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Abstract: Polyamines play an important role in developmental and environmental stress responses
in plants. Polyamine oxidases (PAOs) are flavin-adenine-dinucleotide-dependent enzymes associated
with polyamine catabolism. In this study, 14 genes were identified in the tobacco genome that code for
PAO proteins being named based on their sequence homology with Arabidopsis PAOs (AtPAO1-5):
NtPAO1A-B; NtPAO2A-C, NtPAO4A-D, and NtPAO5A-E. Sequence analysis confirmed that the PAO
gene family of the allopolyploid hybrid Nicotiana tabacum is not an exact combination of the PAO
genes of the maternal Nicotiana sylvestris and paternal Nicotiana tomentosiformis ones. The loss of
the N. sylvestris homeolog of NtPAO5E and the gain of an extra NtPAO2 copy, likely of Nicotiana
othophora origin, was revealed. The latter adds to the few pieces of evidence suggesting that the
paternal parent of N. tabacum was an introgressed hybrid of N. tomentosiformis and N. othophora. Gene
expression analysis indicated that all 14 PAO genes kept their expression following the formation of
the hybrid species. The homeologous gene pairs showed similar or opposite regulation depending on
the investigated organ, applied stress, or hormone treatment. The data indicate that the expression
pattern of the homeologous genes is diversifying in a process of subfunctionalization.

Keywords: polyamine oxidase; tobacco; homeologous genes; gene expression profile; abiotic stress;
phytohormones

1. Introduction

Polyamines are small aliphatic molecules that are involved in numerous developmen-
tal processes in plants, such as cell division and organ development [1], pollen growth [2],
organogenesis [3], fruit ripening [4], and senescence [5], as well as in coping with vari-
ous abiotic stresses [4,6–10]. In plants, the major polyamines are the diamine putrescine
(Put), the triamine spermidine (Spd), the tetramine spermine (Spm), and the thermosper-
mine (T-Spm) [1,11,12]. Intracellular polyamine homeostasis is controlled by biosynthesis,
transport, and catabolism [13–17]. Two enzymes are involved in polyamine catabolism:
copper-containing amine oxidase, which catalyzes the oxidation of Put into 4-aminobutanal
with the production of NH3 and hydrogen peroxide (H2O2), [18,19]; and the flavin adenine
dinucleotide (FAD)-dependent polyamine oxidases (PAOs), which catalyze the oxida-
tive deamination of Spd, Spm, and/or their derivatives either using terminal catabolism
(TC) or using backconversion (BC) pathways. Terminal oxidation of Spd and Spm is
specifically activated extracellularly and results in H2O2, 1,3-diaminopropane (DAP), and
4-aminobutanal (in the case of Spd catabolism) or N-(3-aminopropyl)-4-aminobutanal (in
the case of Spm catabolism) [20]. Known TC-type PAOs involve ZmPAO1 in maize and
OsPAO6 and OsPAO7 in rice. The BC pathway occurs intracellularly, in the cytoplasm or
in the peroxisomes, where PAOs convert Spm (or T-Spm) to Spd and/or Spd into Put. All
five Arabidopsis thaliana PAOs (AtPAO1-5) and seven tomato SlPAOs (SlPAO1-7) have been
documented to catalyze BC reactions [14,21].
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Common to all BC- and TC-type reactions is the production of H2O2 [20,22]. It is
suggested that PAOs are involved in abiotic stress responses. In Arabidopsis, under heat
stress, production of H2O2 using peroxisomal AtPAO3 was shown to affect the HSP90 heat
stress protein [23], while over- or under-expression of ZmPAO1 in tobacco [24] affected the
plant’s thermotolerance [24]. Under drought stress, in Vitis vinifera, the H2O2 produced by
PAO activity was shown to regulate ABA-induced stomatal closure [25].

Phylogenetic analysis has categorized plant PAOs into five clades: I, II, III, IV and
V [26]. Clade I members, including Arabidopsis AtPAO1, are localized in the cytoplasm
and catabolize PAs in the BC reaction pathway. AtPAO5 and supposedly all members in
clade III are also cytoplasmic and prefer T-Spm as a substrate catalyzing the backconversion
of T-Spm into Spd. Clade IV members also degrade polyamines in the BC pathway, but are
localized in the peroxisomes [14,21,27]. Clade V is composed of sequences of monocotyle-
donous species and still has BC activity. In contrast, clade II members are predominantly
from monocotyledonous plant species, catalyzing the oxidation of polyamines using the
TC pathway and localized in the apoplast or vacuole [14,21,27,28].

Tobacco (Nicotiana tabacum) is one of the most important economic crops belonging to
the Solanaceae family and is used as a model plant in the research of tissue culture, plant
regeneration, and other related fields. Nicotiana tabacum originated in the hybridization
of Nicotiana sylvestris (S-genome) and Nicotiana tomentosiformis (T-genome). It is an allote-
traploid species (2n = 4x = 48), with a genome size of 4.5 Gbp containing several repetitive
sequences [29]. Gene duplication, including polyploidization, is an important mechanism
of the species evolution [30]. In most cases, having two identical genes is not advantageous
for a species, so one of the copies is usually lost or becomes a pseudogene. However, if the
extra gene product is beneficial to the organism, or if one of the copies is kept as a “backup”,
then the two copies may be maintained. Additionally, these two copies can be used by
evolution to increase genetic complexity via subfunctionalization or neofunctionalization.
Subfunctionalization involves the two gene copies sharing some of the functions of the
original gene, while neofunctionalization involves one of the genes gaining a completely
new function due to mutations. For duplicate genes to acquire a new function, it may take
millions of generations. Polyploidization of Nicotiana tabacum took place approximately
400,000–800,000 or even 200,000 years ago [29,31], which can be considered a very recent
event at an evolutionary scale. In agreement, a leaf transcriptomic study revealed little
evidence of neofunctionalization of the parental genes in tobacco [32]. However, complex
changes in gene expression were observed, which could have arisen from gene loss, gene
silencing, or subfunctionalization [32].

To reveal the fate of parental PAO genes in the hybrid tobacco Nicotiana tabacum, we
identified all its PAO genes, as well as the seven PAO genes of N. sylvestris and N. tomen-
tosiformis, respectively. After carrying out sequence analysis, we studied the expression
pattern of the 14 tobacco PAO genes, which allowed us to examine the subfunctionalization
of the original genes during tobacco’s brief evolutionary trajectory.

2. Materials and Methods
2.1. Plant Materials, Growth Condition, and Stress Treatments

For the gene expression experiments, wild type N. tabacum L. cv. Wisconsin 38 plants
were used. Seeds were surface-sterilized and then germinated on agar plates containing a
half-strength MS medium [33] including B5 vitamins (Duchefa Biochemie B.V., Haarlem,
The Netherlands), 1% sucrose (Molar Chemicals, Halásztelek, Hungary), and 0,6% plant
agar (Duchefa Biochemie). The medium was set to pH 5.7–5.8 with 1M KOH and autoclaved.
The plants were grown for two weeks at 22 ◦C and 50% relative humidity in a plant chamber
(Fitoclima S 600 PLH, Aralab, Rio de Mouro, Portugal) under long-day conditions (16/8 h
photoperiod), and then various abiotic stress treatments were applied. To induce salt stress,
the plants were treated with 150 mM NaCl (Molar Chemicals). For temperature stresses,
the seedlings were transferred into a water bath at 42 ◦C (heat) for 5 hours or to a cold
room at 4 ◦C (cold) for 16 hours. Oxidative stress was induced using H2O2 (5 mM; VWR
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Chemicals, Vienna, Austria) for three hours. For phytohormone treatments, the leaves
of five-week-old plants were treated in petri dishes (9 cm in diameter) using hormone-
supplemented potassium buffer (50 mM; pH 6.5) for three hours under light. The hormones
were 10 µM indole-3-acetic acid (IAA) (Duchefa Biochemie), 100 µM abscisic acid (ABA)
(Sigma-Aldrich, St. Louis, MO, USA), 10 µM kinetin (Sigma-Aldrich), and 10 µM gibberellic
acid (GA3) (Sigma-Aldrich). For gene expression analysis, samples were harvested and
snap-frozen in liquid nitrogen and stored at −80 ◦C until usage.

2.2. RNA Extraction and Quantitative Real-Time Polymerase Chain Reation (qRT-PCR) Analysis

For total RNA extraction, the Quick-RNA Miniprep Kit (Zymo Research, Irvine, CA,
USA) was used, including reagents to remove any contaminating genomic DNA. A Nan-
oDrop™ 2000/2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was
used to evaluate the quality and quantity of the total isolated RNA, considering the ideal
absorbance ratio (1.8 ≤ A260/280 ≤ 2.0). Of the total RNA, 600 ng was reverse-transcribed
for 60 min at 42 oC and for 10 min at 75 oC in a 20 µL reaction volume using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The cDNA products were diluted 1:10 in AccuGENE® water (Lonza, Verviers,
Belgium). The primers were designed using the NCBI (https://www.ncbi.nlm.nih.gov,
accessed on 5 June 2022) primer design tool [34] and synthesized by Biocenter Ltd. (Szeged,
Hungary). The primer sequences are shown in Supplementary Table S1. The relative mRNA
levels were determined using qRT-PCR. As reference genes, Nt Actin-97-like (LOC107804820)
and the ribosomal protein-coding L25 gene (L18908) were used. The qRT-PCR reactions
were carried out using the CFX384 Touch Real-Time PCR Detection System (BioRad Labo-
ratories Inc., Hercules, CA, USA). The PCR mixture contained (in a total volume of 7 µL)
1 µL cDNA, 0.21 µL of the forward primer, 0.21 µL of the reverse primer, and 3.5 µL of
Maxima SYBR Green/ROX qPCR Master Mix (2×) (Thermo Fisher Scientific). The reaction
mixtures were aliquoted into Hard-Shell® 384-well plates (thin-wall, skirted, clear/white;
Bio-Rad Laboratories Inc., Cat. no: HSP3805). For amplification, a standard two-step
thermal cycling profile was used (10 s at 95 ◦C and 1 min at 60 ◦C) during 40 cycles, after a
15 min preheating step at 95 ◦C. Finally, a dissociation stage was added at 95 ◦C for 15 s,
60 ◦C for 15 s, and 95 ◦C for 15 s. The data analysis was performed using the Bio-Rad
CFX Maestro (Bio-Rad) software and Microsoft Excel 2016. The relative mRNA levels
were calculated using the 2−∆∆Ct method. Data were averaged from three independent
biological experiments with three technical replicates for each gene/sample combination.

2.3. Statistical Analysis

Statistical analysis was performed using the SIGMAPLOT 12.0 statistical software.
Quantitative data are presented as the mean ± SE and the significance of difference between
sets of data was determined using one-way analysis of variance (ANOVA) following
Duncan’s multiple-range tests; p-values of less than 0.05 were considered significant. For
pairwise comparisons, Student’s t-test was used (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).

2.4. Sequence Analysis and Bionformatic Tools

All putative PAO genes and cDNAs of the N. tabacum cultivars TN90 (whole-genome
shotgun sequencing project PRJNA319578; [35]) and K326 (genome sequencing and assem-
bly project PRJNA376174; [29]) were identified using the reported PAO protein sequences
of Arabidopsis as queries with tblastn at the National Center for Biotechnology Information
(NCBI) site (https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=4097; last accessed
on 1 September 2023) [36]. The conserved motifs in the PAO proteins were identified using
the MEME motif-based sequence analysis tool (https://meme-suite.org/meme/tools/
meme; last accessed on 1 September 2023) [37]. The N. sylvestris (strain TW136, genome se-
quencing and assembly project PRJNA182500), N. tomentosiformis (genome sequencing and
assembly project PRJNA182501), and Nicotiana otophora (genome sequencing and assembly
project PRJNA208212) PAO-coding gene sequences were obtained in a similar way using
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the N. tabacum TN90 PAO gene sequences as queries and BLASTN as the search algorithm.
Sequences with a high query coverage value (above 50%) and expect value (above 1e-150)
were selected and used in a blastx search for homologs of the encoded proteins in other
plant species (Viridiplantae). Seven distinct coding sequences for PAO-like proteins were
identified for all three diploid Nicotiana species, respectively. The genomic sequences were
compared and their similarity was visualized using Circoletto [38] by running blastn with
the parameters -F F -e 1e-30 -v 200 -b 200.

Nucleic acid and/or protein evolutionary analyses and the construction of phylo-
genetic trees were all performed using the Molecular Evolutionary Genetics Analysis
Version 11 (MEGA11) software package [39]. Sequence alignments were generated using
the ClustalW algorithm [40]. The evolutionary history was inferred using the Neighbor-
Joining method [41]. The optimal trees are presented. Where a scale bar is shown, the
trees are drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Poisson correction method [42] and are in the units of the number of amino
acid substitutions per site. All ambiguous positions were removed for each sequence pair
(pairwise deletion option).

The subcellular localization of the NtPAO proteins was predicted using WoLF PSORT [43]
(http://www.genscript.com/psort/wolf_psort.html; last accessed on 1 September 2023).

3. Results
3.1. The Nicotiana tabacum (L.) Genome Contains Fourteen PAO-Coding Genes

The amino acid sequences of the five A. thaliana PAO proteins (AtPAO1-5; Supple-
mentary Table S2) were used to query the sequence data of the N. tabacum cultivar TN90
whole-genome shotgun sequencing project (PRJNA319578 [35]) and the N. tabacum cultivar
K326 genome sequencing and assembly project (PRJNA376174 [29]), respectively, at the
NCBI site (https://blast.ncbi.nlm.nih.gov/Blast.cgi; last accessed on 31 August 2023) using
the tblastn algorithm.

Altogether, 14 PAO-coding genes/cDNAs were identified (Table 1). These were named
based on the sequence homology of the coded proteins with Arabidopsis PAOs in agreement
with the annotation of the genes as NtPAO1, NtPAO2, NtPAO4, and NtPAO5 (Figure 1
and Supplementary Figure S1A). Although the PAO proteins of dicotyledonous plants
represent three of the five plant PAO clades [26], they are rather divided into four groups
with the related AtPAO2- and AtPAO4-like proteins separated into two groups (Figure 1).
Note that the groups are named after the five Arabidopsis proteins, where AtPAO2 and
AtPAO3 are paralogous and fall into the same group (PAO2-like). To keep consistency with
the Arabidopsis numbering and the widely used classification of dicotyledonous plant
PAOs into four groups, none of the tobacco PAOs were specified as NtPAO3 since none of
N. tabacum PAOs showed higher similarity to AtPAO3 than to AtPAO2.

The Arabidopsis and tobacco PAO proteins share nine evolutionarily conserved motifs
identified by the MEME motif discovery tool, further supporting their structural similar-
ity (Supplementary Figure S1B). Based on the presence of a peroxisomal target sequence
(S/A/C)(K/R/H)(L/M) in their C-termini, we suggest that the NtPAO4 and NtPAO2
proteins are localized in the peroxisome, similarly to their Arabidopsis homologs (Supple-
mentary Figure S1C) [14].

As compared to the diploid species Solanum lycopersicum, which has 7 PAO-coding
genes [21], the tetraploid tobacco has 14 coding genes for PAO enzymes. Nevertheless,
while tobacco has exactly a double of the tomato set, it has three PAO2 gene sequences and
five PAO5 sequences, while tomato has two and two, respectively (Figure 1), indicating that
the reorganization of PAO genes continued during the evolution of Solanaceae. N. tabacum is
considered to be a hybrid of the ancestors of N. sylvestris (S-genome) and N. tomentosiformis
(T-genome) [31]. As the available genome assembly is just 64% completed [29], localization
of the 14 tobacco PAO genes to the chromosomes of the S or T genomes was not possible.
In order to determine the parental origin of the tobacco PAO genes, the N. tabacum PAO

http://www.genscript.com/psort/wolf_psort.html
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sequences were compared to the N. sylvestris and N. tomentosiformis ones [44]. Seven
PAO-coding genes were identified in both diploid species (Supplementary Table S3): one
NtPAO1-like, one NtPAO2-like, two NtPAO4-like, and three NtPAO5-like. The amino
acid sequences of the predicted PAO proteins of the three Nicotiana species were aligned
and their phylogenetic relation was determined using the Neighbour-Joining algorithm
(Figure 2A). Based on this analysis, and the high similarity (98–100%) of the proteins
(Figure 2B), most of the N. tabacum PAOs could be classified as of potential N. sylvestris
(1B, 2A, 4A, 4C, 5A, 5C) or N. tomentosiformis (1A, 2B, 4B, 4D, 5B, 5D, 5E) origin. This was
verified by analysis of gene sequences, including the PAO-coding gene sequences of N.
otophora, which is also considered a potential ancestor of N. tabacum [45–47] (Figure 3).
This comparison also highlighted that PAO5-like sequences are not only the highest in
number but are also the most variable among the species. Interestingly, although N. tabacum
has 14 PAO genes, which is exactly the addition of the N. sylvestris and N. tomentosiformis
chromosomes (7 + 7), tobacco has three PAO2 gene sequences instead of two, and five PAO5
sequences instead of six, missing the homolog of PAO5C of N. sylvestris (Figures 2B and 3).
The origin of the “extra” PAO2-coding homeolog NtPAO2C is uncertain. However, this
gene shows a high percent of identity (92.3%) with an N. otophora PAO2-coding nucleotide
sequence (Figure 3 and Supplementary Figure S2).
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and named after the Arabidopsis proteins are highlighted using solid lines.
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Table 1. Tobacco polyamine oxidase gene sequences were identified in the genome of the Nicotiana tabacum cultivar TN90 [37] a and the K326 cultivar [29] b,
respectively. Arabidopsis thaliana PAO sequences were used to query the sequence data derived from the genome sequencing and assembly project PRJNA376174 (N.
tabacum TN90) and the genome shotgun sequencing project PRJNA319578 (N. tabacum K326) using the tblastn algorithm at https://www.ncbi.nlm.nih.gov/datasets/
genome/?taxon=4097 (last accessed on 1 September 2023). bp—base pair; aa—aminoacid.

Gene Accession a Gene Accession b Scaffold Accession
(Gene Position) mRNA Accession mRNA Size (bp) Protein Accession Protein Size (aa) Gene Annotation Gene Name

LOC107832568 Nitab4.5_0000707g0200.1 NW_015864215.1
(20974..27671) NM_001326282.2 1888 NP_001313211.1 495 polyamine oxidase 1 NtPAO1A

LOC107788770 Nitab4.5_0008441g0030.1 NW_015916267.1
(46836..53239) XM_016610479.1 1801 XP_016465965.1 447 polyamine oxidase

1-like NtPAO1B

LOC107762338 Nitab4.5_0002015g0070.1 NW_015876609.1
(111786..118428, XM_016580681.1 2235 XP_016436167.1 488 probable polyamine

oxidase 2 NtPAO2A

LOC107775961 Nitab4.5_0004862g0070.1 NW_015901231.1
(12262..17390) XM_016595768.1 2295 XP_016451254.1 488 probable polyamine

oxidase 2 NtPAO2B

LOC107799822 Nitab4.5_0007665g0030.1 NW_015931733.1
(28305..34373, XM_016622969.1 2300 XP_016478455.1 490 probable polyamine

oxidase 2 NtPAO2C

LOC107800087 Nitab4.5_0001374g0220.1 NW_015932137.1
(603..6066, XM_016623232.1 2199 XP_016478718.1 495 probable polyamine

oxidase 4 NtPAO4A

LOC107775720 Nitab4.5_0000091g0280.1 NW_015900952.1
(12745..17683 XM_016595473.1 1492 XP_016450959.1 416 probable polyamine

oxidase 4 NtPAO4B

LOC107761719 Nitab4.5_0003412g0030.1 NW_015874368.1
(104479..111727 XM_016579980.1 2802 XP_016435466.1 495 probable polyamine

oxidase 4 NtPAO4_C

LOC107812697 Nitab4.5_0000483g0140.1 NW_015954488.1
(6193..10774) XM_016637848.1 2094 XP_016493334.1 399 probable polyamine

oxidase 4 NtPAO4D

LOC107813795 Nitab4.5_0004978g0010.1 NW_015789106.1
(85803..87734) XM_016639103.1 1932 XP_016494589.1 536 probable polyamine

oxidase 5 NtPAO5A

LOC107765565 Nitab4.5_0016456g0010.1 NW_015794575.1
(4084..5978, XM_016584233.1 1895 XP_016439719.1 531 probable polyamine

oxidase 5 NtPAO5B

LOC107791914 Nitab4.5_0003310g0050.1 NW_015920426.1
(26034..28297, XM_016614062.1 2264 XP_016469548.1 533 probable polyamine

oxidase 5 NtPAO5C

LOC107767845 Nitab4.5_0000095g0080.1 NW_015887926.1
(167021..169486 XM_016586944.1 2466 XP_016442430.1 539 probable polyamine

oxidase 5 NtPAO5D

LOC107778196 Nitab4.5_0008523g0010.1 NW_015903755.1
(63036..64820) XM_016598410.1 1785 XP_016453896.1 543 probable polyamine

oxidase 5 NtPAO5E

https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=4097
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=4097
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3.2. Expression Analysis Indicates the Subfunctionalization of Parental PAO-Coding Genes in the
Hybrid Tobacco

The hybridization of the parental species of allopolyploid tobacco was a recent event,
dating back to 200,000–800,000 years [29,31]. This is why the conservation of the amino
acid sequence of the N. tabacum, N. sylvestris, and N. tomentosiformis PAO proteins is very
high (95–100%; Figure 2B). To investigate whether, at this high degree of similarity of coded
proteins, the parental genes have similar or different functions in the plant’s developmental
and environmental responses, the expression pattern of the 14 N. tabacum PAO-coding
genes was investigated using qRT-PCR.

3.3. Organ-Specific Expression of 14 NtPAOs

Samples were collected from four different tobacco tissues (leaf, stem, flower, and
root). The relative mRNA levels of the N. tabacum PAO genes in these organs are shown
in Figure 4 in reference to their average levels in all organs. It can be stated in general
that most of the genes exhibit differentially regulated expression in the various organs and
have outstanding relative mRNA levels only in one or two organs. There is no overall
correlation between the mRNA levels, or the organ specificity, and the parental origin
of the genes. Genes with different parental origins might exhibit similar or contrasting
expression in the same organ. While the mRNA levels of NtPAO1A are higher in the stem
and flowers and lower in the leaves and roots, they show an opposite trend for NtPAO1B.
The NtPAO2A and NtPAO2B genes are both strongly expressed in the stem and weakly
in the root. In the leaves and flowers, they show somewhat opposite regulation since
NtPAO2A is more strongly expressed in the flowers than in the leaves, while NtPAO2B has
a very strong expression in the leaves and only below-average expression in the flowers.
NtPAO2C, the extra PAO2-coding gene copy of tobacco, has an expression pattern like
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that of NtPAO2A. All NtPAO4 genes show outstanding expression in the flowers, but
NtPAO4C also has paramount expression in the leaves as well. Interestingly, in contrast to
NtPAO4C, NtPAO4D is hardly expressed in the leaves, while these two genes have very
similar expression levels in the roots, stem, and flowers. Four out of five NtPAO5-coding
genes exhibit strong relative expression in the stem and very low in the roots, while the
fifth (NtPAO5E) has a high expression level in the roots, and low expression in the stem.
All PAO5-coding genes are expressed at or below an average level in the flowers, while all
of them have at least an average-level expression in the leaf, with NtPAO5C exhibiting an
outstandingly high mRNA level in this organ. It is also of note that most of the genes have
lower-than- or close-to-average expression in the roots, except for NtPAO5E, which has the
highest expression in this organ.
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Figure 4. Relative mRNA level of Nicotiana tabacum PAO genes in different tobacco organs. Genes of
potential Nicotiana tomentosiformis origin are underlined, while those of Nicotiana sylvestris are not.
The NtPAO2C gene potentially originating from Nicotiana otophora is highlighted in bold. The analysis
was performed using quantitative real-time RT-PCR. For gene expression normalization, the mRNA
level of NtActin97-like was used. The mRNA level in all four organs was averaged for each gene and
served as reference (relative mRNA level = 1 as highlighted by the dashed lines). Data were averaged
from three independent biological experiments with three technical replicates each. Standard errors
are shown on the columns. The significance of difference between sets of data was determined using
one-way analysis of variance (ANOVA) following Duncan’s multiple-range tests; a p-value of less
than 0.05 was considered significant as indicated by different letters.

3.4. Expression Changes of Tobacco PAOs in Response to Abiotic Stress Treatments

It has been demonstrated in several studies that the transcript levels of PAO genes
change upon abiotic stresses, contributing to plant adaptation [8,9,15,21,48,49]. The effect
of different abiotic stress treatments (heat, cold, NaCl, H2O2) on the expression of the
14 tobacco PAO-coding genes was tested to reveal their specific involvement in stress
responses. Figure 5 shows that only a handful of NtPAO genes responded to the stress
treatments but with remarkable specificity. The heat shock of 42 ◦C induced the NtPAO2A
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and NtPAO2B as well as the NtPAO4C and NtPAO4D pairs of genes with different ori-
gins, as well as the NtPAO5E gene, which was potentially inherited in the tobacco from
N. tomentosiformis and has no N. sylvestris homeolog in the tobacco genome. Interestingly,
heat quickly deregulated the expression of several PAO-coding genes, and the NtPAO4A
and NtPAO4B genes were different in this respect. Neither of the NtPAO1 genes was re-
sponsive to heat. Cold had a more profound effect on NtPAO gene expression, augmenting
the mRNA level of 8 of the 14 genes, including all 4 NtPAO4-coding ones (Figure 5). One
of the NtPAO2A-NtPAO2B, NtPAO5A-NtPAO5B, and NtPAO5C-NtPAO5D pairs showed
cold induction, while the others did not. This is not in correlation with the genes’ supposed
origin. While all NtPAO4-coding genes are activated by cold, all of them are downregulated
by salt (Figure 5). The NtPAO5E gene shows the same pattern. The NtPAO2B, NtPAO2C,
NtPAO5B, and NtPAO5C genes exhibit strong induction in response to salt stress, with the
other homeologs not showing a similar induction. Several of the NtPAO genes strongly
responded to H2O2, among which NtPAO5A showed almost a 20-fold induction within
three hours (Figure 5). All three NtPAO2 genes exhibited a positive response, while among
the NtPAO4 ones, only NtPAO4A did. The NtPAO5B and NtPAO5E genes were also induced,
while the expression of NtPAO5B showed no change, but that of NtPAO5D was reduced
in response to oxidative stress. It is of note that the NtPAO1-coding genes were hardly
responsive to H2O2, as well as to the other stress treatments.
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Figure 5. Expression profiles of NtPAO genes in tobacco leaves in response to abiotic and stress
treatments (heat at 42 ◦C; cold at 4 ◦C; 150 mM NaCl, 5 mM H2O2). Genes of potential Nicotiana
tomentosiformis origin are underlined, while those of Nicotiana sylvestris are not. The NtPAO2C gene
potentially originating from Nicotiana otophora is highlighted in bold. The analysis was performed
using quantitative real-time RT-PCR. For gene expression normalization, the mRNA level of the
NtActin97-like gene was used. The mRNA level of untreated leaves was used as a control (relative
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mRNA level = 1, shown by black columns). Data were averaged from three independent biological
experiments with three technical replicates each. Standard errors are shown on the columns. For
significance analysis Student’s t-test was used (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).

3.5. Expression Responses of Tobacco PAO-Coding Genes in Response to Phytohormones

To have an even wider view about the regulation of NtPAO genes, different phyto-
hormone treatments were applied to tobacco leaves for a three-hour duration and then
changes in the relative transcript levels of NtPAOs were examined (Figure 6). The abscisic
acid treatment had a profound effect on the NtPAO gene expression in the leaves, strongly
reducing the expression of 9 out of the 14 genes and elevating approximately three-fold
the mRNA level of 3 others. The expression of the NtPAO2- and the NtPAO4-coding
genes exhibited contrasting patterns in response to this hormone with induced expres-
sion of NtPAO2A but reduced expression of NtPAO2B, and hardly affected NtPAO2C; it
elevated expression of NtPAO4A and NtPAO4C but lowered expression of NtPAO4B and
NtPAO4D. Interestingly, all three ABA-induced genes are of N. sylvestris origin. Kinetin
influenced NtPAO gene expression to a lesser extent. This hormone moderately elevated
the mRNA levels of the NtPAO4A, NtPAO4D, and NtPAO5C genes and lowered those of
the NtPAO1- and NtPAO2-coding ones (except NtPAO2C, which was not affected). The
auxin hormone, IAA, strongly induced the expression of NtPAO5E, while inhibiting that of
NtPAO5A. IAA moderately elevated the mRNA levels of the NtPAO2-coding genes, and
those of NtPAO4C and NtPAO4D. GA3 also had a differential effect on the tobacco PAO
genes. Among the PAO2-coding genes, only NtPAO2C responded to the GA3 treatment
with an almost four-fold increase. Considering the PAO4-coding genes, the expression
of NtPAO4B and especially NtPAO4D (both of N. tomentosiformis origin) was elevated by
GA3. The mRNA levels of NtPAO5A, NtPAO5B, and NtPAO5E were reduced while those of
NtPAO5C and NtPAO5D were augmented in response to this hormone.
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potentially originating from Nicotiana otophora is highlighted in bold. For gene expression normal-
ization, the mRNA level of NtActin97-like gene was used. The mRNA level of untreated leaves was
used as reference (relative mRNA level = 1 shown by the black columns). Data were averaged from
three independent biological experiments with three technical replicates each. Standard errors are
shown on the columns. For significance analysis, Student’s t-test was used (* p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001).

4. Discussion

For many years, tobacco breeders have strived to reduce nicotine and related alkaloid
levels, resulting in the development of breeding lines with a low alkaloid content. To
reach this goal, scientists, through extensive research based on traditional breeding and
molecular biology approaches, have gained insight into the nicotine biosynthetic pathway
in tobacco plants and its regulation [50]. It was revealed that tobacco alkaloids are syn-
thesized from amino acid precursors, among others, via polyamine metabolism due to
the activity of the enzyme, putrescine n-methyltransferase (PMT) [46,51]. In addition, a
crosstalk between polyamine and alkaloid (nicotine) metabolisms has been established:
augmented polyamine levels in low-alkaloid tobacco (Burley 21) were shown to impair leaf
ripening [52]. An understanding of polyamine metabolism in tobacco might provide clues
to achieve a balance between alkaloid and polyamine metabolism in low-nicotine varieties.
However, the polyploid nature of tobacco strongly increases the complexity of metabolic
regulation, including the metabolism of tri- and tetraamines by the 14 polyamine oxidase
(PAO) enzymes.

Here, we provide gene expression data for the members of the PAO gene family of
tobacco. These data support the diversification of the gene expression patterns of the
homeologous genes of tobacco, as well as that of the paralogous genes originating from
earlier gene duplication events in ancient angiosperms [26].

4.1. The PAO Genes of the Allotetraploid Hybrid N. tabacum Do Not Exactly Match the
Parental Sequences

Polyploidy is a major contributor to plant evolution, as verified by recent genomic
data revealing that all angiosperms, despite their present genome size and chromosome
numbers, have experienced whole-genome duplications multiple times [53]. The Nicotiana
genus is a good example, having 76 species, approximately half of which are polyploid [54].
For example, N. tabacum is an allotetraploid species (2n = 4x = 48) derived from the
cross between the ancestral relatives of N. sylvestris (2n = 2x = 24) and N. tomentosiformis
(2n = 2x = 24), donors of the maternal S-genome and the paternal T-genome, respectively.
N. tabacum was formed less than a million years ago and thus represents an early stage of
diploidization [31]. Despite the changes that have occurred in the repetitive fraction of the
N. tabacum genome since its formation, most of the genic sequences have remained present
in duplicate [54]. In agreement, we identified 14 PAO-coding genes in the tobacco genome
(Table 1).

The PAO enzymes are important catalysts of polyamine catabolism, indirectly but
significantly influencing plant development and adaptation [20]. Plant PAOs exhibit great
diversity in terms of subcellular localization, substrate preference, and reaction products,
comprising at least four subfamilies with distinct structural and functional features, one of
which predominantly includes the PAOs of monocotyledonous plants [20,26]. The number
of PAO genes varies among different plant species due to multiple gene duplication and
gene loss events that have occurred during evolution [26]. Therefore, the representation
of the various PAO subfamilies is often characteristic of a given plant taxon. Arabidopsis
has five coding genes for members of the three subfamilies of dicotyledonous plant PAOs,
such as the cytoplasmic AtPAO1; the group of peroxisomal AtPAO2, AtPAO3, and AtPAO4
proteins falling into the same subfamily; and the cytoplasmic AtPAO5. The coding genes
for AtPAO2- and AtPAO4-like proteins diverged along with the origin of angiosperms [26].
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As such, in the scientific literature, angiosperm PAOs are classified into four groups: PAO1
(AtPAO1-like), PAO2 (AtPAO2-like including AtPAO3), PAO4 (AtPAO4-like), and PAO5
(AtPAO5-like).

To define the parental origin of the homeologous tobacco PAO genes, the genomic
PAO-coding sequences of N. tabacum, N. sylvestris and N. tomentosiformis were identified
based on sequence homology with the coded proteins of Arabidopsis PAOs and each
other. We identified 14 N. tabacum, and 7 N. sylvestris and 7 N. tomentosiformis PAO-coding
gene sequences in agreement with their allopolyploid and diploid nature, respectively. In
comparison to Arabidopsis, where the PAO2 gene was duplicated (designated as AtPAO2
and AtPAO3), in the diploid Nicotiana species, there is one PAO2 gene, but two PAO4
and three PAO5 genes, respectively, indicating different gene duplication or gene loss
events taking place after the diversification of the Superrosid and Superasterid clades. The
S. lycopersicum genome also codes seven different PAO proteins [21] like the diploid N.
sylvestris and N. tomentosiformis species. However, in the Nicotiana species, one of the PAO5
genes was duplicated, thus having three genes in this group, but it has only one PAO2
gene, while in S. lycopersicon, there are duplicated PAO2 genes and two PAO5 genes. This
indicates further diversification of the PAO gene family during the evolution of Solanaceae.
Our study highlights that this diversification continued within the Nicotiana genus. Despite
the fact that the parental N. sylvestris and N. tomentosiformis genomes have 7 PAO genes and
their hybrid N. tabacum has 14, the tobacco genome was found to code more PAO2-coding
and fewer PAO5-coding genes than would be expected from summing up the parental
sequences. The sequence similarity indicated the loss of one of the N. sylvestris genes for the
PAO5-like protein. The origin of the gene coding for the extra PAO2-like protein (NtPAO2C)
needs explanation since it has low similarity to the N. sylvestris and N. tomentosiformis PAO2
genes as well. It was found that this gene shows a high percentage of identity (92.3%)
with an N. otophora PAO2-like nucleotide sequence. Interestingly, the study of another
gene family coding for enzymes involved in polyamine metabolism, namely putrescine
N-methyltransferases (PMTs), also revealed the presence of N. otophora genes in the tobacco
genome [46]. Among the five PMT-coding genes, three were found to originate from N.
sylvestris, one from N. tomentosiformis, and one from N. otophora. There are indications that
N. othophora might also have contributed to the N. tabacum genome as a third parental
species [29,45–47]. The evolutionary origin of N. tabacum resulting from a cross involving
N. sylvestris and an introgressed hybrid between N. tomentosiformis and N. otophora was
suggested as a possible scenario. Our finding that the N. tabacum genome has an extra
PAO2 gene copy highly similar (above 92% identity) to the N. othophora genomic sequences
provides further evidence to support the above scenario. It was also suggested that parts of
the tobacco genome unmapped by either N. sylvestris or N. tomentosiformis reads represent
introgressions from other Nicotiana species as a consequence of commercial breeding for
disease resistance [29].

4.2. The Expression Patterns of PAO-Coding Genes in Tobacco Exhibit Diversification in
Comparison to Other Dicotyledonous Species

Our gene expression analysis revealed organ specificity as well as diversified hormone
and stress responses for the members of the PAO gene family in tobacco. This is in agree-
ment with findings in other plant species [14,15,21,48,49,53,54]. However, the expression of
gene coding for even the same type of PAO enzymes is highly divergent among species.
For example, the PAO1-coding gene of Arabidopsis (AtPAO1) has a strong expression peak
in flowers [14], unlike the S. lycopersicon SlPAO1 gene, exhibiting ubiquitous expression
at a low level [21]. Considering their expression patterns, NtPAO1A resembles AtPAO1
while NtPAO1B resembles SlPAO1 (Figure 4). The AtPAO2 and AtPAO3 genes both have
the highest expression in flowers [14]. The tomato PAO2-coding genes SlPAO2 and SlPAO3
exhibited high and more or less ubiquitous expression in all organs with peak expression
in flowers [21]. However, none of the three PAO2-coding genes of tobacco showed the
highest relative expression in flowers (Figure 4). In contrast, all PAO4 genes have elevated
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expression in flowers, and low expression in roots (Figure 4), but AtPAO4 has a strong and
rather global expression pattern [14], similar to the SlPAO4 gene of tomato [21]. While the
PAO5-type genes in Arabidopsis and tomato exhibit a rather ubiquitous expression in all
organs [14,21], the five PAO5 genes of tobacco have a rather diverse expression pattern
(Figure 4).

The involvement of PAO genes in stress responses is well known [8,9,15,20,21,49,54–56].
During cold, heat, salt, and H2O2 stresses, a specific expression pattern of NtPAO genes
could be observed in the treated leaves (Figure 5). The NtPAO1A and NtPAO1B genes
proved to be the least responsive to the applied stress treatments. In tomato, however, the
SlPAO1 gene exhibited a transient increase in its expression under several stress treatments,
including heat, salt and wound [21]. It is of note that in the tomato experiments, samplings
were made at earlier time points. If we consider this, only the heat response shows contra-
dictory results; however, the heat shock was applied differently (leaves treated in a water
bath versus seedlings treated in a growth chamber) in the two studies.

Involvement of the clade IV genes of Arabidopsis (AtPAO3) and tomato (SlPAO3-5)
was reported in the cold and heat responses [21,23]. In agreement, tobacco NtPAO2A,
NtPAO2C, NtPAO4C, and NtPAO4D were responsive to heat, while NtPAO2C and all
NtPAO4A-D genes were responsive to cold (Figure 5), suggesting the involvement of these
tobacco genes for peroxisomal PAOs in thermoregulation. The regulatory role of PAOs
during salt stress has been reported in several studies [8,21,55–57]. The Arabidopsis double
mutant atpao1 atpao5, which is not able to produce none of the cytoplasmic PAO proteins,
was found to be tolerant to salinity in contrast to the atpao2 atpao4 double mutant, which
is compromised in the synthesis of peroxisomal isoforms [57]. The Arabidopsis AtPAO5
gene was found to be strongly induced by salt stress and the loss of its function increased
salt stress tolerance according to another study as well [56]. The gene expression of the
NtPAO2B and NtPAO2C genes as well as NtPAO5B and NtPAO5C were upregulated by salt
stress in tobacco (Figure 5), indicating that peroxisomal and cytoplasmic PAOs might also
be involved in the salt response, albeit with unknown roles. In tomato, the SlPAO3 and
SlPAO5 genes also both showed significantly elevated expression in response to salt [21].
Our gene expression data support the view that the various tobacco PAO enzymes have
rather diverse roles in stress responses. PAOs have an intricate relationship with H2O2 as
they themselves contribute to H2O2 production and their gene expression might be either
negatively or positively regulated by oxidative stress [20]. The NtPAO5A gene uniquely
exhibited a very strong and rapid induction in response to H2O2 stress, which also induced
a more moderate but significant increase in the expression of several other tobacco PAO
genes. (Figure 5). The stress-related downregulation of several NtPAO genes (such as
NtPAO4A, NtPAO5A, and NtPAO5B using heat or NtPAO4A, NtPAO4B, and NtPAO4D
using salt; Figure 5) can help the cells to avoid additional PAO-dependent H2O2 generation
under stress conditions, which themselves cause H2O2 accumulation [20]. The uncontrolled
feedback regulation between the H2O2-generating PAO and NADPH-oxidase enzymes
leads to cell death [8].

One reason for the species-specific gene expression patterns can be that, within the
same group, the PAO enzymes have similar biochemical activity, and following gene dupli-
cation, the paralogs independently evolved in different species, gaining distinct expression
patterns. It also must be considered, however, that the gene expression experiments with
the various species were not carried out under the same conditions and therefore might
also reflect the sensitivity of the genes to the growth conditions.

4.3. The Expression Pattern of Homeologous PAO Genes Exhibit Signs of Subfunctionalization

Analysis of the tobacco leaf transcriptome indicated that a high percentage of the
parental genes maintained a conserved expression in tobacco [32]. In approximately 6% of
all transcribed genes, the transcripts of only one of the homeologous genes were detected.
It remained, however, unknown whether this was the result of gene loss, silencing, or
subfunctionalization. Upon expression of both homeologs, only 15% exhibited differential
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expression, thus providing limited evidence for the subfunctionalization of the parental
genes. However, in the absence of a broader gene expression analysis, the significance of
subfunctionalization might be underestimated. All 14 PAO genes of tobacco were found to
be expressed, indicating that their expression is regulated in a way that prevents potential
harmful consequences of the increased gene dosage. Considering organ specificity, signs
of subfunctionalization could be observed for the homeologous gene pair of NtPAO1A
and NtPAO1B, exhibiting opposite relative gene expression in all organs (Figure 4). In
other cases, the preferential or minimal expression of one of the homeologous genes in
one specific organ in contrast to its gene pair could be observed, such as the high relative
expression of NtPAO2B in the leaves in comparison to NtPAO2A, the minimal expression of
NtPAO4D in the same organ in comparison to that of NtPAO4C, the strongly root-specific
expression of NtPAO5E in comparison to all the other four NtPAO5 genes, and so on
(Figure 4). Preferential organ-specific expression of genes dependent on their parental
origin could not be observed.

Under stress conditions, some of the homeologous gene pairs exhibited similar reg-
ulation, such as NtPAO1A/NtPAO1B and NtPAO4C/NtPAO4D, while in other cases only
one of the homeologous genes showed responsiveness (Figure 5). For example, NtPAO2B
but not NtPAO2A responded to salt and cold, although both reacted similarly to heat and
H2O2. Similarly, NtPAO4A and NtPAO4B responded in opposite ways to heat, cold, and
oxidative stress, but similarly to salt stress. Interestingly, the NtPAO5A gene exhibited
strong induction in response to H2O2 and cold stress, but not to salt, and its expression was
hardly detectable in the heat-treated leaves. In contrast, the homeologous NtPAO5B gene
exhibited moderate salt and H2O2 responsiveness but not cold responsiveness, and was
downregulated by heat similarly to NtPAO5A. Altogether, the data indicate the diversifica-
tion of the gene expression of the homeologous genes, which might also be a sign that their
subfunctionalization has begun.

This is also supported by their gene expression responses in hormone-treated leaves
(Figure 6). The NtPAO1A and NtPAO1B genes responded the same way to each of the
four investigated hormones. ABA upregulated NtPAO2A, NtPAO4A, and NtPAO4C and
downregulated NtPAO2B, NtPAO4B, and NtPAO4D. Interestingly, all the upregulated
genes are of N. sylvestris origin and the downregulated ones are those derived from N.
tomentosiformis (Figure 6). The NtPAO5 genes showed a high variability in their hormonal
responses without correlation to their origin. The strong auxin-induced expression of the
root-expressed NtPAO5E gene, with no homeologous counterpart, is of note.

5. Conclusions and Outlook

Although the allotetraploid N. tabacum is a result of a recent hybridization event at
an evolutionary scale, its gene family coding for polyamine oxidases (PAOs) has gone
through some rearrangements. One parental PAO5 gene copy has been lost from its genome
while, curiously, it has an extra copy of the PAO2 gene sequence (NtPAO2C). The se-
quence homology of this latter is a further piece of evidence that N. otophora somehow
contributed to the formation of N. tabacum in addition to the maternal N. sylvestris and
paternal N. tomentosiformis species. Interestingly, N. otophora was found to contribute
to the polyamine metabolism of tobacco with another gene coding for putrescine n-
methyltransferase. Whether it is only a coincidence or the N. otophora genes implicated in
polyamine metabolism were retained in the tobacco genome due to evolutionary reasons is
of future research interest.

The presented gene expression analysis indicates that the gene paralogs formed by
gene duplication events during the evolutionary history of angiosperms and the Solanaceae
family, as well as the homeologous gene pairs resulting from the hybridization event, often
exhibit diverse gene expression patterns, highlighting earlier, as well as ongoing, subfunc-
tionalization of the related genes. The N. tabacum genome expresses all 14 PAO-coding
genes, and parental-specific gene expression patterns could only be observed in the case
of the abscisic-acid-controlled expression of genes controlling peroxisomal PAO isoforms
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(PAO2 and PAO4 enzymes). Since the subfunctionalization of N. tabacum PAO genes is still
at an early stage, one can suppose that the biochemical and functional characteristics of
the proteins with 98–100% amino acid similarities have not changed yet. However, the
knowledge gained about the organ specificity and the stress/hormone responsiveness of
PAO gene homeologs can help to elaborate strategies to fine-tune polyamine metabolism to
improve alkaloid production, development, or stress resilience in tobacco.
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