Armengaud, P., Thiery, L., Buhot, N., Grenier-de March, G., & Savouré, A. (2004).
Transcriptional regulation of proline biosynthesis in Medicago truncatula reveals

developmental and environmental specific features. Physiologia plantarum, 120(3), 442-
450.

Asthir, B., Duffus, C. M., Smith, R. C., & Spoor, W. (2002). Diamine oxidase is involved in
H>O; production in the chalazal cells during barley grain filling. Journal of Experimental
Botany, 53(369), 677-682.

Aziz, A., Martin-Tanguy, J., & Larher, F. (1998). Stress-induced changes in polyamine and
tyramine levels can regulate proline accumulation in tomato leaf discs treated with sodium
chloride. Physiologia Plantarum, 104(2), 195-202.

Bai, L., Ma, X., Zhang, G., Song, S., Zhou, Y., Gao, L., & Song, C. P. (2014). A receptor-like
kinase mediates ammonium homeostasis and is important for the polar growth of root hairs

in Arabidopsis. The Plant Cell, 26(4), 1497-1511.

Bertl, A., & Kaldenhoff, R. (2007). Function of a separate NH3-pore in Aquaporin TIP2; 2 from
wheat. FEBS letters, 581(28), 5413-5417.

Bittsanszky, A., Pilinszky, K., Gyulai, G., & Komives, T. (2015). Overcoming ammonium
toxicity. Plant Science, 231, 184-190.

Bose, J., Pottosin, 1., Shabala, S. S. S., Palmgren, M. G., & Shabala, S. (2011). Calcium efflux
systems in stress signaling and adaptation in plants. Frontiers in Plant Science, 2, 85.

45



Bourrellier, A. B. F., Ferrario-Méry, S., Vidal, J., & Hodges, M. (2009). Metabolite regulation
of the interaction between Arabidopsis thaliana PIl and N-acetyl-l-glutamate kinase.
Biochemical and biophysical research communications, 387(4), 700-704.

Britto, D. T., Siddiqi, M. Y., Glass, A. D., & Kronzucker, H. J. (2001). Futile transmembrane
NH4" cycling: a cellular hypothesis to explain ammonium toxicity in plants. Proceedings of
the National Academy of Sciences, 98(7), 4255-4258.

Britto, D. T., & Kronzucker, H. J. (2002). NH4" toxicity in higher plants: a critical review.
Journal of Plant Physiology, 159(6), 567-584.

Buchanan, B. B. (2015). Biochemistry and molecular biology of plants. John Wiley & Sons.

Burillo, S., Luque, 1., Fuentes, I., & Contreras, A. (2004). Interactions between the nitrogen
signal transduction protein PII and N-Acetyl Glutamate kinase in organisms that perform
oxygenic photosynthesis. J Bact 186:3346-3354

Cerdan, D. (2017). Bachelor Thesis. Nitrato, amonio y urea afectan diferencialmente las vias de
ureidos y el ciclo de la urea y evidencian la importancia de poliaminas en la respuesta al
estrés por amonio. Universidad Publica de Navarra.

Cerdan, D., Buezo, J., Esteban, R., Cornejo, A., Martinez-merino, V., Moran, J. F., & Royo,
B. (2017). Arginine, polyamines and GABA accumulation remarks the role of urea cycle on
M. Truncatula seedlings grown under different N sources, 31192.

Cervelli M, Cona A, Angelini R, Polticelli F, Federico R & Mariottini P (2001). A barley
polyamine oxidase isoform with distinct structural features and subcellular localization. Eur
J Biochem 268, 3816-3830.

Chellamuthu, V. R., Ermilova, E., Lapina, T., Liiddecke, J., Minaeva, E., Herrmann, C., &
Forchhammer, K. (2014). A widespread glutamine-sensing mechanism in the plant
kingdom. Cell, 159(5), 1188-1199.

Cona, A., Rea, G., Angelini, R., Federico, R., & Tavladoraki, P. (2006). Functions of amine
oxidases in plant development and defense. Trends in plant science, 11(2), 80-88.

Coskun, D., Britto, D. T., Li, M., Becker, A., & Kronzucker, H. J. (2013). Rapid ammonia
gas transport accounts for futile transmembrane cycling under NH3/NH4" toxicity in plant
roots. Plant physiology, 163(4), 1859-1867.

Cruz, C., Dominguez-Valdivia, M. D., Aparicio-Tejo, P. M., Lamsfus, C., Bio, A., Martins-
Loucdo, M. A., & Moran, J. F. (2011). Intra-specific variation in pea responses to
ammonium nutrition leads to different degrees of tolerance. Environmental and
Experimental Botany, 70(2-3), 233-243.

Cuevas, J. C., Lopez-Cobollo, R., Alcazar, R., Zarza, X., Koncz, C., Altabella, T., &
Ferrando, A. (2008). Putrescine is involved in Arabidopsis freezing tolerance and cold
acclimation by regulating abscisic acid levels in response to low temperature. Plant
physiology, 148(2), 1094-1105.

Cvrékova, F. (2016). A plant biologists’ guide to phylogenetic analysis of biological
macromolecule sequences. Biologia Plantarum.

46



Dar, M. 1., Naikoo, M. 1., Rehman, F., Naushin, F., & Khan, F. A. (2016). Proline
accumulation in plants: roles in stress tolerance and plant development. In Osmolytes and
Plants Acclimation to Changing Environment: Emerging Omics Technologies (pp. 155-
166). Springer, New Delhi.

Dominguez-Valdivia, M. D., Aparicio-Tejo, P. M., Lamsfus, C., Cruz, C., Martins-Loucio,
M. A., & Moran, J. F. (2008). Nitrogen nutrition and antioxidant metabolism in
ammonium-tolerant and -sensitive plants. Physiologia Plantarum, 132(3), 359-369.

Esteban, R., Ariz, 1., Cruz, C., & Moran, J. F. (2016). Review: Mechanisms of ammonium
toxicity and the quest for tolerance. Plant Science, 248, 92—101.

Fernandez-Crespo, E., Camaiies, G., & Garcia-Agustin, P. (2012). Ammonium enhances
resistance to salinity stress in citrus plants. Journal of plant physiology, 169(12), 1183-1191.

Filippou, P., Antoniou, C., & Fotopoulos, V. (2013). The nitric oxide donor sodium
nitroprusside regulates polyamine and proline metabolism in leaves of Medicago truncatula
plants. Free Radical Biology and Medicine, 56, 172-183.

Foyer, CH., Noctor, G. (2005). Redox homeostasis and antioxidant signaling: a metabolic
interface between stress perception and physiological responses. The Plant Cell 17, 1866—
1875.

Gerendas, J., Zhu, Z., & Sattelmacher, B. (1998). Influence of N and Ni supply on nitrogen
metabolism and urease activity in rice (Oryza sativa L.). Journal of Experimental Botany,
49(326), 1545-1554.

Gill, S. S., & Tuteja, N. (2010). Polyamines and abiotic stress tolerance in plants. Plant signaling
& behavior, 5(1), 26-33.

Gomez-Jimenez, M. C., Paredes, M. A., Gallardo, M., & Sanchez-Calle, I. M. (2010). Mature
fruit abscission is associated with up-regulation of polyamine metabolism in the olive
abscission zone. Journal of plant physiology, 167(17), 1432-1441.

Gupta, K., Sengupta, A., Chakraborty, M., & Gupta, B. (2016). Hydrogen Peroxide and
Polyamines Act as Double Edged Swords in Plant Abiotic Stress Responses. Frontiers in
Plant Science, 7.

Hanfrey, C., Sommer, S., Mayer, M. J., Burtin, D., & Michael, A. J. (2001). Arabidopsis
polyamine biosynthesis: absence of ornithine decarboxylase and the mechanism of arginine
decarboxylase activity. The Plant Journal, 27(6), 551-560.

Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Moller, L. S., & White,
P. (2012). Functions of macronutrients. In Marschner's Mineral Nutrition of Higher Plants
(Third Edition) (pp. 135-189).

Heinrich, A., Maheswaran, M., Ruppert, U., & Forchhammer, K. (2004). The Synechococcus
elongatus PII signal transduction protein controls arginine synthesis by complex formation
with N-acetyl-1-glutamate kinase. Molecular microbiology, 52(5), 1303-1314.

Iitvanek, J., DluhoSov4, J., Dluho, P., P4tkov4, L., Nedélnik, J., & Repkova, J. (2017). Gene

classification and mining of molecular markers useful in red clover (Trifolium pratense)
breeding. Frontiers in plant science, 8, 367.

47



IStvanek, J., Jaro§, M., Kienek, A., & Repkové, J. (2014). Genome assembly and annotation
for red clover (Trifolium pratense; Fabaceae). American journal of botany, 101(2), 327-337.

Jan, A. T., Singhal, P., & Haq, Q. M. R. (2013). Plant abiotic stress: deciphering remedial
strategies for emerging problem. Journal of plant interactions, 8(2), 97-108.

Jill Harrison, C., & Langdale, J. A. (2006). A step by step guide to phylogeny reconstruction.
Plant Journal, 45(4), 561-572.

Katoh, K., Rozewicki, J., & Yamada, K. D. (2017). MAFFT online service: multiple sequence
alignment, interactive sequence choice and visualization. Briefings in bioinformatics.

Kim, D. W., Watanabe, K., Murayama, C., Izawa, S., Niitsu, M., Michael, A. J., & Kusano,
T. (2014). Polyamine oxidase5 regulates Arabidopsis growth through thermospermine
oxidase activity. Plant physiology, 165(4), 1575-1590.

Kirscht, A., Kaptan, S. S., Bienert, G. P., Chaumont, F., Nissen, P., de Groot, B. L., &
Johanson, U. (2016). Crystal structure of an ammonia-permeable aquaporin. Plos biology,
14(3), €1002411.

Kusano T., Berberich T., Tateda C., Takahashi Y (2008). Polyamines: essential factors for
growth and survival. Planta 228:367-381

Kusano, T., Kim, D. W., Liu, T., & Berberich, T. (2015). Polyamine catabolism in plants. In
Polyamines (pp. 77-88). Springer, Tokyo.

Lea, P. J., & Azevedo, R. A. (2007). Nitrogen use efficiency. Amino acid metabolism. Annals
of Applied Biology, 151(3), 269-275.

Lea, P. J., & Miflin, B. J. (2018). Nitrogen assimilation and its relevance to crop improvement.
Annual plant reviews, 1-40.

Legocka, J., Sobieszczuk-Nowicka, E., Ludwicki, D., & Lehmann, T. (2017). Putrescine
catabolism via DAO contributes to proline and GABA accumulation in roots of lupine
seedlings growing under salt stress. Acta Societatis Botanicorum Poloniae, 86(3).

Li, B., Li, G., Kronzucker, H. J., Baluska, F., & Shi, W. (2014). Ammonium stress in
Arabidopsis: signaling, genetic loci, and physiological targets. Trends in Plant Science,
19(2), 107-114.

Li, B, Li, Q., Su, Y., Chen, H. A. O., Xiong, L., Mi, G., & Shi, W. (2011). Shoot-supplied
ammonium targets the root auxin influx carrier AUX1 and inhibits lateral root emergence
in Arabidopsis. Plant, cell & environment, 34(6), 933-946.

Liu, T., Kim, D. W,, Niitsu, M., Maeda, S., Watanabe, M., Kamio, Y., & Kusano, T. (2014).
Polyamine oxidase 7 is a terminal catabolism-type enzyme in Oryza sativa and is
specifically expressed in anthers. Plant and Cell Physiology, 55(6), 1110-1122.

Liu, Y., & von Wirén, N. (2017). Ammonium as a signal for physiological and morphological
responses in plants. Journal of experimental botany, erx086.

Majumdar, R., Shao, L., Minocha, R., Long, S., & Minocha, S. C. (2013). Ornithine: the

overlooked molecule in the regulation of polyamine metabolism. Plant and cell physiology,
54(6), 990-1004.

48



Marco, F., Bitrian, M., Carrasco, P., Alcazar, R., & Tiburcio, A. F. (2015). Polyamine
Biosynthesis Engineering as a Tool to Improve Plant Resistance to Abiotic Stress. In
Genetic Manipulation in Plants for Mitigation of Climate Change (pp. 103-116). Springer,
New Delhi.

Marschner, H. (2012). Mineral Nutrition of Higher Plants, 3™ ed. Academic Press, London

Medda, R., Padiglia, A., Pedersen, J. Z., Lorrai, A., & Floris, G. (1996). Substrate specificity
of lentil seedling amine oxidase. IUBMB Life, 40(3), 629-637.

Miller, EW., Dickinson, BC., Chang, CJ. (2010). Aquaporin-3 mediates hydrogen peroxide
uptake to regulate downstream intracellular signaling. Proceedings of the National Academy
of Sciences, USA 107, 15681-15686.

Minocha, R., Majumdar, R., y Minocha, S. C. (2014). Polyamines and abiotic stress in plants:
a complex relationship. Frontiers in Plant Science, 5(2553), 1-17.

Moller, S. G., & mcpherson, M. J. (1998). Developmental expression and biochemical analysis

of the Arabidopsis ataol gene encoding an H»>O,-generating diamine oxidase. The Plant
Journal, 13(6), 781-791.

Moschou, P. N., Sanmartin, M., Andriopoulou, A. H., Rojo, E., Sanchez-Serrano, J. J., &
Roubelakis-Angelakis, K. A. (2008). Bridging the gap between plant and mammalian
polyamine catabolism: a novel peroxisomal polyamine oxidase responsible for a full back-
conversion pathway in Arabidopsis. Plant Physiology, 147(4), 1845-1857.

Moschou, P. N., Wu, J., Cona, A., Tavladoraki, P., Angelini, R., & Roubelakis-Angelakis,
K. A. (2012). The polyamines and their catabolic products are significant players in the
turnover of nitrogenous molecules in plants. Journal of experimental botany, 63(14), 5003-
5015.

Ono, Y., Kim, D. W., Watanabe, K., Sasaki, A., Niitsu, M., Berberich, T., & Takahashi, Y.
(2012). Constitutively and highly expressed Oryza sativa polyamine oxidases localize in
peroxisomes and catalyze polyamine back conversion. Amino acids, 42(2-3), 867-876.

Pandey, S., Ranade, S. A., Nagar, P. K., & Kumar, N. (2000). Role of polyamines and ethylene
as modulators of plant senescence. Journal of biosciences, 25(3), 291-299.

Pantoja, O. (2012). High affinity ammonium transporters: molecular mechanism of action.
Frontiers in plant science, 3, 34.

Pinton, R., Tomasi, N., y Zanin, L. (2016). Molecular and physiological interactions of urea and
nitrate uptake in plants. Plant Signaling y Behavior, 11(1), e1076603.

Planas-Portell, J., Gallart, M., Tiburcio, A. F., & Altabella, T. (2013). Copper-containing
amine oxidases contribute to terminal polyamine oxidation in peroxisomes and apoplast of
Arabidopsis thaliana. BMC Plant Biology, 13(1), 109.

Pottosin, I., Velarde-Buendia, A. M., Bose, J., Zepeda-Jazo, 1., Shabala, S., &
Dobrovinskaya, O. (2014). Cross-talk between reactive oxygen species and polyamines in
regulation of ion transport across the plasma membrane: implications for plant adaptive
responses. Journal of experimental botany, 65(5), 1271-1283.

49



Qi, X., Li, M. W,, Xie, M., Liu, X., Ni, M., Shao, G., & Isobe, S. (2014). Identification of a
novel salt tolerance gene in wild soybean by whole-genome sequencing. Nature
communications, 5, 4340.

Quinet, M., Ndayiragije, A., Lefevre, 1., Lambillotte, B., Dupont-Gillain, C. C., & Lutts, S.
(2010). Putrescine differently influences the effect of salt stress on polyamine metabolism
and ethylene synthesis in rice cultivars differing in salt resistance. Journal of Experimental
Botany, 61(10), 2719-2733.

Ramesh, S. A., Tyerman, S. D., Xu, B., Bose, J., Kaur, S., Conn, V., & Feijd, J. A. (2015).
GABA signalling modulates plant growth by directly regulating the activity of plant-specific
anion transporters. Nature communications, 6, 7879.

Rea, G., Metoui, O., Infantino, A., Federico, R., & Angelini, R. (2002). Copper amine oxidase
expression in defense responses to wounding and Ascochyta rabiei invasion. Plant
Physiology, 128(3), 865-875.

Roosens, N. H., Thu, T. T., Iskandar, H. M., & Jacobs, M. (1998). Isolation of the ornithine-
d-aminotransferase cdna and effect of salt stress on its expression in Arabidopsis thaliana.
Plant physiology, 117(1), 263-271.

Royo, B. (2017). Phd Thesis. An integrated view of changing nutrient availability in model
species : The role of signaling in the plant response. Universidad Pablica de Navarra.

Sagor, G. H. M., Zhang, S., Kojima, S., Simm, S., Berberich, T., & Kusano, T. (2016).
Reducing cytoplasmic polyamine oxidase activity in Arabidopsis increases salt and drought
tolerance by reducing reactive oxygen species production and increasing defense gene
expression. Frontiers in plant science, 7, 214.

Sarasketa, A., Gonzalez-Moro, M. B., Gonzalez-Murua, C., y Marino, D. (2014). Exploring
ammonium tolerance in a large panel of Arabidopsis thaliana natural accessions. Journal of
Experimental Botany, 65(20), 6023-6033.

Sebela, M., Radova, A., Angelini, R., Tavladoraki, P., Frébort, 1., Pe¢, P. (2001) FAD-
containing polyamine oxidases: a timely challenge for researcher in biochemistry and
physiology of plants. Plant Sci 160:197-207

Shelp, B. J., Bown, A. W., & mclean, M. D. (1999). Metabolism and functions of gamma-
aminobutyric acid. Trends in plant science, 4(11), 446-452.

Shelp, B. J., & Zarei, A. (2017). Subcellular compartmentation of 4-aminobutyrate (GABA)
metabolism in Arabidopsis: an update. Plant Signaling & Behavior, 12(5), e1322244.

Skopelitis, D. S., Paranychianakis, N. V., Paschalidis, K. A., Pliakonis, E. D., Delis, 1. D.,
Yakoumakis, D. I., Roubelakis-Angelakis, K. A. (2006). Abiotic Stress Generates ROS
That Signal Expression of Anionic Glutamate Dehydrogenases to Form Glutamate for
Proline Synthesis in Tobacco and Grapevine. The Plant Cell Online, 18(10), 2767-2781.

Slocum, R. D. (2005). Genes, enzymes and regulation of arginine biosynthesis in plants. Plant
Physiology and Biochemistry, 43(8), 729-745.

Snedden, W. A., Arazi, T., Fromm, H., and Shelp, B. J. (1995). Calcium/calmodulin activation
of soybean glutamate decarboxylase. Plant Physiol. 108: 543549

50



Snedden, W. A., Koutsia, N., Baum, G., and Fromm, H. (1996). Activation of a petunia
glutamate decarboxylase by calcium/calmodulin or by a monoclonal antibody which
recognizes the calmodulin binding domain. J. Biol. Chem. 108: 543—-549.

Su, G. X., & Bai, X. (2008). Contribution of putrescine degradation to proline accumulation in
soybean leaves under salinity. Biologia plantarum, 52(4), 796.

Sutton, MA., Erisman, W., Leip, A., van Grinsven, H., Winiwarter, W. (2011). Too much of
a good thing. Nature 472:159-61

Takahashi, Y., Cong, R., Sagor, G. H. M., Niitsu, M., Berberich, T., & Kusano, T. (2010).
Characterization of five polyamine oxidase isoforms in Arabidopsis thaliana. Plant cell
reports, 29(9), 955-965.

Takahashi, Y., Ono, K., Akamine, Y., Asano, T., Ezaki, M., & Mouri, 1. (2018). Highly-
expressed polyamine oxidases catalyze polyamine back conversion in Brachypodium
distachyon. Journal of plant research, 131(2), 341-348.

Tang, H., Krishnakumar, V., Bidwell, S., Rosen, B., Chan, A., Zhou, S., & Mayer, K. F.
(2014). An improved genome release (version Mt4. 0) for the model legume Medicago
truncatula. BMC genomics, 15(1), 312.

Tavladoraki, P., Cona, A., & Angelini, R. (2016). Copper-containing amine oxidases and FAD-
dependent polyamine oxidases are key players in plant tissue differentiation and organ
development. Frontiers in plant science, 7, 824.

Tavladoraki, P., Cona, A., Federico, R., Tempera, G., Viceconte, N., Saccoccio, S., et al.
(2012). Polyamine catabolism: target for antiproliferative therapies in animals and stress
tolerance strategies in plants. Amino Acids 42, 411-426.

Tavladoraki, P., Rossi, M. N., Saccuti, G., Perez-Amador, M. A., Polticelli, F., Angelini, R.,
& Federico, R. (2006). Heterologous expression and biochemical characterization of a
polyamine oxidase from Arabidopsis involved in polyamine back conversion. Plant
Physiology, 141(4), 1519-1532.

Tiburcio, A. F., Altabella, T., Bitrian, M., & Alcazar, R. (2014). The roles of polyamines
during the lifespan of plants: from development to stress. Planta, 240(1), 1-18.

Tipping, A. J., & mcpherson, M. J. (1995). Cloning and molecular analysis of the pea seedling
copper amine oxidase. Journal of Biological Chemistry, 270(28), 16939-16946.

Ueda, S., Ikeda, M., & Yamakawa, T. (2008). Provision of carbon skeletons for amide synthesis
in non-nodulated soybean and pea roots in response to the source of nitrogen supply. Soil
Science & Plant Nutrition, 54(5), 732-737.

Wais, R. J., Galera, C., Oldroyd, G., Catoira, R., Penmetsa, R. V, Cook, D., Long, S. R.
(2000). Genetic analysis of calcium spiking responses in nodulation mutants of Medicago
truncatula. Proceedings of the National Academy of Sciences of the United States of
America, 97(24), 13407-13412.

Wimalasekera, R., Tebartz, F., & Scherer, G. F. (2011). Polyamines, polyamine oxidases and
nitric oxide in development, abiotic and biotic stresses. Plant Science, 181(5), 593-603.

51



Wisniewski, J. P., Rathbun, E. A, Knox, J. P., & Brewin, N. J. (2000). Involvement of diamine
oxidase and peroxidase in insolubilization of the extracellular matrix: implications for pea

nodule initiation by Rhizobium leguminosarum. Molecular Plant-Microbe Interactions :
MPM]I, 13(4), 413-420.

Witte, C. P. (2011). Urea metabolism in plants. Plant Science.

Xing, S. G., Jun, Y. B., Hau, Z. W., & Liang, L. Y. (2007). Higher accumulation of y-
aminobutyric acid induced by salt stress through stimulating the activity of diamine oxidases
in Glycine max (L.) Merr. Roots. Plant Physiology and Biochemistry, 45(8), 560-566.

Xu, G., Fan, X., & Miller, A. J. (2012). Plant Nitrogen Assimilation and Use Efficiency. Annual
Review of Plant Biology, 63(1), 153-182.

Yang, H., Menz, J., Haiissermann, 1., Benz, M., Fujiwara, T., y Ludewig, U. (2015). High
and Low Affinity Urea Root Uptake: Involvement of NIP5;1. Plant and Cell Physiology,
56(8), 1588-1597.

Yang, R., Gu, Z., & Yin, Y. (2018). Polyamine degradation pathway regulating growth and
GABA accumulation in germinating fava bean under hypoxia-nacl stress.

Young, N. D., Debellé, F., Oldroyd, G. E., Geurts, R., Cannon, S. B., Udvardi, M. K., & Van
de Peer, Y. (2011). The Medicago genome provides insight into the evolution of rhizobial
symbioses. Nature, 480(7378), 520.

Zarza, X., Atanasov, K. E., Marco, F., Arbona, V., Carrasco, P., Kopka, J., ... & Alcazar, R.
(2017). Polyamine oxidase 5 loss-of-function mutations in Arabidopsis thaliana trigger

metabolic and transcriptional reprogramming and promote salt stress tolerance. Plant, cell
& environment, 40(4), 527-542.

Zarei, A., Trobacher, C. P., & Shelp, B. J. (2015). NAD"-aminoaldehyde dehydrogenase
candidates for 4-aminobutyrate (GABA) and B-alanine production during terminal oxidation
of polyamines in apple fruit. FEBS letters, 589(19partb), 2695-2700.

Zhou, Z., Metcalf, A. E., Lovatt, C. J., y Hyman, B. C. (2000). Alfalfa (Medicago sativa)

carbamoylphosphate synthetase gene structure records the deep lineage of plants. Gene,
243(1-2), 105-114.

52



Supplementary data: amine oxidases identification

Table 1: Medicago truncatula identified diamine oxidases. The locus, length of amino acid sequences, and
FASTA sequences were obtained when M. truncatula proteins were researched against Uniprot database.

Diamine oxidase

Uniprot Entry

Locus

Length

FASTA

MtDAO1

AO0A072TRW3
http://www.uniprot.org/uniprot/ AOAO72TRW3

MTR_8g069505

774

>A0A0T2TRW3

MATVEEKTTPICCSLQNKNKTAASATSPNVPQQKQQLPFISAVDSRLDPPPKSASSKEL
KDRKETISFDIGITVMAKAQTCHPLDPLSAAFISVAVATVRAAGATPEVRDGIRFIEVGL
VEPEKQVVALADAYFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKSNETSIWIVE
LTEVHATTRGGHHRGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPFREAMKKRGIE
DMDLVMVDPWCAGYHSEGDAPSRRLAKPLFFCRTESDCPMENGYARPVEGIHVLVD
MQNMVVLEFEDRKLVPLPQADPLRNYTSGETRGGVDRSDVKPLQIQPDGPSFRVNGN
FIQWQKWNFRIGFTPREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGDPNDPHYR
KNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAHFTNFYGGVETIENCVCMHEEDHG
MLWKHQDWRTGLAEVRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSL
GALQQGETRKYGTTIAPGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEVNVKVEEP
GKNNVHNNAFYAEEKLLKSELEAMRDCDPLSARHWIVRNTRS VNRTGHLTGYKLVPG
SNCLPLAGSEAKFLRRAAFLKHNLWVTPYARDELHPGGEFPNQNPRVGEGLATWVKQ
NRPLEEADIVLWYVFGVTHIPRLEDWPVMPVEHIGFMLMPHGFFNCSPAVDVPPSPGD
LDDKENGMPAKHSQNGLIAKL

MtDAO2

AOA072TRL3
http://www.uniprot.org/uniprot/AOAQ72TRL3

MTR_8g069505

761

>A0AOT2TRL3

MATVEEKTTPICCSLQNKNKTAASATSPNVPQQKQQLPFISAVDSRLDPPPKSASSKGIT
'VMAKAQTCHPLDPLSAAEISVAVATVRAAGATPEVRDGIRFIEVGLVEPEKQVVALADA
YFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKSNETSIWIVELTEVHATTRGGHH
RGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPFREAMKKRGIEDMDLVMVDPWCA
GYHSEGDAPSRRLAKPLFFCRTESDCPMENGYARPVEGIHVLVDMQNMVVLEFEDRK
LVPLPQADPLRNYTSGETRGGVDRSDVKPLQIQPDGPSFRVNGNFIQWQKWNFRIGFT
PREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKN
AHSLKKGCDCLGYIKYFDAHFTNFYGGVETIENCVCMHEEDHGMLWKHQDWR TGLAE
VRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALQQGETRKYGTTI
APGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEVNVKVEEPGKNNVHNNAFYAEE
KLLKSELEAMRDCDPLSARHWIVRNTRS VNRTGHLTGYKLVPGSNCLPLAGSEAKFLR
RAAFLKHNLWVTPYARDELHPGGEFPNQNPRVGEGLATWVKQNRPLEEADIVLWYVF
GVTHIPRLEDWPVMPVEHIGFMLMPHGFFNCSPAVDVPPSPGDLDDKENGMPAKHSQ
NGLIAKL

MtDAO3

AO0AO072TRLY
http://www.uniprot.org/uniprot/AOAO72TRLY

MTR_8g069505

619

>A0AOT2TRLY

MATVEEKTTPICCSLQNKNKTAASATSPNVPQQKQQLPFISAVDSRLDPPPKSASSKEL
KDRKETISFDIGITVMAKAQTCHPLDPLSAAEISVAVATVRAAGATPEVR DGIRFIEVGL
VEPEKQVVALADAYFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKSNETSIWIVE
LTEVHATTRGGHHRGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPFREAMKKRGIE
DMDLVMVDPWCAGYHSEGDAPSRRLAKPLFFCRTESDCPMENGY ARPVEGIHVLVD
MQNMVVLEFEDRKLVPLPQADPLRNYTSGETRGGVDRSDVKPLQIQPDGPSFRVNGN
FIQWQKWNFRIGFTPREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGDPNDPHYR
KNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAHF TNFYGGVETIENCVCMHEEDHG
MLWKHQDWRTGLAEVRRSRRLTVSFICTVANYEYGFYWHF YQDGKIEAEVKLTGILSL
GALQQGETRKYGTTIAPGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEVNVKVEEP
GKNNVHNNAFYAEEKLLKSELEAMRDCDPLSARHWIKL

MtDAO4

AOA072TRW9
http://www.uniprot.org/uniprot/ AOAO72TRW9

MTR_8g069505

629

>A0AOT2TRWY

MATVEEKTTPICCSLQNKNKTAASATSPNVPQQKQQLPFISAVDSRLDPPPKSASSKGIT
'VMAKAQTCHPLDPLSAAEISVAVATVRAAGATPEVRDGIRFIEVGLVEPEKQVVALADA
YFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKSNETSIWIVELTEVHATTRGGHH

RGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPFREAMKKRGIEDMDLVMVDPWCA
GYHSEGDAPSRRLAKPLFFCRTESDCPMENGYARPVEGIHVLVDMQNMVVLEFEDRK

LVPLPQADPLRNYTSGETRGGVDRSDVKPLQIQPDGPSFRVNGNFIQWQKWNFRIGFT

PREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKN
AHSLKKGCDCLGYIKYFDAHFTNFYGGVETIENCVCMHEEDHGMLWKHQDWRTGLAE
VRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALQQGETRKYGTTI

APGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEVNVKVEEPGKNNVHNNAFYAEE
KLLKSELEAMRDCDPLSARHWIVS YYSFIFIPKKGKKNHQRLIEFPI

MtDAOS

AO0AO072TSH3
http://www.uniprot.org/uniprot/ AOAQO72TSH3

MTR_8g069505

642

>A0A072TSH3

MATVEEKTTPICCSLQNKNKTAASATSPNVPQQKQQLPFISAVDSRLDPPPKSASSKEL
KDRKETISFDIGITVMAKAQTCHPLDPLSAAEISVAVATVRAAGATPEVRDGIRFIEVGL
VEPEKQVVALADAYFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKSNETSIWIV]
LTEVHATTRGGHHRGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPFREAMKKRGIE
DMDLVMVDPWCAGYHSEGDAPSRRLAKPLFFCRTESDCPMENGYARPVEGIHVLVD
MQNMVVLEFEDRKLVPLPQADPLRNYTSGETRGGVDRSDVKPLQIIQPDGPSFRVNGN
FIQWQKWNFRIGFTPREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGDPNDPHYR
KNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAHFTNFYGGVETIENC VCMHEEDHG
MLWKHQDWR TGLAEVRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSL
GALQQGETRKYGTTIAPGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEVNVKVEEP
GKNNVHNNAFYAEEKLLKSELEAMRDCDPLSARHWIVS Y YSFIFIPKKGKKNHQRLIIFP
1

MtDAOG6

AOA072TTHS8
http://www.uniprot.org/uniprot/AOA072TTHS8

MTR_8g069505

724

>A0AOT2TTHS

MKFFLLSELKDRKETISFDIGITVMAKAQTCHPLDPLSAAEISVAVATVRAAGATPEVRD
GIRFIEVGLVEPEKQVVALADAYFFPPFQPSLLPRIKGGPVIPSKLPPRKARLVVYNKKS
NETSIWIVELTEVHATTRGGHHRGKVITSTVVPDVQPPMDAVEYAECEAVVKDFPPERE
AMKKRGIEDMDLVMVDPWCAGYHSEGDAPSRRLAKPLEFCRTESDCPMENGYARPV
EGIHVLVDMQNMVVLEFEDRKLVPLPQADPLRNYTSGETRGGVDRSDVKPLQIQPDGP
SFRVNGNFIQWQKWNFRIGF TPREGLVIYSVAYIDGSRGRRPVAHRLSFVEMVVPYGD
PNDPHYRKNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAHFTNFYGGVETIENCVC
MHEEDHGMLWKHQDWRTGLAEVRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEV
KLTGIL: LQQGETRKYGTTIAPGLYAPVHQHFFVARMDMAVDCKPGEAFNQVVEV
NVKVEEPGKNNVHNNAFYAEEKLLKSELEAMRDCDPLS ARHWIVRNTRS VNRTGHLT
GYKLVPGSNCLPLAGSEAKFLRRAAFLKHNLWVTPYARDELHPGGEFPNQNPRVGEGL
ATWVKQNRPLEEADIVLWYVFGVTHIPRLEDWPVMPVEHIGFMLMPHGFFNCSPAVD
VPPSPGDLDDKENGMPAKHSQNGLIAKL

MtDAO7

G7JYY1
http://www.uniprot.org/uniprot/G7JYY1

MTR_5g033170

737

>GTIYY1

MATAQEKTTPDPSQDPTRNTDSFPPKTTPTTKGIPVMMRAQTCHPLDPLSAAEISVAVA
TVRAAGATPEVRDSMRFVEVVLVEPVKQVVALADAYFFPPFQPSLLPRTKGGGPLIPT
KLPTRKARLVVYNKKSNETSVWIVELREVHAATRGGPHRGKVISSQVVPNVQPPMDA
MEYAECEAVVKDFPPFREAMKRRGIEDMDLVMVDAWCVGYHSEADAPNRRLAKPLIF
CRSESDCPMENGYARPVEGIYVLVDMQNMVVLEFEDRKLIPLPPTDPLRNYTSGETRG
GVDRSDVKPLQIQPEGPSFRVNGHFIQWQKWNFRIGFTPREGLVIYSVAYIDGSRGRRP
VAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAH
FTNFTGGVETIENCVCLHEEDHGILWKHQDWR TGLAEVRRSRRLTVSFICTVANYEYGF
FWHFYQDGKIEAEVKLTGILSLGALQPGETRKYGTTIAPGLY APVHQHFFVARMDMAY
DCKPGEAFNQVVEVDVKVEDPGKNNVHNNAF YAEERLLKSELEAMRDCNPLS ARHWI
VRNTRTVNRTGQLTGYRLVPGSNCLPLAGSEAKFLRRAAFLKHNLWVTPYVHNEMHP
GGEFPNQNPRVGDGLATWVKQNRSLEEADIVLWY VEGVTHIPRLEDWPVMPVERIGFM
LMPHGFFNCSPAVDVPPSAGDLDDKENGMPAKPIQNELIAKL

MtDAOS

A0A072UDP7
http://www.uniprot.org/uniprot/ AOAQ72UDP7

MTR_5g033170

714

>A0A0T2UDP7

MATAQEKTTPDPSQDPTRNTDSFPPKTTPTTKGIPVMMRAQTCHPLDPLSAAEISVAVA
TVRAAGATPEVRDSMRFVEVVLVEPVKQVVALADAYFFPPFQPSLLPRTKGGGPLIPT
KLPTRKARLVVYNKKSNETSVWIVELREVHAATRGGPHRGKVISSQVVPNVQPPMDA
MEYAECEAVVKDFPPFREAMKRRGIEDMDLVMVDAWCVGYHSEADAPNRRLAKPLIF
CRSESDCPMENGYARPVEGIYVLVDMQNMVVLEFEDRKLIPLPPTDPLRNYTSGETRG
GVDRSDVKPLQIQPEGPSFRVNGHFIQWQKWNFRIGFTPREGLVIYSVAYIDGSRGRRP
VAHRLSFVEMVVPYGDPNDPHYRKNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAH
FTNFTGGVETIENCVCLHEEDHGILWKHQDWRTGLAEVRRSRRLTVSFICTVANYEYGF
FWHFYQDGKIEAEVKLTGILSLGALQPGETRKYGTTIAPGLY APVHQHFFVARMDMAV
DCKPGEAFNQYVEVDVKVEDPGKNNVHNNAFYAEERLLKSELEAMRDCNPLSARHWI
VRNTRTVNRTGQLTGYRLVPGSNCLPLAGSEAKFLRRAAFLKHNLWVTPYVHNEMHP
GGEFPNQNPRVGDGLATWVKQNRSLEEADIVLWY VEGVTHIPRLEDWPVMPVERIGFM
LMVFNPTLTYFHSFCANIK
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Table 1: Continuation.

Diamine oxidase

Uniprot Entry

Locus

Length

FASTA

MtDAO9

G7J4S8
http://www.uniprot.org/uniprot/G7J4S8

MTR_3g077080

769

>G714S8

MASASQKTTSSPSSSCCTPLDSSRLAAVSAAPAVAQSDHVALIRPLDSLPEPSSTNAPT
SKGITSMTRPQSSHPLDPLSAAEISVAVATVRAAGATPELRDSMRFIEVVLLEPDKHVY
ALADAYFFPPFQPSLLPRSKGGPVIPTKLPPRCARLVVYNKKSNETTLWIVELSQVHAV
TRGGHHRGKVISSNVVPDVQPPMDAEEY AECEAVVKSFPPFIEAMKKRGIEDMDLVMV
DPWCVGYHSEADAPGRRLAKPLLFCRSESDCPMENGYARPVEGIYVLVDMQNMVVIE
FEDRKLVPLPPVDPLRNYTPGESRGGSDRSDVKPLQIIQPEGPSFRVNGYYVEWQKWN
FRIGFTPKEGLIIYSVAYVDGSRGRRPVAHRLSFVEMVVPYGDPTEPHYRKNAFDAGED
GLGKNAHSLKKGCDCLGYIKYFDAHF TNFTGGVETIENCVCLHEEDHGILWKHQDWRT
GLAEVRRSRRLSVSFVCTVANYEYAFFWHFYQDGKIEAEVKLTGILSLGALMPGEVRK
YGTMIAPGLYAPVHQHFFVARMDMS VDSRPGEALNQVVEVNMKVEEPGEKNIHNNAF
'YAEETLLRSELEAMRDCNPLTARHWIVRNTRTGNR TGQLTGYKLVPGSNCLPLAGSEA
KFLRRAAFLKHNVWVTAYSRDEMFPGGEFPNQNPRVGEGLATWIKQNRSLEETNIVLW
YVEGITHVPRLEDWPVMPVEHIGFMLMPHGFENCSPAVDVPPNSCEVESKDSDIKDNG
ASKPIQGGIASKL

MtDAO10

G7J7B0
http://www.uniprot.org/uniprot/G7J7B0

MTR_3g080500

731

>GTI7B0

MDARNLLKFLVFSFGIALVILATWFHLPSSENKEALDCNIFSGWCTSKNRFQSSNPIHKP
SFSTRRQQPNHESDEPRHPLDPLTIQEFNKVRAILS THPLFKSSNS YTLNSIVLEEPDKEL
VLKWKNGQPLLPRKASVVALDKRVTHTLTVDLSTSEITNHETRPGSSGYPTMTLEEMV
AVLDVPLKSGEFNSTIRKRGVNLADLACLPVASGWYGTPVEENRRLIKVQCYSSKGTV
NEYMKPIEGLTVLVDMDKREVVSITDNGLNIPVANGIDTDYRYSVQKLNGELNLINPISL
EQPKGPSFTVDGHLVKWANWEFHLKPDPRAGTISQAKVRDPDTLEMRNVIYKGF TSEL
FVPYMDPTDGWYFKTYMDAGEYGFGLQAMPLDPLNDCPRNAY YMDGVETSADGTPY
VQPNMICIFESYAGDIAWRHAECPITDIKVTEVRPKVTLVVRMAAAVANYDYIMDWEF
QTDGLIRSKVGLSGILMVKGTTYDHMNQVPDQEYLYGTLLSENIGVIHDHYVTYYLDM
DIDGSDNSFVKVNIKKQETSPGESPRKS YLKAVRKVAKTEKDAQIKLQLYNPSEFHMVN
PSKKTRVGNPVGYKLVPGATAASLLDHDDPPQKRAAFTNNQIWVTPYNKSEEWAGGL
LVYQSQGDDTLQVWSDRDRPIENKDIVLWYTVGFHHVPCQEDYPIMPTVSSSFDLKPV
NFFERNPILRMPPNFQDDLPVCKAQDSA

MtDAO11

G71D64
http://www.uniprot.org/uniprot/G71D64

MTR_1g104550

658

>GTID64

MISSREGKATTMIAQCLVLAFFLKFSFINSYSHPLDPLSPTEINKTRQIVQQS YLGAIPNI
TYHFVDVEEPNKNNVLKWLSSSTTKQKPSIPRQAKVVVRAKGETHELVVDLTKGLIVSD
KIYKGHGYPPFTFIELFKASKLPLTYPKFKESIAKRGLNLSEISCVPETIGWYGEKITRRAL
KVSCFYRDESVNIWARPVEGITLLVDVDLIKIMYNDR YR VPMPKAEGTNFQSSSKESKI
FATCNISNIGF TIKGNEVK WGNWIFHVGFNARAGMIS TASIFDDKKQKYRRVMYRGHV
SETFVPYMDPTLEWYFRTFMDVGEFGFGRSADSLQPKVDCPGNAVYMDGEMVGPNG
EVQQVPRAICMFERNSGNVAWRHMEINNPTKLIRDGEADITLVVRMIATVGNYDYILD
WEFLKSGSIKVGVALTGVLEMKAVPYTHKNQIKER VFGTLVAENTIANYHDHLVTY YL
DLDIDDNANSFINAKLQKVKASGFGTPRKSYWTVNKEAVKREAEARITLGLEPNELLIV
NPNKMTKLGNQVGYRLISGQPVSSLLDDDDYPQRRASYTKYQVWVTPYNKSERWAGG
FYADRSRGDDGLAVWSQRNREIENTDIVLWHTVGIHHVPYQEDFPVMPTVQGGFELRP
ANFFESNPLL

MtDAO12

G7ID65
http://www.uniprot.org/uniprot/G7ID65

MTR_1g104590

675

>G7ID6S

MKMKLKLIFSFLLMLLCSSIECSHIPHPLDPLTPSEINLVRNIILKS YQTKHYNLTFHYVG
LQEPDKPLIQS WLSSNTKTKTLLPPPRQAFVIVRFQKQSLEIVDFSTRSIISTKLYKGQGY
PILTFGEQTIASQLPFTYEPFKHSLNKRNINISNVLCAAFTVGWFGEEKSKRTVKVKCYY
KNGSANLYARPLEGVAAVVDLDEMKIVGYSDRHVIPVPKAEGTEYRASKMKPPFGPM
LKGIAVSQHDGPGF TIQGHS VS WANWVFHIGF DIQVGPIISLASIYDLENQKYREVLYKG
LISEVEVPYQDPSEEWYYTTYFDCGEYGFGQTMSSLQPFTDCPANAVELDAYYSASDG
TPVKISNAFCIFEKYAGDIMWRHTEIAIPNEVITEVRSDVSLVVRS VS TVGNYDY VIDWE
FKPSGSIKLGVGLTGILGIKAGTYTNTDQIKEDIHGTLLADNTIGIYHDHFFTYYLDLDIDG
EANSFVKTNLETVRVKDQTIPRKSYWTVVKETARTEADARVNIGIKPSELLVVNPSKKT
KQGNQIGYRLLPGPIVHPLLLTDDYPQIRGAFTNYNVWVTPYNKTEKWAGGLYVDHSR
GDDTLAVWSLRDRKIENKDIVLWHTMGFHHVPSQEDFPVMPTLSGGFELRPTNFFESN
PVLKTKSPKAVHWPNCTFQH

MtDAO13

AO0A072URBI1
http://www.uniprot.org/uniprot/ AOAO72URB1

MTR_4g117660

675

>A0A0T2URBI

MAFSTTMKLVLFSALTLLSFQSVFSVTPLHFQHPLDPLTKEEFLTVQTLVHNKYPTSKN
TVSFHYIGLDDPEKDAILKWETLKPS VITIPRKAFIIAIINGQNHEILIDLRLKRIVYDNVYK

GNGFPTLTVDEQAIAIELPKKYPPFIASVQKRGLNLSEVVCSSFTMGWFGEKENRRTVR

VDCFMKESTVNIYVRPITGITMVADLSLMKIVEYHDRDVEAVPTAENTDYRVSKQSPPF
GPKQHSLASYQPQGPGFQINGHS VS WANWKFHIGFDVR AGIVISLASTYDLEKHKSRRV

LYKGYISELFVPYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNRDCPPHAQFIDTYIHSAD
GTPSLLKNAICVFEQYGNIMWRHTETGIPNEF VEESRTEVNLIVRTVVTVGNYDNVLDW
EFKASGSIKPAIALSGILEIKGTNIKHKDEIKEDLHGKLVS ANSIGIYHDHFYMYYLDFDID
GVQNSFEKTSLKTVKITDGSSKRKSYWTTETQIAKTESDAKITLGLAPGELAIVNPNKKTI
VGNDVGYRLIPAIPAHPLLTEDDYPQIRGAFTNYNVWVTPYNRTEKWAGGLY VDHSRG
EDTLAVWTKKNRDIVNKDIVMWHVVGIHHVP AQEDFPIMPLLS TSFELRPTNFFERNPV
LKTLSPRDVAWPGCSK

MtDAO14

A0A072UT22
http://www.uniprot.org/uniprot/ AOA072UT22

MTR_4g117670

591

>A0A0T2UT22

SHSSKSGHATKANCPVSSPSLDGLWAGPVVSDNVYKGNGFPTLS VDEQSIAIELPKK
YPPFIASVKKRGLNLSEIVCSTFSMGWFGEKESRRTVRIDCFMKESTVNIYVRPISGLTIV
VDLGRMKIVEYHDREIETVPTAENNEYQVSKQNPPFGPKQHSLASHQPQGPGFQINGHS
VSWANWKFHIGFDVRAGVIISLASTYDLEKHKSRRVLYKGYISELFVPYQDPSDEFYFK
TFFDAGEFEFGLSTVSLIPNPDCPPNAEFIDTYTHSAEGAPIPLKNAVCIFEQYNSIMWRH
IETGISDEFIEESRTEVNLIVRS VVTVGNYDNIDWEFKASGSIKPSIALS GILEIKATNIKHK
DEIKEDLHGTLVSENSIGVYHDHF YIY YLDLDIDGTHNSFEKTSLKTVRITDGSSKRKS Y
WIETQTVKTESDAKITIGLAPGELAFVNPNKKTVVGNEVGYRLIPAIPAHPLLTEDDYPQI
RGAFTNYNVWVAPYNRTEKWAGGLY VDHSRGDDTLAVWTKKNRDIVNKDIVMWHVV
GIHHVPAQEDFPIMPLLSTGFELRPTNFFERNPVLKILSPRDVKWPGCPK.

MtDAO15

A0A072VOB7
http://www.uniprot.org/uniprot/AOA072VOB7

MTR_4g098910

149

>A0AOT2VOBT

MASTTIKFALFLTLTLLFLQVVSCTNIGLDDPEKDDILKWVSSKPSVITIPRKAFVIAIINN
VESHEIVIDLRLKSIVSDNIHKGNGFPTLS VDEQTVAVGLPLKYPPFIASMKKRGLNLSEL
VEYHDRVIEAVPTDENTEFRASDKKF

MtDAO16

A0A072UUP2
http://www.uniprot.org/uniprot/ AOAQ72UUP2

MTR_4g045887

675

>A0A072UUP2

MASTTPMKLALFSILTLLYFQAVISLTPLHEHPLDPLTKEEFLTVQTLVHNKYHTSKNKV
AFHYIGLDDPDKDYISKYEHEKVPIVIHRKSF VIAINGQSHEIVIDIRLKTIVSDNVHKGYG
FPMLSLEEQGLVTKLPLKYPPFIASLKKRGLNLSEVVCAPFSMGWFGEEESKRTVRVD
CFMKENTVNFFVRPISGLTMVADLGLMKIVEYHDREVEVVPTAENTEYKASKQRPPFG
PKQHSLASHQPQGPGFLINGHS VSWANWKFHIGFDVR AGHISLASIYDLEKHKSRR VLY
KGYISELFVPYQDPTEEFYFKTFFDAGEYGFGRSTVSLIPNRDCPPHSHFIDTYIHSVDGT
PSLLKNAICVFEQYGSIMWRHTETSIPNEFIEESRTEVNLIVRTVVTVGNYDNVLDWEFK
TSGSIKPSIALSGILEIKATNIKHNDEIKGELYGKLVS ANSIGIYHDHF YTY YLDFDIDGAEN
SFEKTNLKTVRITDGSSKRKSYWTTETQTAKTESDAKITIGSAPAELVVINSNKKTAVGN
HIGYRLIPAIPAHSLLTEDDYPQIRGAFTNYNVWVTPYNRTEKWAGGLYVDHSRGDDTL
AVWTKQNRDIVNKDIVMWHYVGIHHVPTQEDFPIMPLLS TSFELRPTNFFERNPVLKTL
SPGDVVWHGCPKSN

MtDAO17

A0A072V290
http://www.uniprot.org/uniprot/AOA072V290

MTR 4g117610

668

>A0A072V290

MKLALFSVLTLLYFQAVVS VKPPLRQHPLDPLTNEEFLTVQTLVHNKYPTSKNKVAFH
YIGLDDPAKDYIAIYERSLIPVVIRRKSFVLAIINGQSHEIVIDIRLKTIDS DNVHKGYGFPIL
SVEEQGVAIELPLKYPAFIASVKKRGLNLSEVVCSTFSMGWFGEEESKRTVRVDCFMK
ENSVNIYVRPISGLTIVVDLGLQKIVEYHDREIETVPTAENTEYQVSKQSPPFGPNQHSLT
SHQPQGPGFQIKGHS VS WANWKFHIGFDVRAGIVISLASIYDLEKHIYRRVLYKGYISEL
FVPYQDPTEEF YFKTFFDSGEFGFGLSTVSLIPNRDCPPHAQFIDTYIHSDDGTPSILKNAI
CVFEQYDSIMWRHTETGIPDEFIEESRTEVNLIVRTVVTVGNYDNVLDWEFKTSGSIKPSI
ALSGILEIKGTNIKHTNEIKGELYGKLVS ANSIGVYHDHF YMYYLDFDIDGPENSFEKTSL
KTVRITDGSSKRKSYWTTETQTAKTESDAKITIGPTPAELVVINPNKKTAIGNHIGYRLIP
AIPAHPLLTEDDYPQIRGAFTNYNVWITPYNRTEKWAGGLYVDHSRGDDTLAVWTKQN
RNIVNKDIVMWHVVGIHHVPAQEDFPIMPLLS TSFELRPTNFFERNPVLKTLSPKDVPW
PGCSN
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Table 2: Medicago truncatula identified polyamine oxidases. The locus, length of amino acid sequences, and
FASTA sequences were obtained when M. truncatula proteins were researched against Uniprot database.

Polyamine oxidase

Uniprot Entry

Locus

Length

FASTA

MtPAO1

A2Q567
http://www.uniprot.org/uniprot/A2Q567

MTR 2g039160

546

>A2Q567

MVVKKPKIVIIGAGMAGLTAANKLYTSTASKDLFELIVVEGGTRIGGRINTSEFGGDKIE
MGATWIHGIGNS PIHKIAQQIHSLHS DQP WECMDGNNSNDESLTTISEGGENLQPSIVDP
VSKLFKYLMEYSQGKLTKETAKGEEVLSYYNMAVKAASSNFASKKNLSIGSFLRQGLD
AYFESLKDEEEEVKGYGDWNKKLLEEAVFAMYENTERTY TSAGDLECLDYEAESEYR
MFPGEEITIAKGYLSIEYIAS VLPPGLIQLGKKVKKIEWQSQKKS YDDNCFRPVKLHFCD
GSIMYADHVIVTVSLGILKASISHHDDDDDKGMLFSPNLPSFKVEAISRLGFGVVNKLE
MQLSTQKTTNLDDENSEGLFPFLQMVFHSPQNETKDKKIPWWMRKTATLEPIYNNSSV
LLSWFAGEEALALESLKDEEINGVTSTVSSFLPQNEVKFDKVLKSQWGTDPLFLGSYSY
VQVGSSGEDLDTMAEPLPMMKDNSNFS YPLQILFAGEATHRTHYSTTHGAYFSGLREA
NRLLQHYHCVGIFNN

MtPAO2

A0A072UVV1
http://www.uniprot.org/uniprot/ AOAQ072UVV 1

MTR_3g054420

283

>A0A0T2UVV 1

MLLMGEHFGCLEEVLTIVSMLS VPSVFFRPKDRAEESDAARERFFVPESDHLTLYNVY
QQWKQHDYRVKGLRKAREVMSQLLDILMVHTHVS VQSSGNDYDILAENVGNRLFFAG
EATSRQYPATMHGAFMSGLREASRIYQLNPVQQPCPKKSLSKNIAHNNGILVNLFKRPN
LEIGNFAFICDPLQDDSQSKAIMKFTFGGIDES YKEIY TILSLEQMDQMQEINGGDENRLL
YLTKNLGLKLMGLSALLIAGNDVIAS VAASRNVDQRTERKIPHNPKKK

MtPAO3

G7K2Z6
http://www.uniprot.org/uniprot/G7K276

MTR_5g087920

136

>GTK2Z6

MSQLLIHTHARLLTKLIKFEPKLLDWKEAAIADIR VGVENKILHFKNVF WPNEDFLEVV
AEISNGCSYFLNLHKAAGHS VLVYMPVGRQAKDIEKMSDEAAANFAFKQLKKILPDAS
SPVTIVLNLFNSFFTMG

MtPAO4

G7KD02
http://www.uniprot.org/uniprot/G7KD02

MTR_5g090300

488

>GTKD02
MESRIKTNPNSRKGLCYVNVDQQPRRSPSVIVIGGGMAGIAAARALHDASFQVVLLESR
DRIGGRIHTDYSFGFPVDLGAS WLHGVCNENPLAPLIGRLGLPLYR TCEDNS VLYDHDL
ESYALFDMEGNQVPQELVTEVGKTFEMILQETDNVRQEFSEDMSILRALSIVFERKPEL
RLEGLSHKVLQWYLCRMEGWFAADSDSISLKCWDQEELLPGGHGLMVRGYLPVIHTL
AKGLDIRLGHRATKIVRGYNGVKVTTENGKTFVADAAIAVPLGVLKANVIKFEPKLPD
WKEAAIADIGVGVENKILHFKNVFWPNVEFLGVVAETS YGCS YFLNLHKAAGHPVLVY
MPAGRLAKDIEKMSDEAAADFAFTQLKKILPDASSPIQYLVSRWGTDINSLGS YSFDAV
GKPHGLYERLRVPVDNLFFAGEATSVLYTGS VHGAYSTGTMAAEDCRMR VLER YGEL
DIFQPELEEGSVIPLLISRI

MtPAOS

AOA072UNGS
http://www.uniprot.org/uniprot/ AOAQO72UNG5

MTR_4g094295

470

>A0A0T2UNGS

MTITISLPSTNPSIFFPSYPKPFKFNPKCSSQLTPTPSSLPKTGVIIGAGLAGLAAATHLN
SQNIPFVLLESSNAVGGRVRTDIVDGFLLDRGFQIFITAYPEAQKLLNYQSLNLQKFYSG
AKIFYNGQFHTVADPLRHFFDS AKSLTNPIGS VFDKLLIGTTRIGVLTKSDEQILTAEEIPT
IDLLKKLGFSDSIIGRFFRPFFGGIFFDPELETTSRLFDFIFKCLALGENTLPAKGISAIPEQ
LAARLPSDSILLNTKAVSVDFDDSNPPRVRLQNGDVLSGELGVIVAVEEPALVKLLPGK
KNPVFKKPVRSTVCLYFTANPDEIPVRDPVLFLNGSGQGIVNNMFFVTNVAPSYAPPNK.
ALISVSLIGLFEDVSEDELVLKVIQELSGWFGDKMVKEWKHLRTYRIEY AQPNQCPPTN
LKKNPTIEQGLYLCGDYLTSATFDGALVSGRRAAESLLNDRAFFG

MtPAO6

A0A072UW35
http://www.uniprot.org/uniprot/ AOA072UW35

MTR_3g449620

490

>A0A0T2UW3S

MESGNKSNAKLTRALCYGNVSSVQERSPSVIVIGGGMAGIAAARALQDASFQVVLLES
RERLGGRIHTDYSFGFPVDLGASWLHGVCKENPLAS VIGRLGLPLYRTSGDNSVLYDH
DLESYALYDMDGNQVPQELVTKVGEVFETILLETNKVRSEFNEDMSIHRGLSIVFERNP
ELRLEGLAHKVLQWYLCRMEGWFAADSDTISLNGWDQEVLLPGGHGLMVRGYLPVIN
TLAKGLDIRLGHRVTKVVRRYNGVKVTVESGKTFIADAAIVAVPLGVLKAKRISFEPKL
PDWKEAAIAELGVGLENKIILHFENVEWPNVEFLGVVADTSYGCS YFLNLHKAARHPVL
VYMPSGRLAKDIEKMSDEAAADFAFVQLKKILPDASSPIQYLVSRWGSDINSLGSYSYD
QVGKPHELYERLRVPVDNLFFAGEATSMS YPGS VHGAFS TGMMAAEDCRMRVLERY
GELDLFQPVMGEMASLTIPLQISRM

MtPAO7

G7J7X8
http://www.uniprot.org/uniprot/G7J4S9

MTR_3g064370

492

>GTITX8

MKKRGIEDMDLVMVDPWCVGYHSEADAPGRRLAKPLLFCRSESDCPMENGY ARPVE
GIYVLVDMQNMVVIEFEDRKLVPLPPVDPLRNYTPGESRGGSDRSDVKPLQIQPEGPSF
RVNGYYVEWQKWNFRIGFTPKEGLIIYSVAYVDGSRGRRPVAHRLSFVEMVVPYGDPT
EPHYRKNAFDAGEDGLGKNAHSLKKGCDCLGYIKYFDAHFTNFTGGVETIENCVCLHE
EDHGILWKHQDWRTGL. LSVSFVCTVANYEYAFFWHF YQDGKIEAEVKLT
GILSLGALMPGEVRKYGTMIAPGLYAPVHQHFFVARMDMSVDSRPGEALNQVVEVNM
KVEEPGEKNIHNNAF Y AEETLLRSELEAMRDCNPLTARHWIVRNTRTGNR TGQLTGYK
LVPGSNCLPLAGSEAKFLRRAAFLKHNVWVTAYSRDEMFPGGEFPNQNPRVGEGLAT
WIKQNRSLEETNIVLWYVFGITHVPRLEDWPVMPVEHIGFMLMPHGFFNCSPAVDVPP
NSCEVESKDSDIKDNGASKPIQGGIASKL

MtPAOS

G7J7Y0
http://www.uniprot.org/uniprot/G7J7Y0

MTR_3g064370

415

MGASWLHGVCNENPLAPLIRCLGLTLYRTSGDDSVLYDHDLESCMLFDIDGHQVPQQT
VIEVGETFKRILEETGKVRDEHPEDIS VSEAISIVLDRHPQLRQQGLSHEVLQWYICRMEA
WFAADADMISLKTWDQEHVLSGGHGLMVQGYKPVINALAKDIDIRLNHRVTKISSGYN
KVMVTLEDGRNFVADAAITVPIGILKANLIEFEPRLPDWKVS AISDLGVGNENKIALKFD
KVFWPDVELMGVVAPTSYACGYFLNLHKATGNPVLVYMAAGRFAYDLEKLSDESAA
NFVMLQLKKMFPDACEPVQYLVSHWGTDPNSLGCYSYDLVGKSMDVYDKLRAPLGNI
FFGGEAMSLDNQGS VHGAYSAGVMAAENCQRYLWEKQGNLESLSQVSARHETLGTNF
PLQISRI

MtPAOY

G7J7X9
http://www.uniprot.org/uniprot/G7J7X9

MTR_3g064370

390

>GTI7X9

MDPKLFFSNNFLDGTITSLIDSQQRPAPS VIVVGAGISGIAAARILHDASFKVTLLESRDR
LGGRIHTDYSFGCPVDMGASWLHGVCNENPLAPLIRCLGLTLYRTSGDDSVLYDHDLE
SCMLEDIDGHQVPQQTVIEVGETFKRILEETGKVRDEHPEDIS VSEAISIVLDRHPQLRQQ
GLSHEVLQWYICRMEAWFAADADMISLKTWDQEHVLSGGHGLMVQGYKPVINALAKD
IDIRLNHR VTKISSGYNKVMVTLEDGRNFVADAAITVPIGILKANLIEFEPRLPDWKVSAI
SDLGVGNENKIALKFDKVFWPDVELMGYVAPTS YACGYFLNLHKATGNPVLVYMAAG
RFAYDLEKLSDESAANFVMLQLKKMFPDACEPVS

MtPAO10

G7IDT4
http://www.uniprot.org/uniprot/G7IDT4

MTR_1g087400

80

>G7IDT4

MELIVVVNGVDLVGLAAARQTF WFGYKVVVLEGRYRPGRRVYIEKIGNKAVLARQLST
PLHKVRVNCPLYKSSGEKLIKQ

MtPAO11

G7IM95
http://www.uniprot.org/uniprot/G7IM95

MTR_1g087430

135

>GTIM95

MKESKLYSYDEDLMDGELYEKNLVGNLNKNHILDPWRGS VR VWLTKGQIREFFPEMM
EGIVVVIGVVLVGFSAERQLLSFDCKVVVLEGRNHPGGRVYTQRMGSEAVLAQQLSIPL
HKVRINFSLYKLNGEPVDK

MtPAO12

AO0A072TCJ7
http://www.uniprot.org/uniprot/ AOAQ72TCJ7

MTR_2042s0010

355

>A0A0T2TCI7

MPGEVGGQTVDFGGQWVGASQNLLRQQAIELDVPMYRQYTSGNSLVNIDGKVHAYSS
TPKLPFLSTLELGLTLHRWKRDMQTLPVGAPWLAENALEWDAMSIEVWLDKHVDTTA
ARDFARLVTSAITCTESLHVSYLFFLECLRQGGGLEAMMAVEGGAQQDKFLGGAWQIP
KRMAERLDGCIVLNAAVSAIEQNANGVRVTCAQGAFEASYAIVTAPPPLASRIRFVPPL
PVKRAGLLQRMQMGAVIKMHVAYPTPFWRRHGLNGS VASVGHHLGF VFDQSPEDEST
GVLVGLIEGNHALELSGLSQEARREHIVADLVHYFGDEAAAPLDYADYDWTTDEWALG
GYASHMPPG

MtPAO13

G7J0U8
http://www.uniprot.org/uniprot/G7JOU8

MTR_3g033000

507

>G7I0U8

MDSTNRSSVIIGAGISGISAAKVLSENGVEDIVMLEASDRIGGRIRKECFGGVS VELGAG
WIAGVGGREANPYWELAVQHNLKTCFSDYSNARFNIYDQSGKLIPSGIADDS YKKAVES
AIQKLRDEEVEEDDEEANDDGKVTKPSLTPKTPVELAIDFILHDFEMAEVEPISTYVDEG
EREFLVADERGYDHLLYKMAEGFLF TSEGRILDDRLKLNKVVRELQHSRNGVTVITEDG
CVYEANYVILSVSIGVLQSDLLAFNPPLPRWKLEAIEKCDVMVYTKIFLKFPYRFWPCG
PEKEFFMYAHEQRGYYTFWQHMDNAYPGSNILVVTLTNGESKR VEAQTNEETLREAM
AVLRDMFGPNIPDAIDILVPC WWNNRFQRGS YSNFPISNGKVFYNIKAPVGRIFFTGEH
TSERFNGYVHGGYLAGIDTGKALVEEIRKENERESESQTLLLEPLLALTGSLTKSKPETV
SNIHKCDIPTQLYLSGKLGIPEAIL

55



Table 3: Orthologous identified diamine oxidases. The locus, length of amino acid sequences, and FASTA
sequences were obtained when orthologous proteins were researched against Uniprot database.

Diamine oxidase

Uniprot Entry

Locus

Lenght

FASTA

AtDAO1

Q8HIH9
http://www.uniprot.org/uniprot/Q8HIH9

At1g62810

712

>QSHIHY

MAEPSFARLFLLFFSFLLIFATYSWVFGPDSGFLFGTRVRKTLGSNRQVHVDHSLEKPH
HPLDPLTVREINRVRTILSNHDPGFGSGSATIHSMALDEPEKSR VVQWKKGNKLLSRRA
AVVAYWGGQTHEITVDLDSGRVVSDVINRTSGYPILTLNDVFAASQVPLKSLEFNRSIEA
RGVKFSDLACITPFAGWFGSEEEGRRVIRVQCFTLQGTTNYFMRPLEGLYVTVDLDKLE
VIKIIDKGPIPIPKASGTEYRFGVQNKPVHMDRINPISMEQ!
WVFHVKADQRAGMIISQATVRDSETGEPRSVMYKGFPSELFVPYMDPEEGWY YKGYM
DAGELGLGPTAMPLVPLNDCPRNSYYIDGVFASPDGKPIVQPNMICLFERYAGDISWRH
SEILFANADIRESRPKVTLVARMATSVGNYDYIFDWEFQTDGLIRVIVAASGMLMVKG
TPYDNVDDLGDREDDAGPLISENVIGVVHDHFITFHLDMDIDGPMNNSLVKVHLEKQRV
PTGKSPRKSYLKVKKYIAKTEKDAQIKLSLYT RIVPGG
NAASLLDHDDPPQIRGAFTNNQIWVIPYNRSEQYAGGVLIYQSQGDDTLQVWSDRDRSI
ENKDIVLWYTLGFHHVPCQEDYPVMPTVAASFELKPANFFESNPILGSAPFFEKDLPVC
RPFASS

AtDAO2

QOM2B9

http://www.uniprot.org/uniprot/Q9M2B9

At3g43670

687

>QOM2B9

MVELSFSQLL\/LLLSLLFLFTI'L/\SSSKTPRFKVSLEKPHHI’LDPLTIT‘EIKR\QHLS(:HD
PGFGSGSTIHAMALDEPDKQ] PPRRAEIL /LTVDLKSGRV
VSDLVNPTF n:uMKDII QVPY IPFSGLICITPFAGWYGPDEE
GRRVIKIQCFSKQDTVNFYMRPIEGLYLTVDMDKLEIKIVDNGPVPVPKSTGTEYRYGF
LNETVYMDRVNPMSMEQPDGPSFQVEDGYLVKWANWKFHIKPDQRAGMIISQATVRD
sKmEARvavK(,FAsELF\'PN\ADP(;EA,\WSKAYMDAuEFQLuPssMPLWLNDLPR
NAY GIPILQPNMICLFERYAG TTLVARM
ACSVGNYDYIFDWEFQMDGVIRVTVAASGMLMVKGTAYENVEDLGEKEDDSGPLISEN
VIGVVHDHFISFHLDMDIDGSANNSFVKVHLEKQRLPPGESRRKSYLKVKKYVAKTEKD
AQIKMSLYDPYEFHLVNPNRLSRLGNPAGYKLVPGGNAASLLDHDDPPQMRGAFTNNQ
IWVTRYNRSEQWAGGLLMYQSRGEDTLQVWSDRDRSIENKDIVLWYTLGFHHVPCQE
DFPVMPTIASSFELKPVNFFESNPVLGISPFFEKDLPVC

AtDAO3

F41AX1
http://www.uniprot.org/uniprot/F4IAX1

Atlg31710

>F41AXI

MAPLHFTILILFSFVI FTPPRHPFDPLTETELKLVRTI] TFQY
GLNEPNKSLVLSWYSSPNHTIKPPPRQAFVIARDNGKTREIVLDFSSRAIVSDKIHVGNG
'YPMLSNDEQEASTELVVKFKPFIDSVAKRGLNVSEIVFTTSTIGWYGETKAEAERVIRLM
PFYLDGTVNMYLRPIEGMTIVNLDEMKVSEFKDRSVVTMPIANGTEYRISKLNPPFGPT
LHNAVLLQPDGPGFKVDGHIVR WANWEFHISFDVRAGIVISLASLEDTDVNKYRQVLYK
GHLSEMFIPYMDPSDDWYFITYLDCGDFGCGQCAVSLQPYTDCPAGAVFMDGIFAGQD
GTPAKIPKVMCIFEKYAGDIMWRHTEAEIPNLEITEVRPDVSLVARIVITVGNYDYIVDY
EFKPSGSIKMGVGLTGVLEVKPVEYTHTSEIKLGEDIHGTIVADNTVGYNHDHFVTFRLH

TYWTTKPKTAKTEAEARVKLGLKAEELVVV
N!“NRKTK.HGNE\’GYRLLHGSAAGI’LLAQDDFPQIRAAFWY\NWITP\‘NRSEVWACGL
'YADRSQGDDTLAVWSQRNRKIEKEDIVMWYTVGFHHVPSQEDYPTMPTLSGGFELRPT
NFFERNPVLKTKPVKVITARKCTPKND

AtDAO4

PODO00

http://www.uniprot.org/uniprot/PODO00

Atlg31672

662

>PODO00

MSQLLLFTILVFSSVFVIGSLSFIPPPHPFDPLTEIELNLVRNIINERYPIGLEHRFTFQYVG
LNEPDKSLVL QYHNVKSPPRQAFVIARDHGK DFASQAT
YPMLTIDEQQATSELVLKF KPERLIKKRP
FYLNGSVNTYLRPIEGMTITVNLDQMKVTKFRDRFTSPLPNAKGTEFRISKLKPPFGPSL
QNAVLFQSEGPGFKIDGHTNRWANWEFHMSFDVRAGLVISLASIFDMDVNKYRQVLY
KGHLSEIFVPYMDPSEDWYFRTFFDCGEFGCGQYAVSLEPYTDCPGNAAFMDGVFASQ
DGTPIKITNVMCIFEKYAGDIMWRHTEIEIPGLKVRPDVSLVVRMVTTVGNYDYIVDYE
FKP TGVLEVKPVKYVN IDHFVTYRLDLDI
KRTPKSVNTPRKSYWTTKRLKAEELLVVNPSRK
LHGPASEGPLLAQDDYPQIRAAFTNYNVWITPYNNTEVWASGLY ADRSQGDDTLAVWS
QRNRKIEKTDIVMWYTVGFHHVPCQEDFPTMPTLFGGFELRPTNFFEQNPDLKTKPIKL.
NTTPTCTARND

AtDAOS

F41AX0
http://www.uniprot.org/uniprot/F4IAX0

Atlg31690

677

>F41AX0

MAQVHL! TETELKL TFQYVGL
NEPEKSLVLS KPPPRQAFVIARDKGMSREIVIDFSTR!
MLTIDEQQAATAVVQKYKPFCDSIIKRGLNLSEVVVTSSTMGWFGETKTKRFIRTIPFYL
NGSVNTYLRPIEGMTIIVNLDQMKVTGFKDRFTGPMPKANGREYRISKLKPPFGPSLRS
FQPDGPGFKIDGI VISLASIFDMDMNRYRQVLYKG
HLSEMFVPYMDPNDDWYFISYLDCGEFGCGQTAVSLEPYTDCPPN; QDG
TPTKISNVMCIFEK TEAEVPGLKITEVRPDVSLVARMVTT
EFKP TGVLEVKPVEY EDDIYGTIVADNTVGVNHDHFVTFRLDL
DIDGTENSFVRTELVTKR TTKRNTAKTEADARVKLGLRAEELVVVN
PTKKTKHGNEVGYRLLPGPASSPLLVQDDYPQIRAAFTNYNVWITPYNKSEVWASGLY
ADRSQGDDTLAVWSQRDREIENKDIVMWYTVGFHHVPCQEDFPTMPTMFGGFELRPT
NFFEQNPVLKAKPFNLTTIPKCTTKNE

AtDAO6

023349
http://www.uniprot.org/uniprot/023349

At4g14940

650

2023349

MNTSILAILFLIQUVFTLGLHFHPLDPLTPQEINKTSFIVKKSHLGNLKDLTFHYLDLEEPN
KSHVLQWLSPNPSKKPPPPRRRSFVVVRAGGQTYELIIDLTTSKIASSRIYTGHGFPSFTF
IELFKASKLPLTYPPFKKSILDRSLNISEVSCIPFTVGWYGETTTRRELKASCFYRDGSVN
VETRPIEGITVTIDVDSMQVIKYSDRFRKPIPDKEGNDFRTKHRPFPFFCNVSDTGFKILG
NRVKWANWKFHVGETARAGVTISTASVLDPRTKRFRRVMYRGHVSETFVPYMDPTYE
WYYRTFMDIGEFGFGRSAVNLQPLIDCPQNAAFLDGHVAGPDGTAQKMTNVMCVEEK
‘GASFRHTEINVPGQVITSGEAEISLYVRMVATLGNYDYIVDWEFKKNGAIRVGVDL
TGVLEVKATSY TSNDQITENVYGTLVAKNTIAVNHDHYLTY YLDLDVDGNGNSLVKAKL
KTVRVIEVNKTSSRRKSYWTVVKETAKTEADGRVRLGSDPVELLIVNPNKKTKIGNTVG
YRLIPEHLQATSLLTDDDYPELRAGY TKYPVWVTAYDRSERWAGGFYSDRSRGDDGLA
MWYNVGFHHIPYQE HGGFTLI i

CaDAO

065749
http://www.uniprot.org/uniprot/O65749

LOC101491799

670

2065749

MASTTIKLSFFFAITLIFLQAVTPLNLQHPLDPLTKEEFSIVQTVVLHKYPTSKNSVAFHYI
GLDDPDKDDVLKYETQPTLI INHEIVIDLRLKTIVSD} s
ADEQGVAIKLPLKY RGLNLSEIVCS' KNSRTVRVDCFMKEN
TVNIYVRPISGITIVVDLQLMKIVEYNDRGIEAVPTAEKTDYRFSHQNPPFGPKLNSLVSH
QPQGSGAHINGYSVSWANWRFHIGFDARAGIVISLASIYDLEKHKSRRVLYKGYISELFV
PYQDPTEEFYFKTFFDSGEFGFGLSTVSLIPNRDCPSHAQFIDTYIHSADGSPILLKNAICY
FEQYGNIMWRHTETGIPNEFPEESRTEVNLIVRTVVTVGNYDNVLDWEFKTSGSIKPAIA-
LSGILEIKGANIKHKDEIKEDQYGTLVSANSIGIYHDHFYMYYLDFDVDGVNNSFEKTSL
KTVRITDGSSKRKS' TAKTESDAKITIGLSPAELVVVNPNKKTAVGNDVGYRLI
PAIPAHPLLTEDDYPQIRGAFTNYNVWVTPYNRTEKWAGGLYVDHSRGDDTLAVWTQK
NRDIENKDIVLWHVVGIHHVPAQEDFPIMPLLSTSFELRPTNFFERNPVLNTLSPRDVNW
PGCSN

GmDAO1

K7LI85
http://www.uniprot.org/uniprot/K7LI85

GLYMA_10G090600

734

>KTLISS

MEAKNLWRFLVLSIGVVLVLLVTWLPNKEALDCNLYSGWCTSKNRFYSSAHPNNPIKK.
PSFSTYHHHKNQHHESEIPQHPLDPLTIQEFNKVRTILLNYPLFKSSSSYTLNSVVLEEPD
KKLVLKWKKGDLPLPRKASVVAYVKGDSHVLTVDLETGQVVSQEAITWSVSGYPTMTL
EDMVGVLEVPLKSTEFNRSITKRGVNLADLACLPISSGWYGTQVEENTRLIKVQCYSKE
GTVNFYMKPIEGVTALVDMNKKEVLSISDNGQNIPVANGINTDYRYSIQKLNGGELRML
NPISLEQPKGPSFTINGHLVKWANWEFHLRPDPRAGIISQAKVRDPDTSKLRSVMYKGF
TSELFVPYMDPTQDWYFKTYMDAGEYGFGLQAMPLDPLNDCPKNAYYMDGVFASSD
GTPYLQPNMICIFESYAGDIAWRHAECPITDLKVTEVRPKVTLVVRMAAAVANYDYIVD
\A'EFCNDGL[RAKVGLSGILMVKGrn'mMDQvP\JOEvLYGTLLSE\nm\'u IDHFITYYL

KKVAKTEKDAQIRLQLYDPSEFHV
VNPLKKTRIGNWGVKLVPGATAASLLDPEDPPOKRAAFTNNQI\vamKSBOWAGG
LFAYQSKGDDTLQVWSNRDRPIENKDIVLWYTIGFHHIPCQEDYPVMPTVSSSFDLKPA
NFFERNPILGVPPNFEDDLPVCKARDSA

56



Table 3: Continuation.

Diamine oxidase Uniprot Entry

Locus

Lenght

FASTA

GmDAO2 K7LI86
http://www.uniprot.org/uniprot/K7LI86

GLYMA_10G090600

664

SK7LIS6

MEAKNLWRFLVLSIGVVLVLLVTWLPNKEALDCNLYSGWCTSKNRFYSSAHPNNPIKK.
PSFSTYHHHKNQHHESEIPQHPLDPLTIQEFNKVRTILLNYPLFKSSSSYTLNSVVLEEPD.

m.vm»m(cmn TVDLETGQVVSQEAIT
/GVLEVPL DLACLPI IKVQCYSKE
T LVDMNKKEVL NGGELRML
NPISLEQ) KLRSVMYKGF
TSELFVPYMDPTQDWYFKT JAMPLDPLNDCPKNAY
GTPYLQPNMIC] PITDLKVTEVRPKVTLV
WEFQTDGLIRAKVGLSGILMVKGTT GILL TYYL

KTEKDAQIRLQLYDPSEFHY
VNPLKKTRIGNPVGYKLVPGATAASLLDPEDPPQKRAAFTNNQIWVTPYNKSEQWAGG
LFAYQSKGDDTLQVWSNRLLIF

LcDAO P49252
http://www.uniprot.org/uniprot/P49252

N/A

667

~P49252

KEALFSVLTLLSFHAVFSFTPLHTQHPLDPITKEEFLAVQTIVONKYPISNNKLAFHYIGY
DDPEKDLVLKYETSPTLISIPRKIFVVAINSQTHEILIDLTIKSIVSDNIHNGYGFPVLSAAE
CPLAIDLPLKYPPFLAS NISEIVCSSF FMKESTVNI
ISLTSHQPQ
r.mmwcnvwmw«mupmRmvnsmewm}:xmcknw_vmyxe[mpvo
Dwmwnmusr.nrcrasweuwkncrrmunDmHsALx.mm:NAmTa)

TEVDLAIR DWEFKTS
at 1 SPETSLETVR)
s TETOTAKTESDAKITIGLAPAELVVAT P
HeLL TERWAGGL
LSTSFEL KTLPPRDFTWPGC
N
MdDAO1 AOA096ZNRS N/A 727 -ronemrs

http://www.uniprot.org/uniprot/AOA096ZNR5

MEGRRFLRFFSLSLCIGLVLLFTWSHLPYAPPYVSDLLDCTANSAWCSSKNRIQAKPPIP
TRRLKDHSSDTPHHPLDPLTIQELNAVRTILNSHALFTSTSSYALHSIELQEPDKSLVLGW.

KHGDP s SKSLVLTVDLTTSE} (TLEELAAATFSPL

KNADENR' VDLADLGCLI IKVQCYS

RLTVLVDLI s s S

VENDHL KP! RDVMYKGFTSELEVPYM

DPTDAWYFKT LQAMPLEPLNDCPRN

G YGILLS TFHLDMDV
ISDNS SPRKSYLKATKTVA AQIKLKL s

KK VPGGTAASLLDLI TNNQIWVTP FV

DOSTGEDTLAVWS TLGFHHIPCQEDEPIMPTVSSS

SNPILRTPPNVATDLPVCTAAASA

MdDAO2 A0A096ZNU5
http://www.uniprot.org/uniprot/ AOA096ZNUS

N/A

775

>ADAO96ZNUS

MASASKKTTPRDAASAESSALLRKAGEPVRNWTGSASDLDSDPIRTRASVPTLIRPMES
LPAPSTNTAATKGIPVMLRAQSSHPLEPL
ALVEPDKRVVALADAYFFPPFQPSLLPRTKGGPMIPSKLPPRQARLVVYNKKSNETSIWI
EL

GIEDMDLVMVDPWC AKPLIFCRTESDCPLI
DMQNMWLEFEDRKLVPLPPADPLRNVTPGE[RCGVDRSDVKPLQI!QPEGPSFR\/NGH

CRNAHSLKKGODCL HEEDHGIL
WKHQDWRTGLAEVRR FICT TGILSLG:

Ll TIAPGL

NNVHNNAF LKSELQAMRDCNPLS TGYKLVPGSN
CLPLAGSEAKFLRRAAFLKHNL (QNPRIGEGLATWVQKNRS

LEEADIVLY MPHGFFNCSPA ELDLK
DNGMAAKPIQSGLLAKL

NtDAO AOAQ075EZT1
http://www.uniprot.org/uniprot/AOA075EZT1

cuAO

723

>ADAOTSEZTI

MEGRNFLRYLFFLMSIILLLFFTFLNLPSPLSHTTELLDCTTYSPWCSSRKPFFLRNSNKD
KKHYADFPNHPLDPLTIQEIQKVKKIINSLDDFKVKGS YVLHSVVLEEPEKEVVLNWRKG
TIEDMITATAAPLGN

SDPNRTIIQRGVDLGDLACLIS v
VLLDLDTKQVIEIL ADTDYRF LNLLKPIS SFTIEDN
TSEL s
WYFKTY QAMPLDPLNDCPRN;
o SLIRVKVG
Lsa Yo ™
'VNLQF 'S S S JAQIKLKLY
o1 QWP LFVYOS
s WYILGFHIPCO) SNPILXIPPNS
PADLPICKAMSA
A3AUU3 OsJ_15179 838 -maus
http://www.uniprot.org/uniprot/ A3AUU3
MAATOEKAPVWCC
Y v
¥ . SRIPIMTRARSHPLDPL VRAAGKSPE
LEPEKNVVALADAYFFPPFQPSLL PPRIAKLTVY
VKsy
VI GRPLIFCR
VPLPPPDIILEN KLINGY
TPKEGL SFVEMVPY

GDPNEPHYRKNAFDAGEDGLGKNAHSLKRGCDCLGFIKYFDAHFTNFTGGVETIENCY
CLHEEDHGILWKHQDWRTGLAEVRRSRRL Wsrv(wAva(.wwumeKj EAEV
KLTGILSLGAL TIAPGLYAPVI

LKSELQAVRDC TGQPT
GYRLVPGSNCLPLALPEAKFLRRAGFLKHNLWVTQYKSDEVFPGGEFPNQNPRIHEGLA
TWVKKDRPLEETDIVLWY VFGLTHIPRLEDWPVMPVERIGFMLMPHGFFNCSPAVDVP
PGSSDADIKEAESPKAIQNGLISKL

Q7XWWO0
http://www.uniprot.org/uniprot/Q7XWW0

05040269600

702

~QTXWWO

MDHSTSLLRLIFLALGAALVVLVVRSAFRLPGDIDTTTTSLFDDGNGGSCTRFSPWACR

DPLTVREY LRAHPLFASAPSSLFVHS
LELI VDLSEGDGAVIPLPVPAS
1 CLPISL IK
QC TVLVDMDTAEVLI
TYMDAGEYG
FGLQAMPLVPLNDCP! DAVFVAADGRPYVRENMICY

VRIKVGLSGILMVKGTQYS

wnksw LKATRHV; Akrmmuvmku EPSEFHIVNPMKKTRVGNPVGYKVVPAGTA
KDLVLWVTL(:YHHVP( QEDFPIMPTVSSSDLKPYNFFESNPILGQRPTORNDLPYCAA
AATTS

Q43077
http://www.uniprot.org/uniprot/Q43077

N/A

674

Q43077

MASTTTMRLALFSVLTLLSFHAVVSVTPLHVQHPLDPLTKEEFLAVQTIVONKYPISNNR
u\mvnumnr:muvmvrmmvmmrw,x Qm:n.mwwvsnmmcv
GFPILSVDEQSLAIKLPLE i TVRLDC
rMKL»Tvmwwwmm'Am.mMmv:vuuxmuwmc\rr:quw»wmrm
ASIYDLEKHKSRRVLYKG
\ I3ELFVYYQDPTIZIZI’VFKTTI’[\S(;EF(;I’(:[STV)L[PNRIX PPHAQFIDTYVHSANGTPIL
KNAI TEVNLIVRTIVT
SIKPS
KTSI.KTVRIK[X;bsKKKaY\VT":TQTAKT[bDAKI“(.-LAPAI:L\’V\’NPVIKTAV(.-NE‘/(:
YRLIPAIPAHPLL

i
SIDAO K4CNU3 543808 721 kéonus
http://www.uniprot.org/uniprot/KACNU3 e ————

\AnrvNHanPmoanvmwsl«:mmcvu»cww. PEKI:VVLNWRR(:HRLP

»nqmvpuxpw va,muwvt,mmzxvnxvqsmmmrvmm:m.wupw

NHLVK!
ANWERHL TSELI T

)AMPLDPLNDCPRNAY YVRSNMICVFERYAGD
IGWRHAECPITGLPIREVRPKVTL IRPKVGLSGIL

QNEYLYGTLLS] TFHLI
QKEMTSSGESPRRSYLKAVRNVAKTEKDAQIKLKLYDPSEFHVINSNKKSRVGNPVGY
PGOTAASLL v

WYTLGFHHIPCQEDFPIMPT NIPPNSPK.
DLPICKAAASA
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Table 3: Continuation.

Diamine oxidase Uniprot Entry

Locus

Lenght

FASTA

TpDAO AOA2K3NT42

http://www.uniprot.org/uniprot/ AOA2K3NT42

L195_g002668

733

>A0A2K3INT42

PTPSTLRNQKPRHESDVPHHPLDPLTIQEFNEVRAVLSTHPLFKYSNSYTFNSIVLEEPDK
ELVLKWKKGQPLLPRKASVVARVKCVTHTLTVDLSTSQVTNHETRSPSSGYPTMTIEEM
TSVLDVPFKSDEFNRTINNRGVNLADLACLPISSGWYGTPVEENRRLIKVQCYSRKGTV.
NFYMKPIEGLTVLVDMDKKEVVSITDNGLNIPVANGIDTDYRYSVQKLNGELNLINPISL
EQPKGPSFTVDGHL TYKGFTSEL
'TDGWYFKTYMDAGEYGFGLQAMPLDPLNDCPRNAYYMDGVFASADGTPF
IQPNMICIFESYAGDIAWRHAECPITDLKVTEVRPKVTLVVRMAAAVANYDYIMDWEF
QTDGLIRSKVGLSGILMVKGTTYENMNQVPDEEYLYGTLLSENIIGVIHDHFITYYLDMD
IDGSDNSFVKVNIKKQQTSPGESPRKSYLKAVRKVAKTEKEAQIKLKLYDPSEFHVVNPL
KKTRVGNPVGYKLVPGATAASLLDHDDPPQKR AAFTNNQIWVTPYNKSEQWAGGLLY
YQSQGDDTLQVWSDRDSPIENKDIVLWYTVGFHHVPCQEDYPIMPTVSSSFDLKPVNFF
ERNPILRMPPNFKEDLPVCKAQDSA

TrDAO AQQ81871

http://www.uniprot.org/uniprot/ AOA2477T15

DAO

665

>AQQ81871

ASTTIKFALFSALTLLSLQAVVSVTPLHFQHPLDPLTKEEYSLVQKIVLHKYPKVAFHYIG
LDDPEKDAILKWESFKPSVITIPRKAFVIAIINHQSHEILINLRLKSIVSDTIYTGNGFPTLS
'VDEQSVAIELPFK NISEVVCSTFT TARLDCFMKETT
VNIYVRPITGITIVVDLGLLKIVEYHDRNVEAVPTAENTEYQLSKQSPPEGPKQHSLASHQ
PQGPGFQINGHSVSWANWKFHIGFDVRAGVIISLASIYDLEKHKSRRVLYKGYISELFVP
'YQDPSDEFYFKTFFDAGEFGFGLSTVSLIPNRDCPPNAQFIDTYIHGADGSPIPLKNAVCY
TE TEVNLIVRSVVTVGNYDNIIDWEFK/

SGILEIKGTNIKHKDEIKEDLHGTLVSENSIGIYHDHF YIY YLDLDIDGTHNSFEKTSLKTV
RI TTETQTAKTESEAKITLGVAPGELAIVNPNKKTAVGNEVGYRLIPAIP
AHPLLVEDDYPQIRGAFTNFNVWVTPYNRTEKW; /TKKNRD
IVNKDIVMWHVVGIHHVPAQEDFPIMPLLSTAFELRPTNFFDRNPVLKTLSPADVVGC

ZmDAO A0A096SGQ3

http://www.uniprot.org/uniprot/ AOA096SGQ3

100383438

780

>ADA096SGQ3

MAAAKEKASVCCRDAPARVAGAPVVPMRAIAASPVGKVVALAAGGGERVSASAAGS
SGAVIEEIAAVQPTTAKASSKGIPIMTRAQRCHPLDPLSAAEIAVAVATVRVAGRSPEER
DSMRFVEAVLLEPEKNVVALADAYFFPPFQPSLLPRSKGSAVIPSRLPPRRARLVVYNK.

QSNETS DVQI EATVKSYPPFI
EAMKRRGVDDMDLVMVDAWCAGYYS 'SRRLGKPLIFCR X

KLVPLPPPDHLRNYTPG LINQPEGP
SFRINGYFVEWQKWNFRIGFTPKEGLVIYS S iDP
SEPHYRKNAF

DAGEDGLGKNAHSLKKGCDCLGYIKYFDAHFTNFTGGVETIENCVCLHEEDHGILWKH
(QDWRTGLAEVRRSRRLTVSFICTVANYEYGFYWHFYQDGKIEAEVKLTGILSLGALMP
GESRKYGTTIAPGLYAPVHQ! S v
HNNAFYAEEKLLKSELQAMRDCDPSSARHWIVRNTRTVNRTGQPTGYRLVPGSNCLPL
ALPEAKFLRRAGFLKHNLWVTQYKRGEMFPGGEFPNQNPRIHEGLPTWVKNDRPLEET
DIVLWYVFGLTHIPRLED MPHGFFNCSPAVDVPPSS EAE
SPKAIQNSLISKL.
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Table 4: Orthologous identified polyamine oxidases. The locus, length of amino acid sequences, and FASTA
sequences were obtained when orthologous proteins were researched against Uniprot database.

Polyamine oxidase

Uniprot Entry

Locus

Length

FASTA

AtPAO1

QIFNA2
http://www.uniprot.org/uniprot/Q9FNA2

At5g13700

472

SQIFNA2

SISGISAAKVLVENGVEDVLIL INFGDVPVELGAGWIAG s
WELASRFNLRTCFSDYTNARFNIYDRSGKIFPTGIASDS YKKAVDS AILKLKSLEAQCSGQVAEEAPSSP
KTPIELAIDFILHDFEMAEVEPISTYVDFGEREFLVADER GYECLLYKMAEEFLVTSHGNILDYRLKLNQV
VREVQQSRNGVVVKTEDGSVYEANYVIVSASIGVLQSDLLSFQPLLPRWKTEAIQKCDVMVYTKIFLKF
PQCFWPCGPGQEFFIYAHEQRGYFTFWQHMENAYPGSNILVVTLTNEQSKR VEAQSDQETMKEAMS V.
LRDMFGATIPYATDIL QLLONIKAPVGRIFFTGEHTSEKFSGYVHG
GYLAGIDTSKSLLEEMKQSLLLQPLLAFTESLTLTHQKPNNSQIYTNVKFISGTS

AtPAO2

QISKX5
http://www.uniprot.org/uniprot/Q9SKX5

At2g43020

490

>QISKXS

QMRRANCFSAGERMKTRSPSVIVIGGGF RTLQDASFQVMVL
DYSFGFPVDLGASWLHGVCKENPLAPVIGRLGLPLYRTSGDNSVLYDHDLESY ALFDMDGNQVPQELY
TQIGVTFERILEEINKVRDEQ! RLEGLAHNVLQWYVCRMEGWFAADAETIS
AKCWDQEELLPGGHGL) AKGLDIRVGHRVTKIVRRYNGVKVTTENGQTFVADAAVIA
VPLGVLKSGTIKFEPKLPEWKQEAINDLGVGIENKIILHFEKVFWPKVEFLGVVAETSYGCSYFLNLHKA
TGHPVLVYMPAGQLAKDIEKMSDEAAANFAVLQLQRILPDALPPVQYLVSRWGSDVNSMGSYSYDIV
GKPHDLYERLRVPVDNLFFAGEATSSSFPGSVHGAYSTGLMAAEDCRMRVLERYGELDLFQPVMGEE
GPASVPLLISRL

AtPAO3

QILYTI1
http://www.uniprot.org/uniprot/Q9LYT1

At3g59050

488

~QILYTI

MESGGKTNRQLRKAICVSTDEKMI GMAGISAARTLQDASFQVVVL
TDYSFGFPVDLGASWLHGVCKENPLAAVIGRLGLPLYRTSGDNSVLYDHDLES YALFDKAGNQVSQEL
VTKVGENFEHILEEICKVRDEQDEDMSIAQAFSIVFKRNPELRLEGLAHNVLQWYLCRMEGWFAADAE
TISAKCWDQEELLPGGHGL) SKGLDIRLSHRITKISRRYSGVKVTTEKGDTFVADAAVI
ALPLGVLKSGMITFEPKLPQWKQEAINDLGVGIENKIILNFDNVFWPNVEFLGYVAETSYGCSYFLNLHK
ATSHPVLVYMPAGQLARDIEKKSDEAAANFAFSQLQKILPDASSPINYLVSRWGSDINSLGSYSYDIVNK.
PHDLYERLRVPLDNLFFAGE: STGVLAAEDCRMRVLERYGEL ASVP
LLISRM

AtPAO4

Q8H191
http://www.uniprot.org/uniprot/Q8H191

At1g65840

497

>Q8HI91

MDKKKNSFPDNLPEGTISELMQKQNNVQPS VIVIGSGISGLAAARNLSEASFKVT SGRIHTL
YSFGCPVI VLHGVSDENPLAPIRRLGLTLYRTSGDDSILYDHDLESYGLFDMHGNKIPPQLVTK
VGDAFKRILEETEKIRDETANDMS VLQGISIVLDRNPELRQEGMAYEVLQWYLCRMEAWFAVDANLIS
LKCWDQDECLSGGHGLMVQGYEPVIRTIAKDLDIRLNHRVTKVVRTSNNKVIVAVEGGTNFVADAVIIT
VPIGVLKANLIQFEPELPQWKTSAISGLGVGNENKIALRFDRAFWPNVEFLGMVAPTSYACGYFLNLHK.
ATGHPVLVYMAAGNLAQDLEKLSDEATANFVMLQLKKMFPDAPDPAQYLVTRWGTDPNTLGCYAYD
VVGMPEDLY
PRLGEPVDNIFFGGEAVNVEHQGSAHGAFLAGVSASQNCQRYIFERLGAWEKLKLVSLMG
NSDILETATVPLQISRM

AtPAOS

Q9SU79
http://www.uniprot.org/uniprot/Q9SU79

At4g29720

533

>Qosu79

MAKKARIVIIGAGMAGLTAANKLYTSSNNTFELS' HGIGGSP
VYRIAKETGSLVSDEPWECMDS TIDKAKTFAEGGFEIEPSIVESISGLF TALMELAQGKEISQSDADLSRL
AHIYETATRVCSKGS 'SRKSLEEAIFTMFSNTQRTYT
SADELSTLDFAAESEYQMFPGEEITIAKGYLSVIHHLASVLPQGVIQLNRKVTKIEWQSNEVKLHFSDGS
VVFADHVIVTVSLGVLKAGIETDAELFSPPLPDFKSDAIRRLGYGVVNKLFVEMSQRKFPSLQLVFDRED
SEFRFVKIPWWMRRTATITPIHSNSKVLLSWFAGKEALELEKLTDEEIKDAVMTTISCLTGKEVKNDTAK.
PLTNGSLNDDDEAMKITKVLKSKWGSDPLFRGSYSYVAVGSSGDDLDAMAEPLPKINKKVGQVNGHD.
QAKVHELQVMFAGEATHRTHYSTTHGAYYSGLREANRLLKHYKCNF

AO0A0B2QXT4
http://www.uniprot.org/uniprot/ AOAOB2QXT4

glysoja 032252

578

>A0AOB2QXT4

MAGLTAAKLYTATASKDLFELCVVEGGTRIGC MGATWIHGIG
GSPIHKIAQEIHSLHSDQPWECMDGNTDEAITIAEGGFHLHPSIVDPITKLFNTLMEYSQGKKTLTEATSK.
GAELESYHKLAALAAKLASASASAYNNNNLS VGSFLRQGLEAYQVSKEQEEVKGCGNWSRKLLEEAIF
AMHENNQRTYTSADDLLTLDYGAESEYRMFPGEEITIAKGYLSITESLASVLPPGFVQLGRKVTRIEWQL
DDEKRKGAVENGCCSSRPVKLHFCDGSVMSADHVIVTVSLGVLKAAISDDDDDSGMFCPPLPPSKTEA
ISRLGFGVVNKLFMQLS LQMVFHSPQSEN TATLEPIYN
NSSVLLSWFVGEEALALESL CFLQHSQWQKGSTSSHKLC
KFSKVMKSKWGTDPLFLGSYSYVAVGSSGDDLDTMAEPLPKDNSCQPPAASSPLQILFAGEATHRTHY
STIHGAYFSGLREANRLLQHYHWIYNN

Q93WM8
http://www.uniprot.org/uniprot/Q93WM8

bpaol

495

>Qo3WMS

MKPTTATAALVLALTL/ VIIVGAGMSGISAGKRLSEAGITDLVILEATDHVGGRMHK.
QSFGGINVEVGANWVEGVNGAGRMNPIWPLVNSTLKLKNFRSDFDGLADNVYKENGGVYERAYVQK
RLDRWGEVEEGGEKL SAKLRPSGQDDMSILAMQRLNDHLPNGPTSPVDMVLDYFKHDYEF AEPPRVT
SLQNVVPLATFTDFGDDYYFVADQRGYEAVVYYLAGQYLK/ QLNK

TVRTEDAKVYKADYVMVSTSVGVLQSDLIQFKPRLPTWKVLSIYQFDMAVY TKIFVKFPRKFWPQGKG
REFFLYASSRRGYYGVWQEFEAQYPDANVLLVTVTDDESRRIEQQSDNQTKAEIVEVLRSMFPGEDVP
DATDIL A YEYDQLRAPVGRVYFTGEHTSEHYNG SGIDSA
DILIKCAQKRMCKYHSPGKFD

Q93WCO
http://www.uniprot.org/uniprot/Q93wWCO0

bpao2

503

>Qo3WCO
MKPSFVTAIAALLLIAAQI RVIIVC WDAGVRDLLILEATDRVGGRMH
KHNFGGLNVE] NGDK’ STLKLI DFDG 5 DEEFVQKR
MDRADEVEELGGKFAAKLDPSGRDDISILAMQRLFNHQPNGPTTPVDMALDYYKYDYEFAEPPRVTSL
QGTEPTATFADFGDDANFVADQRGFE] GQYLI INIIDPRVKLNKVVRQISYNDKGVVVTT

EDNSAYSADYVMVSTSLGVLQSDLIQFKPQLPAWKIMAIYRFDMAVY TKIFLKFPKKFWPTGPGKQFF
VYASSRRGYYGMWQSFEKEYPGANVLLVTVTDVESRRIEQQPDNVTMAEAVGVLRNMFPDRDVPDA
TDIYVLRWSNRFFKGS YSNWPIGVNRYEYDQLRAPVGGRVYFTGEHTSEHYNGY VHGAYLAGIHSADI
LMNKASNNVDFKVRPKYDDELKAEAK

MdPAO

AOA1C8MSI8
http://www.uniprot.org/uniprot/ AOA1C8MS5I8

N/A

493

>AOAICSMSIS

MDPKDPFSAVLFDGSVSSHIERQQNACPSVI AARILHDASFKVLLLESRDRLGGRIHTDY
FGCPVDMGASWLHGVCNENPLAPLIRRLGLTLYRTSGDDSVLYDHHLESFALFDTDGHQVPQKMVVE
VGDTFKKILRETEKVRNEHTDDMSVSQAISVVMDRHPELRONGLAHEVLQWCICRMEAWFAADADAI
SLKNWDQEHVLSGGHGLMVQGYDPIKALAKDIDVRLNHRVTKILNGSNKVMVTIEDGRNFIADAAIT
VPHGILKAKLIEFVPQLPEWKVAAISDLGVGNENKVAPRFEKVFWPNVELLGIVAPNSYACGYFLNLHK.
ATGHPVLVYMAAGRFAYDLEKLTDDAAVNLYMLQLKKMLPDATEPVQYLLSRWGTDLNSLGCYALD
LVGKPGDIYER

LRAPLGNLFFGGEAVSMDHQGS VHGAYSAGVMAAENCQQHLLKKLGNLETPQHAYLMEEVLEAATVP
LQISRM

OsPAO1

QSNAI7
http://www.uniprot.org/uniprot/ QSNAI7

0s01g0710200

512

>QSNAIT
MVAKKPR! AAAHRLC iDRVGGRIL QG
VVGSPVYALARDAGALGEEEGRGLPYERMDGFPDRVLTVAEGGEVVDADTVAGPIEELYRGMMEAAR

E: LRRGLI EEVDEALLAMHINRERTDTSADDLGDLDLT
AEGEYRDFPGEHVTIPGGYSRVVERLAAALPPGTVRLGLRLRRLKWGGTPVRLHF ADGAPPLTADHVIL
TVSLGVLKASLGNKDT; PPLI GFGVVNKLE DVAGVQ
PAAAGFPFLI [ESICPVHAGS TVALA ESLPDDDVIRGAHAT
LDSFLPAAPRWR DPLFLGSYSY DDLDRMAEPLPRGPDAAADERPPSPRLL

FAGEATHRTHYSTTHAAYLSGVREANRLLQHYRGGANHTT

OsPAO2

QoDUC7
http://www.uniprot.org/uniprot/QODUC7

0s03g0193400

>QUDUCT

MDSLPNGPSSPVDMVVDYYLYDYEYAEPPRVTSLQNAVPQRTFSDFGDDVYFVADKRGYESVVHYLA
GQYLNTDDSGNVADPRLQLNKVVREISYSSSGVTVKTEDGSVYQADYRHGLCQLGSPAERSYTVQATA
ACKFRVLCPARFSRIASDRCVLHVFDQKWKILATYEFDMAVYTKIFVKFPKRFWPEGEGREFFLYASTR
RGYYGIWQEFEKQYPDSNVLLYTVTDKESRRIEQQSDNQTKAEIMEVLRNMFPDQDVPDATDILVPRW
WSNRFYKGTFSNWPIGVNRYEYDQLRAPIERVYFTGEHTSEYYNGYVHGGYLAGIDSAFILIDCAQNQ
MCKYHVQGKYD
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Table 4: Continuation.

Polyamine oxidase

Uniprot Entry

Locus

Length

FASTA

OsPAO3

Q7X809
http://www.uniprot.org/uniprot/Q7X809

0s04g0623300

484

~Q7X809

MANNSSYGENVRRKSHTPSAIVIGSGF AGIAAANALRNASFEVVLLESRDRIGGRIHTDYSFGFPVDLGA
SWLHGVCEENPLAPIIGRLGLPLYRTSGDDSVLFDHDLESYALYDTKGHQVPQELVEKIGKVFETILEETG
KLREETKEDISIAKAIAIVMERNPHLRQEGIAHDVLQWYLCRMEGWF ATDADAISLQGWDQEVLLPGG
HGLY KGLDIRL TVSSGKTFV: LGVLKANTIKFE
PRLPEWKEEAIRELSVGVENKIILHFSEVFWPNVEFLGVVSSTTYGCS YFLNLHKATGHPVLVYMPAGR
LACDIEKLSDEAAAQFAFSQLKKILPNAAEPTHYLVSHWGS DENTLGS YTFDGVGKPRDLYEKLRIPVDN
LEFAGEATSVQYTGTVHGAFSTGLMAAEECRMRVLERFRELDMLEMCHPAMGEQTATVSVPLLISRL.

OsPAO4

Q7XR46
http://www.uniprot.org/uniprot/Q7XR46

0s04g0671200

487

>QTXR46

MDPNSLKTGGLLLPTIERQC: L EVIVLES TDYSFGC
PIDMGASWLHGVCNENSLAPLIGYLGLKLYRTSGDNSVLYDHDLESYALFDKAGHQVSKETVAKVEET
FERILDETVKVRDEQEHDMPLLQAISLVLERHPHLKLQGIDDQVLQWCVCRLEAWF AADADEISLKNW
DQEHVLTGGHGLMVYNGYYPIQALAQGLDIRLNQRVTKIARQFNGVTVTTEDGTS YSADACITVPLGVL
KANIIKFEPELPSWKSSAIADLGVGIENKIAMHFDTVFWPNVEVLGMVGPTPKACGYFLNLHKATGNPV.
LVYMAAGRFAQEVEKLSDKEAVDLVMSHLKKMLPDATEPTKYLVSRWGSDPNSLGS YSCDLVGKPAD
VSARFAAP

VENLYFAGH “RKRILMQKGIPDLVOQ) SVIAPLQICRT
OsPAO5 Q0J954 0s04g0671300 492 -quoss
http://www.uniprot.org/uniprot/Q0J954
MDQPSNGFAAGGLFL NASFKVTLLESRDRL

GCPIDMGASWLHGVCNENSLAPLIRLLGLRLYRTSGDNSVLYDHDLESYALFDKDGRQVPQEIVTKVGE
TFEKILKETVKVRAEHEDDMPLIQAISIVLDRNPHLKLDGLQYEVLQWCICRLEAWFATDVDNISLKNW
DQEHVLTGGHGLMVHGYDPVIKALAQDLDIHLNHRVIKIIQRYNKTIVCVEDGTSFVADAAIITVPLGVL
KANIKFEPELPDWKLSSISDLGIGIENKIALI ‘GYFLNLHKATGHPVLV
CMVAGRFAYEFEKLS] KKMLPGATEPVQYLV NSLGSYSCDLVGKPADLY
ERFCAPVGNLFFAGEAACIDHSGSVHGAYSSGIVAAEDCRRHLSTQLGISDLFQVGKIIMREEM
TEVMVPFQISRL

Q0J291
http://www.uniprot.org/uniprot/Q0J291

0s09g0368200

540

>Q01291

MEENKVSMLLLDGWWHMVLMNVMLINVELDMGRYNFFGSMEPHREV WLKNEWIEKRNVLKVIRY
RLFMTLKLNL e 1L NWVEG
STLKLRSFRSDFDSLAQNVYKDGGLCDEAYVQKRMDRADEVDKSGENLSATLHP
SGRDDMSILSMQRLNDHLPNGPSSPVDMAVDYFTYDYEFAEPPRVTSLONTVPLPTFTDFGDDTYFVA
DQRGYESVVHHLAGQYLNADKSGNIADARLKLNKVVREISYSSTGVTVKTEDNSTYQADYVMVSASLG
VLQSDLIQFKPQLPSWKILAIYQFDMAVYTKIFVKFPKKFWPEGAGREFFLYASTRRGY YGVWQEFEKQ
YPDANVLLVT EIMEVVRC? TDILVPR
PIGVSRYEYDQLRAPVGRVYFTGEHTSERYNGYVHGAYLAGIDSAEILINCAQKKMCKYNVGGKIIG

OsPAO7 Q0J290 0s09g0368500 474 o
http://www.uniprot.org/uniprot/Q0J290
MTKPTTMAIFLSIVLLSAQLPSL SEAGITDILIL e
ORFAGVNVEIGANW‘/EL\’NGEKMNPIWPIVNSTLKLKhFLSDFDSLAQNWKDOGLCDAAYVQKRlDL
SATLHPSGRDDVISILSMQRLNNHL LRNT
VPLPTF DQ! YYLAGQYLI QL TC T\/KTE
D YDA GV SISV G DNAVY T VKSR NLONCRIETL
ASTRRGYYGVWQI EQQPDSQTK \TDIL
s D RAPVORY Y OB R AGIYA
SmPAO A6U6YS Smed 0562 549 saovevs
http://www.uniprot.org/uniprot/ A6U6Y8 o . RT—— NWGYLSEPE
PNLNNRRITAPRG RGHSEDFDRWEELGAKGWAYADVLPY:
'WRGTDGPLHVQRGPVKNPLFHAFIEAGKQAGFE! MEQH RGI R

PALKRPNVELVRC TEVVR, SFNSPKLLMLSGIGPAAHLQ
EMGIDVKADRPGVGQNLDHMEFYFQQVSTKPVSLYSWLPWFWQGVAGAQWLFFKRGLGISNQFES
CAFLRSAPGVKQPDIQYHFLPVAISYDGKAAAKSHGFQVHVGYNLSKSRGDVTLRSSDPKADPVIRENY
MSHPEDWEKFRHCVRLTREIFGQKAFDLYRGPEIQPGEKVRTDEEIDAFLREHLESAYHPCGTCKMGA

SVDGLRVADSSIFPHITYGNLNAPSIMTGEK AADHIL GKQPLARSNQEPWINPR.
‘WAVSDR
TpPAO1 A0A2K3P3K3 L195_g006434 T51  saonaess
http://www.uniprot.org/uniprot/ AOA2K3P3K3 y LoD )

FPIDALLENEIRAGVVGQLGOKEQNDYIVYRNHILALWRGNVRRWLTRGRVRETVSNEFAHLINNAYDF
LLYNGYINFGVLPSFTSQLPEATEGTVVIIGAGLAGLAAARQLLSFGYKVAVLEGRNRPGGRVYTQKIGK
EGNFAAMDLGGSVITGIHANPLAVLARQLSIPLHTVRANCPLYKPNGEPVDKEIDSSVEFVFNKLLDKV
MELRKIMGGFSSDTSLGSVFETLKSLYGVAQS TDEKQLLDWHLANLEYANAGCLSNISAAHWDQDDPF
EMGGDHCFLAGGNWRLIKAMCEGVPIFYGKTVNTIRYGDEGVEIAGDQVFQADFALCTVPLGVLKKK
AISFQPELPARKLESIERMGFGLLY DAFGCL GEFFLEYGYHTVSGGS
GLIALVAGEAAQTFETTDPTILLHRVLTTLKGIFQPKGITVPDPIQSICTRWGSDPLS QSSGK
DYDILAENVGNRLFFAGEATCRQYPATMHGAFMSGLREASRIYHLTRVQQAYPKKALSKNIEQSTSILL
NLFKRPDLEFGNFAFVFDLSSEDMQSKAILQLTFGGTEENYKDILTCYPNTTKLPLQLYTIISREQVHQM
QEITGDENRLSYLTKNLGLKLMGINALLITGNTVIDNIAGFRKTKRYRTVITQQPYNQ

TpPAO2

A0A2K3JRK6
http://www.uniprot.org/uniprot/ AOA2K3JRK6

L195_g050004

212

>A0A2K3IRK6

YLPVINTLAKGLDIRLGHRVTNVVRRYNGVKVTVENGKTFIADAAIVAVPLGVLKAKRISFEPKLPDWK.
EAAIAELGVGLENKIILHFENVFWPNVEFLGVVADTSYGCSYFLNLHKAAXHPVLVYMPSGRLAKDIEK.
AFVQLKKILPDASSPIQYL GEATSMCYPG RM

RVLERYG

TrPAO

A0A286QIQ2
http://www.uniprot.org/uniprot/ AOA286QI1Q2

PAO

486

>A0A286QIQ2

MESRIKTNSRKGFYYTNVDQQSERSPSVIVIGGGMAGIAAARALHDASFQVVLLESRDRLGGRIHTDYS
FGFPVDLGASWLHGVCNENPLAPLIGRLGLPLYRTCEDNSVLYDHDLES YALEDMDGNQVPQELVTEV
GKIFEMILQETDNVRQEFSEDMSILHALSIVFERKPELRLEGLSHKVLQWYLCRMEGWFAADADSISLK
CWDQEELLPGGHGLMVRGYLPVIHTLAKGLDIRLGHRVTKIVRRYNGVKV TTENGKTFVADAATIAVPL
GVLK/ HFKN GVVSETSYGCSYFLNLHKAAG
HNVLVYMPAGRLAKDIEKMSD \QLKKILPDASSP! S GSYSYDAVGKP
HGLYERLRVPVDNLFFAGEATSVLYTGSVHGAYSTGTMAAEDCRMRVLERYGELDIFQPVLEEGSVIPL
LISRI

ZmPAO

064411
http://www.uniprot.org/uniprot/064411

PAO

500

=064411

MSSSPSFGLLAVAALLLALSLAQHGSLAATVGPRVIVVGAGMSGISAAKRLSEAGITDLLILEATDHIGG:
RMHKTNFAGINVELGANWVEGVNGGKMNPIWPIVNS TLKLRNFRSDFDYLAQNVYKEDGGVYDEDYV
QKRIELA T MQRLNEHQPNC YKFDYEFAEPPR
VTSLQNTVPLATFSDFGDDVYFVADQRGYEAVVYYLAGQYLKTDDKSGKIVDPRLQLNKVVREIKYSP
GGVTVKTEDNSVYSADYVMVSASLGVLQSDLIQFKPKLPTWKVRAIYQFDMAVYTKIFLKFPRKFWPE
GKGREFFLYASSRRGYYGVWOQ LVT \EIMQVLRKMFPGK.
DVPDATDILVPR

GTFSNWPVGVNRYEYDQLRAPVGRVYFTGELT
KKMCKYHVQGKYD

GIDSAEILINCAQ
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