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Abstract: The polyamine uptake transporter (Put), an important polyamines-related protein, is
involved in plant cell growth, developmental processes, and abiotic stimuli, but no research on
the Put family has been carried out in the tomato. Herein, eight tomato Put were identified and
scattered across four chromosomes, which were classified into three primary groups by phylogenetic
analysis. Protein domains and gene structural organization also showed a significant degree of
similarity, and the Put genes were significantly induced by various hormones and polyamines. Tissue-
specific expression analysis indicated that Put genes were expressed in all tissues of the tomato. The
majority of Put genes were induced by different abiotic stresses. Furthermore, Put2 transcription was
found to be responsive to salt stress, and overexpression of Put2 in yeast conferred salinity tolerance
and polyamine uptake. Moreover, overexpression of Put2 in tomatoes promoted salinity tolerance
accompanied by a decrease in the Na+/K+ ratio, restricting the generation of reactive oxygen and
increasing polyamine metabolism and catabolism, antioxidant enzyme activity (SOD, CAT, APX,
and POD), and nonenzymatic antioxidant activity (GSH/GSSG and ASA/DHA ratios, GABA, and
flavonoid content); loss of function of put2 produced opposite effects. These findings highlight that
Put2 plays a pivotal role in mediating polyamine synthesis and catabolism, and the antioxidant
capacity in tomatoes, providing a valuable gene for salinity tolerance in plants.

Keywords: polyamine uptake protein; Put2; antioxidants; reactive oxygen species; salt stress; tomato

1. Introduction

Polyamines, one of the organic polycations, are abundant in various plant organisms
and are involved in various cellular processes such as cell growth, nucleic acid stability, and
protein synthesis [1,2]. The most abundant polyamines in plant cells, diamine putrescine,
triamine spermidine, and tetraamine spermine, are strongly associated with plant responses
to biotic and abiotic cues [3,4]. Manipulation of putrescine, spermidine, and spermine
by chemical or genetic means is essential for many developmental processes [5,6]. The
crucial roles of polyamine synthesis and metabolism in response to numerous stresses have
been demonstrated by genetic manipulation [7]. Intracellular polyamine pools are critical
for the intermediary part of nitrogen metabolism, and also crosstalk with other metabolic
pathways, such as hormones, small molecule signals, and stress-response complexes [8,9].

Besides, increasing evidence indicates that the uptake of polyamine plays essential
functions in coordinating the response of plants to a variety of environmental stresses. A
salt-sensitive cultivar of rice supplied with putrescine in roots exhibited an increased grain
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yield [10]. The arginine decarboxylase (adc) mutant in Arabidopsis showed hypersensitivity to
low-temperature stress, but the tolerance was enhanced after being fed putrescine in adc
mutants [11]. These studies show that polyamine transport could be an important compo-
nent of diverse environmental protection. In Arabidopsis, methyl viologen 1 (At5g05630,
AtRMV1), a L-type amino acid transporter, was recently found to be a protein important
for paraquat (PQ) and uptake of polyamine [12]. The Arabidopsis mutant (AT1G31830,
pqr2/AtPut2) also encodes a polyamine transporter and negatively responds to ABA
signaling [13,14]. The protective influences of polyamine in opposition to PQ toxicity
are partly attributed to transport interactions between polyamines and PQ because both
have similar uptake characteristics. In addition, the paraquat resistant1 (pr1) mutant exhib-
ited inefficient absorption of PQ [13]. The put5 plants produced fewer flowers, flowered
earlier, and had smaller leaves than wild-type (WT) plants, while the OsPut1 or OsPut3
over-expression plants showed a buildup of spermidine and conjugated-spermidine in
leaves, larger leaves, more flowers, and a delay in the flowering time, which is implicated
in polyamine transport [15]. The rice OsPut1/2/3 mutant was created by CRISPR/Cas9
gene editing, and the OsPut1/2/3 mutant increases PQ tolerance without significant yield
loss [16]. Moreover, OsPut1-OsPut3 was shown to have a high affinity for spermidine
uptake through the substrate assay with a yeast polyamine uptake mutant (agp2∆), and
AtPut1-AtPut3 has similar properties [17]. However, much less attention has been paid to
transport proteins in plants. To our knowledge, very little has been unraveled regarding
the tomato polyamine uptake protein (Put) family and their functions in abiotic stress.

The tomato is one of the world’s most significant cash crops and is sensitive to biotic
and abiotic pressures such as salt stress, low and high temperatures, and so on. These
unfavorable environmental factors seriously compromise tomato growth and yield. Under
stressful conditions, polyamine anabolism and catabolism have been found to have im-
portant roles involving a multitude of mechanisms [18]. For example, polyamine oxidase,
arginine decarboxylase, S-adenosylmethione synthetase, and spermine synthase act as
critical mediators in multiple stress conditions [19–23]. To date, it has been widely accepted
that polyamine acts as a crucial antioxidant in plants [24]. The increase of endogenous
polyamines levels saves cells by eliminating reactive oxygen species (ROS) and boosting
the antioxidant capacity in response to oxidative stress [25]. Nevertheless, the implications
of Put in response to environmental stresses remains elusive. In particular, the role of
Put in polyamine anabolism and catabolism, as well as in antioxidant activity, remains
largely unknown. In this study, by identifying and characterizing members of the Put
gene family in the tomato, a family known for polyamines uptake, we unraveled that Put2,
a candidate of the Put family, had a favorable function in salt tolerance via modulating
polyamine metabolism and antioxidants. This study sheds fresh light on the important
role of Put-mediated polyamine homeostasis in tomatoes, as well as its significance for
plant fitness.

2. Material and Methods
2.1. Indentation and Sequence Analysis of the Tomato Put Family

The protein sequence of tomato Put and Arabidopsis AtPut were downloaded from the
NCBI (http://www.ncbi.nlm.nih.gov/, accessed on 10 January 2022). The SGN database
(https://solgenomics.net/, accessed on 10 January 2022) was used to get the tomato (SL4.0)
reference genome sequence and annotations. We identified eight putative Put proteins
encoded in the tomato genome based on investigations of the Arabidopsis Put protein.
The eight Put genes in tomato were called by their chromosomal locations. Expasy, an
online software, was used to gather basic information for all Put proteins, including their
molecular weight (Mw) and isoelectric point (pI).

2.2. Alignment of the Protein Sequence and Phylogenetic Tree Construction

Using MEGA X, the protein sequences of Put in tomato, rice, and Arabidopsis were
aligned [26]. Poor alignment areas from all protein sequences were removed using the
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trimAl tool, and a phylogenetic tree was created using the maximum-likelihood (ML)
technique with the Poisson correction and 1000 bootstrap repetitions in IQ-TREE [27]. The
depiction of the phylogenetic tree was constructed by Evolview (www.evolgenius.info/,
accessed on 22 January 2022). A phylogenetic tree of the tomato Put protein was also built
independently. The Put protein sequences are provided in Supplemental data S1.

2.3. Analyses of Conserved Motifs, Conserved Domains, Cis-Acting Elements in Promoters, and
miRNA Prediction

The conserved motifs of the tomato Put proteins were performed by the MEME
tool (5.05) (http://meme.nbcr.net/meme/, accessed on 22 January 2022), and Pfam (http:
//pfam.xfam.org/, accessed on 22 January 2022) was used to predict the conserved domains
of the tomato Puts proteins. The promoter regions of Put were created using the 2.0 kb
genomic DNA sequence upstream of the translation start codon (ATG). PlantCare took
the cis elements from the Put promoter regions. In Supplemental data S2, the cis elements
are listed. The relevant data visualization was conducted using TBtools. According to the
targeted candidate, as described previously, the Put coding sequences were submitted to
the psRNATarget serve to predict the miRNAs (https://www.zhaolab.org/psRNATarget/,
accessed on 22 January 2022) [28]. The Puts protein’s transmembrane domains were
predicted using the TMHMM program [29].

2.4. Plant Material and Treatments

Three-week-old tomato (Solanum lycopersicum L. cv. Ailsa Craig) seedlings were
treated with different exogenous polyamines, hormones, and oxidative stress, or abiotic
stresses. Briefly, 2.0 mM Put, 1.0 mM Spd, or 2.0 mM Spm were sprayed over the seedlings;
for hormone treatments and oxidative stress, 100 µM ABA, 2 mM SA, 100 µM GA3,
40% ethylene (ETH), 100 µM paraquat, and water were also sprayed onto the tomato
plants, respectively. For RNA extraction, at 0, 30 min, 1, 3, 6, and 12 h, samples of leaves
were taken, accordingly. The control was the water treatment at 0 h.

We then investigated Put genes response to different abiotic stresses. Salt and drought
stress were initiated by irrigating the plants with 200 mM NaCl or 20% PEG6000 solution,
respectively. Tomato seedlings were subjected to 42 ◦C (high temperature), and 4 ◦C
(low temperature) for heat and cold stress, respectively. After, the treated samples were
respectively collected after 0, 30 min, 1, 3, 6, and 12 h; the samples at 0 h were used as
the control. In addition, tissues (root, stem, leaf, bud, flower, and fruit) were harvested
for investigation of tissue-specific expression. After each treatment, leaves from different
plants (three biological replicates) were quickly frozen in liquid nitrogen and kept at
−80 ◦C for further analysis.

2.5. Yeast Strain and Culture Conditions

The wild type (WT), G19 (∆ena1–4), failure to mediate Na+ uptake; CY162, the K+

uptake-deficient, and a yeast strain impaired in spermidine uptake, agp2∆ (strains obtained
from open biosystems, http://www.openbiosystems.com/GeneExpression/Yeast/ORF/,
accessed on 10 May 2022), were used to describe the potential transporter. The yeasts were
grown in YPD media at 28 ◦C. The yeast cells were converted using lithium acetate. Put1-8
coding sequences were respectively cloned into the pYES2 expression vector.

Wild type-empty vector and agp2∆-Put1-8 transformants were grown in yeast extract
peptone galactose (YPG) medium. Cell suspensions were serially diluted as OD600 of
0.6 for growth tests, and 5 µL aliquots were spotted onto YPG plates containing 25 mM
spermidine and 1.5 mM paraquat. After 3–4 days of incubation at 28 ◦C, the plates were
photographed. For polyamine transport assays, the yeast cells were harvested at the mid-
logarithmic phase, washed with ddH2O, and suspended in the YPG media at a dose of
108 cells/mL. One-hundred-microliter aliquots cells were transferred to the Eppendorf
tubes, and polyamine absorption was activated by the addition of Spermidine or Putrescine
at 25 µM concentrations. The absorption was inhibited by adding 1.5 mL of ice-cold uptake

www.evolgenius.info/
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buffer with excessive spermidine content at selected times, filtered by a 0.45 µm membrane,
and washed with 2 mL ice-cold ddH2O (three times) to remove the exogenous polyamines.
Polyamine determination in vivo was performed by an Agilent high-performance liquid
chromatography 1200 series system (HPLC, Agilent Technologies, Santa Clara, CA, USA).
Polyamines were obtained from Sigma-Aldrich (St Louis, MO, USA).

For salt tolerance assays, the final pYES2-empty and pYES2-Put1-8 vectors cultured in
G19 and CY162 were performed on SD-U (Synthetic Dextrose Minimal Medium without
Uracil) medium, and then diluted until the OD600 value = 0.6. 5 µL. Aliquots were spotted
onto YPG plates containing 100 mM NaCl and 0.1 mM KCl, respectively, and incubated
at 28 ◦C. No treatment was added for the control. After 3–4 days of incubation, the plates
were photographed. For Na+ and K+ uptake treatment, the empty and positive yeast were
incubated to OD600 = 1.0, the supporting was discarded, and 50 mL ddH2O was used to
wash the yeast. The yeast cells were obtained by centrifugation, followed by starvation
treatment with AP liquid medium without K+ and Na+. After starvation treatment, the
yeast cells were obtained by centrifugation and treated as follows: inoculating the yeast with
an AP liquid medium including 200 µM NaCl and 200 µM KCl, respectively. Subsequently,
the liquids were put on a 28 ◦C shaker (220 r/min), and 4 mL of bacterial solution was
taken every 10 min, centrifuged, and the supernatant was collected for analysis of Na+ and
K+ contents. Three biological replicates were made. The primers for vector construction
are listed in Supplemental data S3 (Table S1).

2.6. Plasmid Construction and Plant Transformation

The Put2-overexpression vector (full-length coding sequence of Put2) was constructed
as previously described [30]. Gene loss-function of put2 lines was generated through
gene editing approaches. To generate the CRISPR/Cas9 vector, the two target sequences
for put2 were designed using the online software CRISPR-GE (http://skl.scau.edu.cn/
targetdesign/, accessed on 22 January 2022), which were inserted into two single guide
RNA (sgRNA) expression cassettes through overlap PCR, followed by cloning into the
pYLCRISPR/Cas9Pubi-H vector via Golden Gate ligation method [31]. The confirmed
pFGC1008-Put2-3HA vector and pYLCRISPR/Cas9Pubi-H-put2 binary vector were trans-
formed into Agrobacterium tumefaciens strain GV3101 by electroporation after transgenic
plants were generated with Agrobacterium-mediated cotyledon transformation of Solanum
lycopersicum cv. Ailsa Craig via a method previously described [32]. Two separate ho-
mozygous T2 lines from mutation and overexpression lines were confirmed with Sanger
sequencing and qRT-PCR. The put2 mutants and Put2-OE plants were used in this study.
The primers for vector construction are listed in Supplemental data S3 (Table S1).

2.7. Salt Treatment and Salt Tolerance Assays

The tomato seedlings (WT, put2 mutants, and Put2 overexpression lines) were used for
salt tolerance experiments. After seed germination and two cotyledons full expansion, the
seedlings were cultured in 250 cm3 plastic pots filled with a peat-vermiculite combination (2:1,
v:v). The seedlings were placed in a greenhouse at 28 ± 2 ◦C/20 ± 2 ◦C (day/night) under a
maximum photosynthetic photon flux density (PPFD) of approximately 1200 µmol m−2 s−1

and a relative humidity of 70–80%. They were watered daily using Hoagland nutrient solution.
Three-week-old WT and transgenic tomatoes of uniform size and health growth status were
selected and subjected to salt stress treatment. The seedlings were treated by watering the
plants with 200 mL of 200 mM NaCl every other day for salt stress. The control treatment
was replaced with an equal amount of water. The salt stress treatment lasted for 7 days, and
pictures were captured. The maximum quantum yield of PSII (Fv/Fm) was examined with
the Imaging-PAM system (IMAG-MAXI; Heinz Walz, Effeltrich, Germany), as previously
described by Zhong et al. [30]. The relative electrolyte leakage (REL%), Na+, and K+ analysis
was performed as described previously by Zhong et al. [30]. The plants were enclosed in
envelopes and placed in an oven at 105 ◦C for 30 min, and then the oven temperature was
adjusted to 75 ◦C to obtain a permanent dry weight (DW).

http://skl.scau.edu.cn/targetdesign/
http://skl.scau.edu.cn/targetdesign/
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2.8. Determination of Polyamine Content

The free polyamines content was analyzed by Agilent 1200 High-performance Liquid
Chromatography (HPLC, Agilent Technologies, Santa Clara, CA, USA), as previously de-
scribed in Zhong et al. [33] with slight modifications. Frozen plant tissue (leaves sample,
0.5 mg) was ground with liquid nitrogen, used 10:1 (v/w) of extraction buffer (5% cold aque-
ous perchloric acid (PCA), w/w). Samples were incubated for 1 h at 4 ◦C, then centrifuged
at 15,000× g for 10 min at 4 ◦C. Volumes of 200 µL of collected supernatant were mixed
with 15 µL benzoyl chloride and incubated for 1 h at 60 ◦C in darkness conditions. Four
milliliters of saturation NaCl solution was used to quench the reaction and diethyl ether
was added; 5 mL cold ethyl acetate was then added to extract polyamines. Then, organic
layers were evaporated to dryness, redissolved in 100 µL methanol, and filtered with a
0.45 µm pore nylon filter. A volume of 25 µL extraction solution was used to determine
the endogenous polyamines levels. The mobile phase was with 64% (v/v) methanol and
had a flow rate of 0.8 mL min−1. Putrescine, spermidine, spermine, and cadaverine (Sigma,
St. Louis, MO 63178, USA) were chosen as standard samples and treated similarly.

2.9. Determination of PAO Enzymatic Activities and H2O2 Content

Amine oxidase was determined as previously described by Su et al. [34] and
Urra et al. [9]. Leaf samples (0.5 g) were ground with liquid nitrogen, homogenized
2:1 (v/w) in 100 mM sodium phosphate buffer (pH 6.5), and centrifuged at 12,000× g for
20 min at 4 ◦C. One-hundred-microliters of the recovered supernatant was mixed with the
3 mL reaction mix, which contained 2.5 mL sodium phosphate buffer (100 mM, pH 6.5),
200 µL 15 mM 4-aminoantipyrine/0.2% (v/v) N, N-dimethylaniline, 100 µL 250 U ml−1

peroxidase, and 100 µL 20 mM putrescine as a substrate. The CuAOPut, PAOSpm, and
PAOSpd were determined using Putrescine, Spermine, and Spermidine as substrates, re-
spectively. A 0.01 value of the changes in absorbance at 555 nm was assayed to one activity
unit of the PAO enzyme after being incubated for 30 min at 22 ◦C. Control samples without
polyamines were used to calculate these activities. Leaf H2O2 content was determined
by specific detection kits according to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China).

2.10. Antioxidant Assay

To assess the antioxidant enzyme activity, 0.5 g leaf samples were homogenized with
3 mL ice-cold 50 mM phosphate buffer (pH 7.8), which contained of 2 mM L-ascorbic acid,
2% (w/v) PVPP, and 0.2 mM EDTA. Then, the homogenates were centrifuged for 20 min at
12,000× g, and supernatants were collected to determine the enzyme activity. The activities
of SOD, CAT, APX, and POD were assayed as previously described [30]. AsA/DHA and
GSH/GSSG were measured as described by Zhong et al. [35]. The GABA content was
determined by the Berthelot reaction with some modifications [36]. Leaf samples (0.5 g)
were ground with methanol, centrifuged at 6000× g for 15 min, and the supernatant was
discarded. The sediment was dissolved in 1.5 mL ddH2O and heated in a water bath
at 50 ◦C for 2 h, followed by centrifugation for 15 min at 7000× g. A volume of 1 mL
supernatant was mixed with 100 µL 2 mol L−1 AlCl3 and oscillated, and then centrifuged
for 10 min at 12,000× g. The supernatant was added with 300 µL KOH and incubated
for 5 min, then centrifuged at 12,000× g for 10 min. The GABA content was measured
according to the following procedure: 300 µL supernatant was mixed with the reaction
mix, composed of 500 µL 0.1 mol L−1 sodium tetraborate (pH 10.0), 400 µL 6% phenol, and
600 µL 5% sodium hypochlorite. The solution was boiled for 10 min and then placed in
an ice bath for 5 min. Finally, the absorbance at 645 nm was measured after shaking the
solution with 2 mL 60% ethyl alcohol. The assessment of the total flavonoid concentration
was determined by Zhishen et al. [37], with some modifications. Dried leaf samples (0.5 g)
were homogenized with 2 mL 80% ethanol, and then added 300 µL 20 mol L−1 NaNO2;
3 mL 1 mol L−1 AlCl3 was added after 5 min, and after 6 min, 2 mL 1 mol L−1 NaOH was
added and mixed well. Finally, the absorbance was measured at 510 nm.



Antioxidants 2023, 12, 228 6 of 24

2.11. Analysis of Gene Expression

Total RNA was extracted with the RNAsimple Total RNA Kit (Tiangen, DP419) and
reverse transcribed with the HiScriptTM qRT SuperMix for qPCR (+gDNA wiper) kit
(Vazyme, Nanjing, China). The qPCR reaction was performed by the ABI VII7 real-time
PCR system (Applied Biosystems, Waltham, MA, USA). Actin was used as the tomato
reference gene. The qRT-PCR primers are listed in Supplemental data S3 (Table S2).

2.12. Statistics

The data are presented as the means ± SDs and were analyzed using SPSS 20 statistical
software. The experimental data were analyzed with Duncan’s multiple range test at p < 0.05.

3. Results
3.1. Identification of Tomato Put Family Genes

To analyze Put proteins, a query search against the tomato genome database was
accomplished using Arabidopsis and rice Put protein as the control search (Table 1). Eight
potential Put proteins with high sequence similarity to AtPut and OsPut were identified
and called Put1-8. They had CDs sizes ranging from 1077 bp (Put6) to 1605 bp (Put3), with
polypeptides of 359–535 amino acids. The theoretical isoelectric points (pI) of Put varied
from 5.41 (Put3) to 9.37 (Put8). The molecular weights (MW) of Put ranged from 40.28 (Put6)
to 58.8 (Put3) (Table 1). Additionally, all Puts were predicted to contain transmembrane
domains (Figure S1).

Table 1. Put gene identification and characterization in the tomato.

Gene Gene Code Chr Number Location on CHR CDS_Length AA_Length PI MW(KDa)

Put6 Solyc01g005920 chr1 611660-613377 1077 359 7.96 40.28
Put4 Solyc01g034080 chr1 33621254-33622666 1413 471 6.05 52.67
Put7 Solyc01g111800 chr1 90326196-90327818 1386 462 8.67 51.33
Put2 Solyc08g005540 chr8 411003-415969 1593 531 6.28 58.25
Put3 Solyc08g075710 chr8 57951470-57958170 1605 535 5.41 58.8
Put1 Solyc08g078100 chr8 60059627-60061033 1407 469 8.83 51.71
Put8 Solyc09g092420 chr9 67625291-67628225 1092 364 9.37 41.19
Put5 Solyc10g049640 chr10 45328007-45330412 1473 491 9.28 54.5

3.2. Analysis of the Phylogenetic, Chromosomal Distribution, Gene Structure, and Promoter
Sequences of Tomato Family Members

To better study the evolutionary relationships among the tomato Put protein sequences
and those of other plants, a phylogenetic tree was performed through the Neighbour-Joining
method. By comparing the protein sequences of the Put genes, three main groupings could
be distinguished. Two Put genes, Put4 and Put6, were included in Group I; Group II
only included Put5, and the remaining five genes (Put1, Put2, Put3, Put7, and Put8) were
classified into Group III (Figure 1A). According to their location, the chromosomal positions
of the Put genes were analyzed. Among these Put genes, three (Put4, Put6 and Put7) were
mapped to chromosome 1, and three (Put1, Put2 and Put3) were located on chromosome 8,
while Put5 and Put8 were located in chromosomes 9 and 10, respectively. These results
suggest an uneven distribution of these genes on chromosomes (Figure 1B).

To better analyze the evolutionary relationships in Put genes, the phylogenetic tree
was also constructed. Put1, Put2, and Put3 were observed to have a close evolutionary
relationship. A close evolutionary relationship was also found in Put7 and Put8, and Put4
and Put6, respectively. Interestingly, Put5 has a separate evolutionary branch. In addition,
their structural domains are highly conserved and contain the polyamine transport protein
PotE structural domain (Figure 1C). The Put family gene structure analysis was carried
out to learn more about their intron/exon structures. One intron was present in Put2
and Put5, two in Put3, while the other five (Put1, Put7, Put8, Put4, and Put6) were intron
deletion genes (Figure 1D). To investigate the feasible roles of Put family genes in different
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abiotic stress and developmental steps, we used the PlantCARE database to estimate the
presence of cis-acting elements in the promoter regions of the Put family. We obtained
cis-acting elements that are associated with stress, hormone, and light responsiveness.
Surprisingly, we only found five typical ethylene responsive motifs (ERE, GCC-box motifs)
in the promoter of Put2, but not in that of other Puts (Figure 1E).
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Figure 1. The characteristics of Put genes in the tomato. (A) Phylogenetic relationships of Put
genes in Arabidopsis, rice, and tomato. (B) Gene distribution within the tomato chromosomes. The
chromosome numbers are indicated on the left, and the position marked in the chromosome indicates
the location of Put genes. (C) The protein motifs and phylogenetic trees in the Put famous members.
(D) Gene structure of the Put family members in tomatoes. (E) Cis element distribution of the
Put genes.

miRNAs are an important kind of non-coding signal strand RNAs of around
22 nucleotides that are encoded by genes in the organism and are closely involved in
the regulation of genes in answer to various life processes and stresses. A total of 29 miR-
NAs targeting the polyamine transporter genes in the tomato are listed in Table 2, including
three sly-miRNAs targeting Put1 (sly-miR390a-5p, sly-miR390b-5p, and sly-miR6022); sly-
miR6024 and sly-miR6026 targeting Put2; sly-miR6023 and sly-miR1916 targeting Put3;
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six sly-miRNAs targeting Put4 (sly-miR9479-3p, sly-miR6024, sly-miR171c, sly-miR171a,
sly-miR9472-5p, and sly-miR9478-3p); sly-miR164a-5p and sly-miR164b-5p targeting Put5;
Put6 was targeted by sly-miR1917; six sly-miRNAs targeting Put7 (sly-miR156a, sly-
miR156b, sly-miR156c, sly-miR390a-5p, sly-miR396a-3p, and sly-miR6023); and three
sly-miRNAs targeting Put8 (sly-miR156a, sly-miR156b, sly-miR156c, sly-miR319b, sly-
miR319c-3p, sly-miR396a-3p, and sly-miR6023) (Table 2).

Table 2. Prediction of miRNAs targeting the Put genes in tomato.

miRNA Target Expectation Target_Site miRNA_Aligned_Fragment Alignment Target_Aligned_Fragment Inhibition

sly-miR1917 Solyc01g005920 4 400–420 AUUAAUAAAGAGUGCUAAAGU ::::::::::.::: ::.: CCUUUAGCACUUUUUUCUAGU Cleavage
sly-miR9479-3p Solyc01g034080 3.5 180–201 GAGAAUGGUAGAGGGUCGGACC : :: ::..:.:.:::::::. UGGCCCACUUUUUGCCAUUCUU Cleavage

sly-miR6024 Solyc01g034080 4 721–742 UUUUAGCAAGAGUUGUUUUACC ::.: ::::.:: :::::. CCGAAGAGAACUUUUCCUAAAG Cleavage
sly-miR171c Solyc01g034080 4.5 775–795 UAUUGGUGCGGUUCAAUGAGA :.::: ::.: :::.:::. GGUUAUUUAAUCCCACUAAUG Cleavage
sly-miR171a Solyc01g034080 5 964–984 UGAUUGAGCCGUGCCAAUAUC : : ::.:.:::: :::.: CUUUUAGGUAUGGCUGAAUUA Cleavage

sly-miR9472-5p Solyc01g034080 5 1262–1282 UUUCAGUAGACGUUGUGAAUA .::.:.::.: :::.:: :: CGUUUAUAAUGGCUAUUGCAA Translation
sly-miR9478-3p Solyc01g034080 5 1125–1145 UUCGAUGACAUAUUUGAGCCU :.:.:..:::::. :.:.: UAGUUUAGGUAUGUUUUUGGA Cleavage

sly-miR156a Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation
sly-miR156b Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation
sly-miR156c Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation

sly-miR390a-5p Solyc01g111800 5 1017–1037 AAGCUCAGGAGGGAUAGCACC : ::::.::.. ::: ::.:: GCUGCUGUCUUGCCUUAGUUU Translation
sly-miR396a-3p Solyc01g111800 5 682–702 GUUCAAUAAAGCUGUGGGAAG ::::.: .:::::::: :: AUUCCUAAGGCUUUAUUCUAC Cleavage

sly-miR6023 Solyc01g111800 5 599–620 UUCCAUGAAAGAGUUUUUGGAU :::.::: :: ::::. ::::: AUCUAAAUACACUUUUUUGGAA Cleavage
sly-miR6024 Solyc08g005540 5 880–901 UUUUAGCAAGAGUUGUUUUACC ::.: :::::: :::::. CCGAAGAAAACUCUGCCUAAAG Cleavage
sly-miR6026 Solyc08g005540 5 1181–1202 UUCUUGGCUAGAGUUGUAUUGC ... ::: ::::::.:..:: AUGGAACACCUCUAGUCGGGAU Cleavage
sly-miR6023 Solyc08g075710 4 824–845 UUCCAUGAAAGAGUUUUUGGAU :::..:: :::::::. ::::: AUCUGAAUACUCUUUUCUGGAA Cleavage
sly-miR1916 Solyc08g075710 5 526–545 AUUUCACUUAGACACCUCAA ::: :: ::.::::.:.: AUGAAAUGGCUGAGUGGAGU Cleavage

sly-miR390a-5p Solyc08g078100 3.5 778–798 AAGCUCAGGAGGGAUAGCACC :: :::::.::::.::::: : GGAGCUAUUCCUCUUGAGCAU Cleavage
sly-miR390b-5p Solyc08g078100 3.5 778–798 AAGCUCAGGAGGGAUAGCGCC :: :::::.::::.::::: : GGAGCUAUUCCUCUUGAGCAU Cleavage

sly-miR6022 Solyc08g078100 5 518–538 UGGAAGGGAGAAUAUCCAGGA : ::: :::::.::::... UACUGUCAAUUCUUCCUUUUG Cleavage
sly-miR156a Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR156b Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR156c Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR319b Solyc09g092420 5 1013–1033 UUGGACUGAAGGGAGCUCCCU ::: :. :::::::.::. UAGGAAGUUACUUCAGUUCAG Cleavage

sly-miR319c-3p Solyc09g092420 5 1013–1033 UUGGACUGAAGGGAGCUCCUU :::: :. :::::::.::. UAGGAAGUUACUUCAGUUCAG Cleavage
sly-miR396a-3p Solyc09g092420 5 538–558 GUUCAAUAAAGCUGUGGGAAG ::::.: .:::::::: :: AUUCCUAAGGCUUUAUUCUAC Cleavage

sly-miR6023 Solyc09g092420 5 455–476 UUCCAUGAAAGAGUUUUUGGAU :::.::: :: ::::. ::::: AUCUAAAUACACUUUUUUGGAA Cleavage
sly-miR164a-5p Solyc10g049640 5 1195–1215 UGGAGAAGCAGGGCACGUGCA ::.:: .:. ::::::..: GUCAUGUAUCUGGCUUCUUUA Translation
sly-miR164b-5p Solyc10g049640 5 1195–1215 UGGAGAAGCAGGGCACGUGCA ::.:: .:. ::::::..: GUCAUGUAUCUGGCUUCUUUA Translation

3.3. Responsiveness of Put Gene Expression under Hormone, Polyamine, and PQ Treatment

The hormones in the plant kingdom play crucial roles in plant growth and devel-
opment. Therefore, four different hormone-induced Put transcript-level changes were
analyzed. After ABA treatment, the expression of all Puts was induced at 30 min, while
that of Put2 and Put5 was induced after 6 h (Figure 2A). The expression of all Puts was
induced at 30 min after SA treatment, which were also upregulated in the later time points,
except for Put4 and Put6 (Figure 2A). In contrast, the transcripts of Put6, Put7, and Put8
were reduced initially following GA3 and ETH treatments, and ETH also reduced the
Put4 and Put5 expression, a GA3 induced both. Put2 and Put3 were reduced after GA3
treatment, and then induced after 6 h of treatment, Put1 was induced after GA3 and ETH
treatments (Figure 2A).

To examine the possible roles of Put genes in the tomato, transcripts of Puts after
three treatments with polyamines, including Spermidine, Putrescine, and Spermine, were
analyzed. Exogenous Spermidine treatment induced all Put genes, and Put2 was the
most obvious, followed by Put5 (Figure 2B). However, the expression of all Put genes
was reduced by Putrescine, and the reduction magnitude differed among them. After the
seedlings were treated with Spermine, all Put genes were upregulated, but reduced after
12 h treatment. Additionally, exogenous PQ treatment caused upregulation of all Put genes
similar to that of Spermidine treatment (Figure 2B).

3.4. Differential Expression of Put Genes during Abiotic Stress

Upon exposure to drought stress, the mRNA transcript of Put1–5 was rapidly induced,
and Put2 was the most significant, but other members were reduced (Figure 2C). Salinity
stress resulted in the downregulation of Put3, Put4, Put6, Put7, and Put8, and upregulation
of Put1, Put2, and Put5. Cold stress resulted in the most pronounced induction of Put4.
Furthermore, when the seedlings were submitted to heat stress, sustained and stable
upregulation of Put6 was observed, whereas two genes (Put7 and Put8) were reduced
post-treatment (Figure 2C).
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Figure 2. Expression patterns of Put genes in tomatoes under hormone, polyamine, paraquat,
or abiotic stress. (A) Heatmap representation of the responsiveness of Put genes after treatment
with ABA, SA, GA3, and ET. The scale (0 to 3) represents the expression level (from low to high).
(B) Heatmap representation of the responsiveness of Put genes after treatment with Spd, Put, Spm, and
PQ. The scale (0 to 3) represents the expression level (from low to high). (C) Heatmap representation
of the responsiveness of Put genes after drought, salt, cold, and heat treatment. The scale (0 to 3.5)
represents the expression level (from low to high). qRT-PCR was conducted after treatment, according
to the methods section. The expression of WT at 0 min in the different treatments was set to 1.

3.5. Expression Analysis of Put Genes in Different Tissues

To research the functions of the Put family of genes in the tomato, the expression pat-
terns of Put in various tissues (e.g., root, stem, leaf, bud, flower, and fruit) were performed
by qRT-PCR. As shown in Figure 3, the transcripts of Put2 and Put5 had high levels in the
leaves and roots, Put3 exhibited high levels of expression in the leaves and flowers, while
Put4 showed a high level of transcript expression in the roots and flowers. In addition,
all Put, except Put6, Put7 and Put8, were highly expressed in flowers. Subsequently, the
spatial expression pattern of Put2 and Put5 was analyzed by qRT-PCR in vegetative tissues
of WT plants with salt stress. Put2 and Put5 showed increased expression in organs of
plants under salt stress, with the highest level of Put2 transcripts in the leaves, and the
highest level of Put5 transcripts in the roots. After 7 days of salt treatment, the Put2 gene is
significantly more highly induced than Put5 in the leaves (Figure 3B,C).
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Figure 3. The expression profiles of the tomato Put family of genes in different tissues. (A) Heatmap
representation of the relative expression of Put genes in different tomato tissues. The scale (0 to 3)
represents the expression level (from low to high). (B,C) The spatial expression of Put2 and Put5
were performed by qRT-PCR in different organs of WT plants without NaCl (Control) and salt stress
(NaCl) (7 days salt treatment). The WT expression in the control condition was set to 1. The data in
B and C are presented as mean values ± SD; n = 3. Different letters indicate significant differences
between treatments (p < 0.05, Duncan’s multiple range test). Three independent experiments were
performed with similar results.

3.6. Functional Analysis of Put Genes in Yeast

To examine the potential function of these proteins in polyamine transport, cDNA
fragments containing the ORF were cloned and introduced into the yeast expression vector
pYES2, driving expression under the GAL1 promoter. High concentrations of polyamines or
paraquat are toxic to wild-type yeast strains, whereas mutant agp2∆ lacking the polyamine
uptake transporter protein impairs the sensitivity to the high concentration of polyamines.
The candidate positive polyamine transporter was introduced to the yeast mutant agp2∆.
The expression of polyamine transporter proteins (Put1, Put3, Put6, and Put7) did not
affect the phenotype of the agp2∆ mutant, however, among the eight Put proteins, Put2
and Put5 transformants were more sensitive than other Put transformants under 25 mM
Spermidine conditions. The expression of Put2 or Put5 in the agp2∆ mutant conferred
sensitivity to 25 mM Spermidine (Figure 4A). In addition, transformants appeared sensitive
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to the polyamine’s analog PQ, showing that these proteins are also involved in the uptake
of PQ.
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Figure 4. Comparison of polyamines, Na+, and K+ uptake among tomato Puts in yeast. (A) Functional
complementation of tomato Puts in the yeast mutant agp2∆. agp2∆-Puts vector strains were grown
overnight on SC medium supplemented with 2% galactose. Cell suspensions (the starting OD600 is 0.5)
were serially diluted as indicated and 3 µL of each were spotted onto YP-galactose plates containing
25 mM spermidine or 1.5 mM paraquat. Plates were photographed after 3–4 days of incubation
at 30 ◦C. The data are representative of one of three independent experiments. EV, empty vector.
(B) Time course uptake of Spermidine and Putrescine for 0, 10, 20, 30, 40, 50, and 60 min to determine
the intracellular amount of Spermidine or Putrescine. (C) Functional analysis of tomato Puts in the
yeast mutant G19 (∆ena1–4) (does not mediate Na+ uptake) under NaCl treatment, and in the yeast
mutant CY162 (a K+ uptake-deficient mutant strain) under deficiency medium. Cell suspensions
(the starting OD600 is 0.5) were serially diluted as indicated and 3 µL of each were spotted onto
YP-galactose plates containing 100 mM NaCl or 1.5 mM KCl. Plates were photographed after
3–4 days of incubation at 30 ◦C. The data are representative of one of three independent experiments.
EV, empty vector. (D) Time course uptake of Na+ and K+ for 0, 10, 20, 30, 40, 50, and 60 min to
determine the external levels of Na+ or K+.

Further analysis of these genes in light of their competence to transport polyamine
was done by incubating with the liquid AP medium supplemented with either 15 µm
Spermidine or Putrescine. Transformants of these Put genes improved the ability to trans-
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port Spermidine or Putrescine than in those of the agp2∆ mutant. These transformants
possessed higher uptake of Spermidine or Putrescine relative to that mediated by the agp2∆
mutant. The Put2- and Put5-transformants were effective for Spermidine and Putrescine,
respectively. The uptake ability was more pronounced for Put2 than for Put5 (Figure 4B).

The yeast mutant G19 (∆ena1–4) (does not mediate Na+ uptake) and CY162 (K+ defi-
cient strain) strain were used to further disclose whether Put could transport Na+ or K+.
The growth status had a significant difference between G19 transformed with Put2 or Put5
than the G19 empty, Put5 had a better growth status, whilst other Put trans-yeast strains
were not significant different to the G19-empty vector under 100 mM NaCl treatment
(Figure 4C). Similarly, under 0.1 mM KCl, CY162 yeast transformed with Put2 or Put5 had
a better-growing status compared to the CY162-empty vector, while other Put trans-yeast
strains grew similarly to the CY162-empty vector, indicating that Put2 could transport K+,
and Put5 could transport Na+ and K+ (Figure 4C). Furthermore, the ion depletion assay
exhibited that K+ ions decreased significantly faster than Na+ inoculated into the liquid
AP medium with 200 µM NaCl + 200 µM KCl, confirming the role of Put2 in Na+ and K+

transport (Figure 4D).

3.7. Put2 Is a Positive Regulator Protein of Tomato Plant Salt Tolerance

We focused our present study on Put2, since Put2 was highly expressed in leaves after
7 days of salt stress. Furthermore, Put2 had the highest uptake ability of polyamines among
the eight Puts and overexpression of Put2 increased salt tolerance in yeast (Figures 3 and 4).
To further determine the role of Put2 in salt stress, as shown in Figure 5, we generated five
overexpression lines (named OE#1 to OE#5) and selected two lines (OE#1 and OE#2) for
further study after examining Put2 mRNA levels. Meanwhile, two lines of Put2 mutants
(put2#1 and put2#2) were generated by CRISPR/Cas9 technology, which induced frameshift
mutations. Next, we compared the salt tolerance of these tomato plants. In comparison
to WT plants, the Put2-OE#1 and Put2-OE#2 plants exhibited decreased sensitivity to
salt stress with less wilted leaves, higher Fv/Fm and dry weight, and lower REL after
a salt treatment for 7 days. Whereas put2 mutants displayed salt hypersensitivity with
lower Fv/Fm and higher REL than WT. These results suggest that Put2 positively regulates
salinity tolerance.

To explore whether Put2 responds to salinity stress through mediating the Na+ balance,
we further analyzed the Na+ and K+ contents in WT, put2 mutants, and Put2-OE plants
subjected to NaCl treatment. K+ and Na+ content did not differ significantly among the
genotypes examined under normal conditions. However, after treatment with 200 mM
NaCl for 7 days, in comparison to WT plants, the levels of Na+ in shoots parts of the put2
mutants were much higher, the K+ content was significantly lower in mutants, and so the
ratios of Na+/K+ were increased. Conversely, the contents of Na+ and the Na+/K+ ratio in
the Put2-OE plants were lower, and the levels of K+ were higher (Figure 5H).

The transcription levels of encoding salt response genes such as SOS1-3 and NHX1-3
were examined in the WT, put2 mutants, and Put2-OE plants using qRT-PCR. The mRNA
abundance of SOS1-3 and NHX1-3 in the mutants was lower than that in WT. On the
contrary, the transcript levels of these genes were significantly increased in Put2-OE plants.
These results demonstrated that Put2, as a positive regulator, is mediated by Na+/K+

homeostasis (Figure S2).

3.8. Put2 Improves Salt Tolerance by Facilitating Polyamines Synthesis

Previous studies reported that polyamines uptake proteins can facilitate polyamines
synthesis, at least in rosette leaves of Arabidopsis thaliana plants (Ahmed et al., 2017),
which enlightened us to next investigate the polyamine metabolites. In the polyamine
synthesis pathway, key representative molecules (Put, Spd, Spm, and Dap) are derived
from the amino acid Arg (Figure 6A). Significantly, there was a considerable increase in the
concentrations of Arg (the Put/Spd/Spm precursor), Spd, and Put in the leaves of Put2-OE
plants, but the content in the put2 mutants were lower than those of WT plants in the
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absence of salt stress. When exposed to the salt treatment, the endogenous content of Arg,
Spd, and Put increased significantly in Put2-OE plants than that of WT and put2 mutants,
whereas the levels of these polyamines in Put2-OE plants were still considerably higher
than those in the WT plants (Figure 6B–D). Additionally, the Spm and Dap content showed
no significant differences among the WT, put2 mutants, and Put2-OE lines (Figure 6E,F).
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Figure 5. Put2 positively regulates salt tolerance. (A) Genotyping of mutations in put2#1 and put2#2.
Red letters indicate the target sites, ‘-’ represent sequence deletion, and blue letters represent the
protospacer adjacent motif (PAM). (B) qRT-PCR analysis of Put2 transcript levels in WT and Put2
OE (1#, 2#, 3#, 4# and 5#). (C) Phenotypes of WT, put2 mutants, or Put2 OE lines after exposure
with or without salt stress for 7 days. (D) Fv/Fm in WT, put2 mutants, or Put2 OE lines leaves after
exposure with or without salt stress for 7 days. The false-color code depicted at the bottom of image
range from 0 (black) to 1.0 (purple), showing the level of damage in the leaves. (E) Quantitative
analysis of Fv/Fm as shown in (D). (F) The relative electrolyte leakage and (G) dry weight in WT, put2
mutants, or Put2 OE lines after exposure with or without salt stress for 7 days. (H) Ion content and
Na+/K+ ratio in shoots of WT, put2 mutants, or Put2 OE lines after exposure with or without salt
stress for 7 days. Data are presented as mean values ± SD; n = 3. Different letters indicate significant
differences between treatments (p < 0.05, Duncan’s multiple range test). At least three independent
experiments were performed.
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3.9. Put2 Decreases ROS Levels under Salinity Stress 
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Figure 6. The role of Put2 in the regulation of polyamine metabolism and H2O2 content. (A) Simpli-
fied scheme of polyamine biosynthesis relevant to this study in plants; Arg, arginine, ADC, arginine
decarboxylase, Put, putrescine, Spds, spermidine synthase, Spd, spermidine, Spms, spermine syn-
thase, Spm, spermine, PAO, polyamine oxidase, Dap, 1,3-diaminopropane. (B) The Arg content in WT,
put2 mutants, or Put2 OE lines with or without salt stress for 7 days. The content of the polyamines
Spd (C), Put (D), Spm (E), and Dap (F) in WT, put2 mutants, or Put2 OE lines with or without salt
stress for 7 days. The Put-dependent CuAO (G), Spd-dependent PAO (H), and Spm-dependent PAO
(I) enzymatic activity in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days.
(J) The H2O2 content in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days.
Data are presented as mean values ± SD; n = 3. Different letters indicate significant differences
between treatments (p < 0.05, Duncan’s multiple range test). At least three independent experiments
were performed.
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In leaves, knockout or gain of function of Put2 did not influence the Put-dependent
PAO and Spm-dependent PAO activity in the absence or presence of salt treatment
(Figure 6G,H). By contrast, Put2-OE plants showed an increase in Spd-dependent PAO
activity, whereas put2 mutants exhibited a decrease in this activity, relative to WT plants
under normal conditions. During salinity stress, there were no significant changes in the
activity of Spd-dependent PAO between WT, put2 mutants, and Put2-OE lines (Figure 6I).
Since H2O2 is one of the PAO reaction products, the levels of H2O2 were measured. The
leaves of Put2-OE plants showed an evident increase in H2O2 content in the absence of
salt stress, whereas the largest rise was shown in put2 mutants in the presence of 200 mM
NaCl (Figure 6J), proving that put2 mutants experience more severe oxidative damage
from salt stress than WT and Put2-OE plants. Thus, it is possible that Put2-induced H2O2
production is closely associated with PAOs under normal conditions. On the other hand,
Put2 contributes to the decrease of H2O2 content under salt conditions, which declined
oxidative damage and enhanced salt tolerance. These results demonstrate that Put2 is
required for some polyamines metabolism intermediates (including Arg, Spd, and Put), as
well as the enzyme (PAO).

3.9. Put2 Decreases ROS Levels under Salinity Stress

The production of ROS is known to be increased under stress conditions, and H2O2
is the most stable ROS. To determine whether Put2 reduces ROS accumulation through
antioxidant enzyme and non-enzymatic compound regulation under salinity stress, the
following relevant indicators were detected. During salt stress, the level of H2O2 and MDA,
two indicators of oxidative damage during salt stress, were significantly lower in Put2-OE
plants than in WT; increases in H2O2 and MDA content were detected in put2 mutants
(Figures 6J and 7A). Subsequently, antioxidant enzymes, including SOD, CAT, APX, and
POD, are in the midst of the primary enzyme defense against ROS. The activities of SOD,
CAT, APX, and POD were more pronounced in Put2-OE than in WT. In contrast, put2
mutants showed lower antioxidant enzyme activity than WT (Figure 7), which is consistent
with lower levels of H2O2 and MDA in Put2-OE than in WT and put2 mutants. These
results indicate that Put2 improves salinity tolerance by reducing oxidative damage.

To confirm whether the Put2-mediated ROS decrease is regulated by non-enzyme com-
pounds, we determined the effects of glutathione redox homeostasis, GABA, and flavonoid
contents in put2 mutants and Put2-OE plants, which however, revealed no difference from
the WT under normal conditions, except for GABA. The GABA content in put2 mutants
was significantly lower than that of WT and Put2-OE plants before salt treatment. Overex-
pression of Put2 also considerably elevated the AsA/DHA and GSH/GSSG ratios, as well
as the content of GABA and flavonoid, while knockout of put2 compromised the increase
in these parameters compared to that in the WT under salinity conditions (Figure 8).

3.10. Put2 Triggers Upregulation of Polyamine Synthesis and Is Related to Detoxification
Gene Expression

To investigate the transcriptional regulation of polyamine synthesis and detoxification
by Put2, we examined the transcript levels of 27 genes involved in polyamine synthesis, ROS
detoxification, and GABA synthesis by qRT-PCR in leaves under normal or salinity conditions.
qRT-PCR analysis of polyamine synthesis genes in put2#1 mutant and Put2-OE#1 plants
revealed that the set genes of encoding polyamine synthesis (including ADC1, ADC2, SPDS1,
SPDS2, SPMS1, SPMS2, PAO1, PAO3, and PAO5) were upregulated in Put2-OE#1 plants; in
contrast, they were downregulated in put2#1 mutants Furthermore, salinity treatment caused
relative increases in the expression of polyamine synthesis genes only in WT and Put2-OE#1
plants (column 3 vs. column 1, and column 5 vs. column 3), while they decreased in put2#1
mutants (column 4 vs. column 3). Collectively, the analysis of differentially expressed genes
also suggests that the modifications in gene expression in response to the stress conditions
are more intense in the Put2-OE#1 plant. Additionally, we noticed an interesting finding with
the greatest upregulation of the PAO5 gene in the five PAOs genes in the Put2-OE#1 plant
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under normal conditions, which may be a mechanism for the relatively higher PAO activity
and levels of H2O2 in Put2 OE plants (Figures 6J and 8).
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Figure 7. Put2 enhances salt tolerance via positively regulating ROS-scavenging enzyme activity
and nonenzymatic antioxidant process. The MDA content (A), SOD (B), CAT (C), APX (D), and
POD (E) activity in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days. (F) The ratio
of ascorbic acid (AsA) to dehydroascorbate (DHA), (G) the ratio of glutathione (GSH) and glutathione
disulfide (GSSG), (H) the gamma-aminobutyric acid (GABA), and (I) the total flavonoids in WT, put2
mutants, or Put2 OE lines with or without salt stress for 7 days. Data are presented as mean values ± SD;
n = 3. Different letters indicate significant differences between treatments (p < 0.05, Duncan’s multiple
range test). At least three independent experiments were performed.
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Figure 8. Put2 positively mediates the expression of polyamine synthesis and antioxidant enzyme-
encoding genes. Heatmap of polyamine synthesis and antioxidant enzyme-encoding genes. Levels
were differentially modified in put2 vs. WT plants, and Put2 OE vs. WT plants under normal
conditions or salinity stress. Log2 fold changes (relative to expression levels in sample of WT plants
under control treatment) are shown with a color scale. A chart on the right side of the heatmap shows
log2 fold change of expression levels in put2 (mutant) compared to those in WT plants before salt
treatment (column 1), log2 fold change of expression levels in Put2 OE (overexpression) compared to
those in WT plants before salt treatment (column 2), log2 fold change caused by salinity treatment in
WT plants (column 3), and log2 fold change caused by salinity treatment in put2 (column 4) or Put2
OE (column 5). Statistically significant differences are indicated in bold font (p < 0.05).

Similarly, the transcriptional levels of ROS detoxification-related genes, including
Cu/Zn-SOD, MDAR, DHAR, APX, GR, CAT1, POD, and GPX, were further upregulated in
the Put2-OE#1 plant compared with WT plants after the salinity treatment. By contrast, the
induction of ROS detoxification-related genes in response to salt stress was compromised
in put2 mutants; increased ROS-scavenging capacity failed in the put2#1 mutant (Figure 8).
In addition, the expression of GAD1, GAD2, and GAD3, encoding glutamate decarboxylase,
likely the key enzyme for GABA biosynthesis in the tomato, was induced in the Put2-
OE#1 plant before salt treatment. Accordingly, the transcript levels of GADs were further
enhanced after salt treatment in the Put2-OE#1 plant. Notably, increases in the expression
of GADs in response to salt stress were suppressed in the put2#1 mutant. The enhanced
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GADs transcripts and GABA content was observed in the WT and Put2-OE plants but not
in the put2 mutants after salt stress (Figures 7 and 8). Thus, the results indicate that Put2
participates in enhanced salt tolerance by mediating the ROS-scavenging capacity.

4. Discussion

Polyamines, which are small polycationic molecular regulators and signaling molecules,
not only orchestrate fundamental growth and development in plants, but also induce a
series of stress cascades [38]. Polyamines are involved in various pathways in plants and
lessen the lethal effects of abiotic stresses by regulating transcription factors, hormonal
responses, antioxidant enzymes, and the activation of signaling cascades [39,40]. Polyamine
biosynthesis and degradation play important roles in various abiotic stress tolerance path-
ways and are closely associated with coping with ROS production [41]. The polyamine
transporter belongs to the mammalian L-type amino acid transporter family, like polyamine
synthesis and metabolism protein, which plays a critical role in plant growth, develop-
ment, and the stress responses [42]. Though Put has been analyzed in Arabidopsis, rice,
and the sweet orange, the effects of Put on abiotic stresses in the tomato have not been
reported [43,44]. Here, we looked at the physiological and molecular function mechanisms
of Put in the resistance to abiotic stress in the tomato. Eight Put proteins in the tomato
were identified and characterized at the complete genome level through alignment with
Arabidopsis Put proteins. Then, extensive analyses on the tomato Put proteins, including
phylogenetic development, gene and protein structure, physiochemical characteristics,
motifs, miRNAs, and cis elements, and their substrates were performed; and the effects
of Puts on abiotic stress tolerance was evaluated in yeast and tomatoes. Furthermore,
we demonstrated the importance of the Put2 mediation of polyamine metabolism and
antioxidant capacity, and that overexpression of Put2 increased polyamines to influence the
homeostasis of antioxidant capacity, showing that Put2 was a positive regulator for salinity
stress in tomatoes. These findings enlarge the comprehension of Put family members,
which may be employed in breeding for genetic modification and the development of
abiotic stress tolerant crops.

4.1. Identification of Tomato Put Family

The tomato Put proteins were divided into four groups, which have a high similarity
to those in rice and Arabidopsis (Figure 1). Differences among these proteins are probably
due to environmental impacts, and analysis of the structure and motif in these genes
indicated that Put genes disclosed a close exon-intron and motif structure, showing that a
closer evolutionary pattern in these genes and diverse functional relationships also exist
among the other group members (Figure 1). Interestingly, protein analysis indicated that
the PotE (Putrescine-ornithine antiporter) motif is highly conserved, suggesting that it may
be involved in amino acid and polyamine transport (Figure 1C) [45,46]. A series of cis
elements is a specific sequence at the promoter region of a given gene, which is involved in
the expression of protein-coding transcripts and is mediated by transcriptional regulation
and small RNAs. Repression and activation of gene expression by binding with these cis
elements are a general means of modulating various life processes [47]. Plant miRNAs have
a function in regulating related genes that are involved in response to abiotic stresses [48].
miR390 was strongly induced after exposure to salinity during lateral root formation in
poplar and positively regulated auxin signaling subjected to salt stress [49]. miR6024
negatively mediates the resistance genes and defense system, facilitates disease by the
necrotrophic pathogen A. solani, and perturbs immunity in the tomato [50]. The module of
miR164a-NAM3 affords cold resistance by increasing ethylene production in the tomato [51].
Tomato Put was targeted by miRNAs including miR390, miR6024, and miR164a, which
might be associated with various stress responses (Table 2). We also discovered several
types of conserved cis-regulatory elements in the promoter regions of Put; these cis elements
are associated with transcriptional regulation of the core gene network, and of plant growth
and development [52]. The Put genes of the tomato contain various cis elements including
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stress, hormone, light, auxin, GA, ABA, and methyl jasmonate (MeJA) responsive elements
(Figure 1E). The presence of numerous abiotic stress-specific cis-regulatory motifs and
hormonal cis elements implicate these genes stimulating the hormone signaling pathways
and providing stress tolerance in the tomato [47]. Of note, the cis elements activate their
downstream genes after binding to specific transcription factors, playing an important
amplifier role during various abiotic/biotic stresses. Meanwhile, we also speculate that Put
is involved in salinity stress since these cis-regulatory elements are also closely implicated
in salinity tolerance [53].

4.2. Expression Profiles of the Put Gene Family after Treatment with Various Hormones,
Polyamines, and Abiotic Stresses, in Different Tissues

A gene expression profile can provide critical symbols for its biological functions. Here,
we examined the expression pattern of the Put genes via qRT-PCR under treatment with
exogenous hormones and polyamines, as well as abiotic stress conditions. We observed
the Put genes appeared to be upregulated in ABA treatment. On the other hand, all Put
genes, except for Put7, were induced by SA. Put6, Put7, and Put8 were inhibited initially
after GA3 treatment. The expression of five Put (Put4, Put5, Put6, Put7, and Put8) genes
were downregulated, and the other Put (Put1, Put2 and Put3) genes were induced in leaves
at 3 and 6 h of ET treatment. Similarly, the critical role of growth factors and hormones
in increasing polyamine transport rates in mammalian cells has been demonstrated [54].
Together with the presence of hormone-responsive cis elements and altered transcripts
levels after hormone treatment, this implies that Put may have a crucial role in the hormone
regulatory pathway. Furthermore, the differential expression profiling of Put in response to
polyamine treatment was evaluated. All Put genes are involved in exogenous polyamines
treatment; the Puts exhibited varied patterns in response to the same polyamine. For
instance, Put2 and Put5 were dramatically upregulated, while the other genes were slightly
induced after spermidine treatment. However, putrescine resulted in suppression of these
Put genes. Additionally, spermine led to the upregulation of Puts, especially Put2 and Put5.
On the other hand, the qRT-PCR analysis revealed pronounced effects of the spermidine and
spermine-induced Put gene expression (Figure 2B). Since polyamines are used as substrates
required for the polyamine uptake proteins [43], the different polyamine responses may
involve the substrate specificity of polyamine transport and homeostasis. In fact, rice Put1 is
a specific and high-affinity spermidine uptake transporter involved in polyamines uptake,
leading to the accumulation of polyamines in yeast [55]. The lower affinity of Put may be
the reason for its higher proportion in the free state. Therefore, spermidine, spermine, and
putrescine, may severe as Put substrates. Interestingly, after salt and drought stress, Put2
and Put5 were significantly induced compared with the others. However, their expression
was significantly inhibited under cold and heat temperature stress (Figure 2C). Altogether,
these results indicate that Put genes are potentially involved in hormone and polyamine
induction, as well as in response to salinity stress.

The Put genes exhibited a divergent expression pattern in different tissues. Put2
and Put5 displayed the highest expression in leaves and roots, and all genes had high
expression in flowers and fruit (Figure 3A). Similarly, the Put family appears to have a
distinct tissue expression profile in Arabidopsis and Citrus sinensis [43,44], and a divergent
pattern of intracellular localization [13], which implied specialization in a spatial manner.
Furthermore, Put2 was more significantly induced by salt stress than Put5 in leaves and
roots, indicating that the functional role of Put2 related to salt stress may be important. In
the tomato, the functional role of Put2 in abiotic stress tolerance remains largely unknown.

4.3. Put2 Contributes to Polyamins Biosynthesis and Catabolism Associated with Salt Tolerance

Although our results above have shown that Put is involved in abiotic stress, its
function is yet to be understood, especially regarding polyamine transport and salt stress.
Previous studies have shown that yeast is an excellent heterologous expression system to
study the function of genes in polyamine transport and salt stress [43]. Here, we used the
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yeast model to preliminarily investigate their function in polyamine uptake and salt stress
tolerance (Figure 4). The results showed that transformants of agp2∆ mutants expressing
Put2 and Put5 had higher sensitivity to spermidine and paraquat, indicating that both func-
tion as an importer. Here, we also showed that the yeast agp2∆ cells’ capacity to transport
paraquat may be compensated by Put2 and Put5 (Figure 4A), since paraquat is transported
by the polyamine transport system [12]. A time course absorption experiment directly
provided evidence that Put2 and Put5 encoded a transporter that can regulate polyamines
import, with high activity of polyamine uptake for Put2 (Figure 4B). Furthermore, overex-
pression of Put2 increased salt tolerance in yeast, hampered the influx of Na+, and enhanced
K+ uptake (Figure 4C,D). Indeed, polyamine transporters have recently been linked to
the regulation of salt stress through promoting Na+ efflux and K+ channels [56]. Thus,
combining the previous results in this article (Figures 2–4), we speculate that the induction
of Put2 expression by salt may be regulating the polyamines and Na+/K+ homeostasis to
alleviate salt damage.

To further validate the function of Put2, the put2 mutants and overexpression lines
were generated (Figure 5A,B). Our results showed that put2 mutants were more shriv-
eled than WT plants under salinity stress, whereas overexpression elevated salt tolerance
(Figure 5C). Likewise, Put2-OE plants displayed increased levels of Fv/Fm and dry weight,
and reduced levels of relative electrolyte, which agrees with an increase in salt tolerance
and a decrease in Na+ content and the Na+/K+ ratio (Figure 5D–H). Similarly, Put3 is
critical for Na+ and K+ homeostasis by physically interacting with SOS1 and SOS2, forming
a complex with SOS2 under stress conditions [56]. As such, the induction of SOS1-3 and
NHX1-3 in Put2-OE plants could also synergistically activate the SOS1 and SOS2 (Figure S2).
Thus, subsequent increases in the Put2 activity would enhance salt tolerance by activating
the Na+/H+ exchange activity.

Polyamines, an important regulator in the plant kingdom, are necessary for plant growth,
development, and the stress response. The dynamic balance of polyamines in the plant is
stringently regulated by polyamine synthesis, degradation, and transport [57,58]. The latter
was previously involved in subcellular polyamine transport through the complementation
experiment in yeast [55], and the transport of paraquat in Arabidopsis [12]. While the implica-
tion of Put2 in polyamine biosynthesis and catabolism was not noted. Here, under control
conditions, overexpression of Put2 increases the endogenous Arg, Spd, and Put content, which
failed to increase in put2 mutants. Upon salt stress, meanwhile, the polyamine content in WT
plants performed much better than put2 mutants, and Put2-OE plants were better than the WT
(Figure 6A–D). NaCl supply treatment also increased the activation of polyamine synthesis-
related genes more clearly in Put2-OE plants (Figure 8), demonstrating the important function
of Put2 in the polyamine biosynthesis process. On the other hand, considering polyamine
catabolism, the higher activity of PAOspd confirmed the acceleration of polyamine catabolic
reactions in Put2-OE plants (Figure 6I), and evidenced that Put2 positively regulates PAO
activity. In addition, two main sources of ROS were indicated to exist in plants, including
NADPH oxidases and polyamines catabolism by PAO activity [8,59]. In put2 leaves, H2O2 was
lowered with respect to WT plants under normal conditions; however, an upregulation was
observed in Put2-OE plants, and likewise PAO activity and PAO gene expression were altered
(Figures 6J and 8), further demonstrating that Put2 attributes to PAO activity. Accordingly,
enhancement of PAO activity has been shown to alleviate salinity damage and increase the
polyamines and H2O2 content [60,61]. Therefore, Put2 may contribute to governing polyamine
biosynthesis and catabolism. However, we cannot completely rule out other possibilities,
for example, Put2 may be capable of regulating the long-distance and appropriate tissue
distribution of polyamines [62].

4.4. Put2-Mediated Antioxidant Capacity Establishes Suitable ROS Levels under Salt Stress

PAO activity has been reported to contribute to an increase in salt tolerance through
the production of H2O2 [63]. However, Put2-OE plants treated with NaCl showed that the
increase in H2O2 content was lower than in WT plants. Furthermore, the H2O2 content
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increased considerably in put2 mutants accompanied by serious salt stress injury, which
correlated inversely with the activities of PAO (Figure 6J). Thus, PAO-induced H2O2 pro-
duction was stunted under salt conditions in Put2-OE plants; therefore, another mechanism
to eliminate H2O2 must exist. Indeed, plants exposed to salt stress generate a super-excess
of ROS, which is highly toxic and can overwhelm the PAO-induced H2O2, ultimately
damaging cellular activity and leading to plant death [8]. In the current study, Put2-OE
plants exhibited obviously increased activities of antioxidant enzymes after salt treatment.
Additionally, the ASA-GSH cycle was also activated by overexpression of Put2, which
could be another exploration for Put2 enhanced salt tolerance, as the enzymatic system
and scavenging procedure could be activated in Put2-OE plants (Figures 7 and 8). These
findings indicate that Put2 functions as an important regulator linking polyamines and
ROS, and affects both the production and elimination of ROS. The results coincided with a
previous study showing that Put2 promoted phyA-mediated germination by sensing seed
oxidation and protecting the decaying seed from oxidative damage [64]. Therefore, there
is strong evidence that Put2 increased salt tolerance probably by promoting antioxidants
in plants. A similar report has been conducted showing that CsPUT4 can protect against
cold stress by modulating polyamine homeostasis and turning on the antioxidant enzyme
defense system in the sweet orange [44]. Meanwhile, GABA and flavonoids, as free radical
scavengers, have been exhibited to alleviate salinity damage and heat damage by inducing
polyamine enhancement [65,66], which are increased in Put2-OE plants under salinity
stress; this further demonstrates positive feedback regulation by Put2.

5. Conclusions

In this work, eight Put family proteins were found in the tomato, and their chromoso-
mal location, structure, phylogenetic tree, and physiochemical properties were investigated.
Furthermore, molecular characterization was performed in yeast to understand their in-
volvement in polyamine uptake and salt stress tolerance. Additionally, the cis elements in
the promoter, miRNAs targeting Put, and the expression profiles of Put genes in different
tissues and their responses to exogenous hormones and polyamines, as well as abiotic
stress, were analyzed, proving they may play a vital function in abiotic stress, growth,
and development. Furthermore, we show the role of Put2, which, to our knowledge, is
the first polyamine uptake protein characterized in the tomato shown to play a role in
salinity tolerance. Firstly, in yeast, Put2 was highly tolerant to salt stress, as indicated by
less Na+ invasion and K+ efflux, which also could be attributable to an enhancement in the
absorption of polyamines. Importantly, overexpression of Put2 in the tomato decreased
salinity sensitivity, evidenced by enhanced polyamine biosynthesis and catabolism and
maintained Na+/K+ homeostasis, in addition to activated ROS-scavenging enzyme activi-
ties and nonenzymatic antioxidant process. These findings shed light on Put2-regulated
salinity tolerance in the tomato. Here, we provide comprehensive deciphering of the mech-
anisms of Put2 for enhancing salt tolerance and some valuable evidence for interpreting
the potential functions of tomato Put genes in abiotic stress tolerance.

Clearly, further studies are required to understand the precise function of Put and
the upstream and downstream targets of the individual Puts. Generating loss- and gain-
of-function mutations and characterizing their roles will provide useful tools, generating
new evidence and new findings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12020228/s1, Figure S1. Cartoon of the predicted topology
of tomato Put proteins. Transmembrane domains are indicated as blue rectangle. Figure S2. Relative
transcript levels of SOS1, SOS2 and SOS3 (A), NHX1, NHX2 and NHX3 (B) gene expression in
WT, put2 mutants, or Put2 OE lines after exposure with or without salt stress for 7 days. Data are
presented as mean values ± SD; n = 3. Different letters indicate significant differences between
treatments (p < 0.05, Duncan’s multiple range test). At least three independent experiments were
performed. Figure S3. The MDA content in WT, put2 mutants, or Put2 OE lines after exposure with
or without salt stress for 7 days. Data are presented as mean values ± SD; n = 3. Different letters
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indicate significant differences between treatments (p < 0.05, Duncan’s multiple range test). At least
three independent experiments were performed. Supplemental data S1. The protein sequences of
Put in Arabidopsis, rice and tomato, respectively. Supplemental data S2. The Put genes Cis-element
distribution. Supplemental data S3. Primers used in this study.

Author Contributions: M.Z.: Writing—original draft. L.Y., W.L. and H.Q.: Methodology. B.L. and
R.H.: Review and editing. X.Y. and Y.K.: Supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by Guangdong Provincial Special Fund for Mod-
ern Agriculture Industry Technology Innovation Teams: No. 2023KJ122, Guangzhou basic and
applied basic research foundation (SL2022A04J00131), GuangDong Basic and Applied Basic Research
Foundation (2214050009633).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Del Duca, S.; Serafini-Fracassini, D.; Cai, G. Senescence and programmed cell death in plants: Polyamine action mediated by

transglutaminase. Front. Plant Sci. 2014, 5, 120. [CrossRef] [PubMed]
2. Aloisi, I.; Cai, G.; Serafini-Fracassini, D.; Del Duca, S. Transglutaminase as polyamine mediator in plant growth and differentiation.

Amino Acids 2016, 48, 2467–2478. [CrossRef] [PubMed]
3. Romero, F.M.; Maiale, S.J.; Rossi, F.R.; Marina, M.; Ruíz, O.A.; Garriz, A. Polyamine metabolism responses to biotic and abiotic

stress. Polyamines 2018, 1694, 37–49.
4. Wang, W.; Paschalidis, K.; Feng, J.-C.; Song, J.; Liu, J.-H. Polyamine catabolism in plants: A universal process with diverse

functions. Front. Plant Sci. 2019, 10, 561. [CrossRef]
5. Sagor, G.; Kusano, T.; Berberich, T. A polyamine oxidase from Selaginella lepidophylla (SelPAO5) can replace AtPAO5 in Arabidopsis

through converting thermospermine to norspermidine instead to spermidine. Plants 2019, 8, 99. [CrossRef]
6. Zhang, Y.; Wang, Y.; Wen, W.; Shi, Z.; Gu, Q.; Ahammed, G.J.; Cao, K.; Shah Jahan, M.; Shu, S.; Wang, J. Hydrogen peroxide

mediates spermidine-induced autophagy to alleviate salt stress in cucumber. Autophagy 2021, 17, 2876–2890. [CrossRef]
7. Chen, D.; Shao, Q.; Yin, L.; Younis, A.; Zheng, B. Polyamine function in plants: Metabolism, regulation on development, and roles

in abiotic stress responses. Front. Plant Sci. 2019, 9, 1945. [CrossRef]
8. Pottosin, I.; Velarde-Buendía, A.M.; Bose, J.; Zepeda-Jazo, I.; Shabala, S.; Dobrovinskaya, O. Cross-talk between reactive oxygen

species and polyamines in regulation of ion transport across the plasma membrane: Implications for plant adaptive responses.
J. Exp. Bot. 2014, 65, 1271–1283. [CrossRef]

9. Urra, M.; Buezo, J.; Royo, B.; Cornejo, A.; López-Gómez, P.; Cerdán, D.; Esteban, R.; Martínez-Merino, V.; Gogorcena, Y.;
Tavladoraki, P. The importance of the urea cycle and its relationships to polyamine metabolism during ammonium stress in
Medicago truncatula. J. Exp. Bot. 2022, 73, 5581–5595. [CrossRef]

10. Ndayiragije, A.; Lutts, S. Long term exogenous putrescine application improves grain yield of a salt-sensitive rice cultivar exposed
to NaCl. Plant Soil 2007, 291, 225–238. [CrossRef]

11. Cuevas, J.C.; López-Cobollo, R.; Alcázar, R.; Zarza, X.; Koncz, C.; Altabella, T.; Salinas, J.; Tiburcio, A.F.; Ferrando, A. Putrescine is
involved in Arabidopsis freezing tolerance and cold acclimation by regulating abscisic acid levels in response to low temperature.
Plant Physiol. 2008, 148, 1094–1105. [CrossRef]

12. Fujita, M.; Fujita, Y.; Iuchi, S.; Yamada, K.; Kobayashi, Y.; Urano, K.; Kobayashi, M.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Natural
variation in a polyamine transporter determines paraquat tolerance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2012, 109, 6343–6347.
[CrossRef]

13. Li, J.; Mu, J.; Bai, J.; Fu, F.; Zou, T.; An, F.; Zhang, J.; Jing, H.; Wang, Q.; Li, Z. Paraquat Resistant1, a Golgi-localized putative
transporter protein, is involved in intracellular transport of paraquat. Plant Physiol. 2013, 162, 470–483. [CrossRef]

14. Dong, S.; Hu, H.; Wang, Y.; Xu, Z.; Zha, Y.; Cai, X.; Peng, L.; Feng, S. A pqr2 mutant encodes a defective polyamine transporter
and is negatively affected by ABA for paraquat resistance in Arabidopsis thaliana. J. Plant Res. 2016, 129, 899–907. [CrossRef]

15. Ahmed, S.; Ariyaratne, M.; Patel, J.; Howard, A.E.; Kalinoski, A.; Phuntumart, V.; Morris, P.F. Altered expression of polyamine
transporters reveals a role for spermidine in the timing of flowering and other developmental response pathways. Plant Sci. 2017,
258, 146–155. [CrossRef]

16. Lyu, Y.-S.; Cao, L.-M.; Huang, W.-Q.; Liu, J.-X.; Lu, H.-P. Disruption of three polyamine uptake transporter genes in rice by
CRISPR/Cas9 gene editing confers tolerance to herbicide paraquat. aBIOTECH 2022, 3, 140–145. [CrossRef]

http://doi.org/10.3389/fpls.2014.00120
http://www.ncbi.nlm.nih.gov/pubmed/24778637
http://doi.org/10.1007/s00726-016-2235-y
http://www.ncbi.nlm.nih.gov/pubmed/27101214
http://doi.org/10.3389/fpls.2019.00561
http://doi.org/10.3390/plants8040099
http://doi.org/10.1080/15548627.2020.1847797
http://doi.org/10.3389/fpls.2018.01945
http://doi.org/10.1093/jxb/ert423
http://doi.org/10.1093/jxb/erac235
http://doi.org/10.1007/s11104-006-9188-y
http://doi.org/10.1104/pp.108.122945
http://doi.org/10.1073/pnas.1121406109
http://doi.org/10.1104/pp.113.213892
http://doi.org/10.1007/s10265-016-0819-y
http://doi.org/10.1016/j.plantsci.2016.12.002
http://doi.org/10.1007/s42994-022-00075-4


Antioxidants 2023, 12, 228 23 of 24

17. Aouida, M.; Leduc, A.; Poulin, R.; Ramotar, D. AGP2 encodes the major permease for high affinity polyamine import in
Saccharomyces cerevisiae. J. Biol. Chem. 2005, 280, 24267–24276. [CrossRef]

18. Minocha, R.; Majumdar, R.; Minocha, S.C. Polyamines and abiotic stress in plants: A complex relationship. Front. Plant Sci. 2014,
5, 175. [CrossRef]

19. Tao, Y.; Wang, J.; Miao, J.; Chen, J.; Wu, S.; Zhu, J.; Zhang, D.; Gu, H.; Cui, H.; Shi, S. The spermine synthase OsSPMS1 regulates
seed germination, grain size, and yield. Plant Physiol. 2018, 178, 1522–1536. [CrossRef]

20. Lv, Y.; Shao, G.; Jiao, G.; Sheng, Z.; Xie, L.; Hu, S.; Tang, S.; Wei, X.; Hu, P. Targeted mutagenesis of POLYAMINE OXIDASE 5 that
negatively regulates mesocotyl elongation enables the generation of direct-seeding rice with improved grain yield. Mol. Plant
2021, 14, 344–351. [CrossRef]

21. Liu, X.; Liu, S.; Chen, X.; Prasanna, B.M.; Ni, Z.; Li, X.; He, Y.; Fan, Z.; Zhou, T. Maize miR167-ARF3/30-polyamine oxidase
1 module-regulated H2O2 production confers resistance to maize chlorotic mottle virus. Plant Physiol. 2022, 189, 1065–1082.
[CrossRef] [PubMed]

22. Yang, S.; Wang, J.; Tang, Z.; Li, Y.; Zhang, J.; Guo, F.; Meng, J.; Cui, F.; Li, X.; Wan, S. Calcium/calmodulin modulates salt responses
by binding a novel interacting protein SAMS1 in peanut (Arachis hypogaea L.). Crop J. 2022, 11, 21–32. [CrossRef]

23. Wang, P.; Xu, Z.; Zhang, Y.; Ma, Y.; Yang, J.; Zhou, F.; Gao, Y.; Li, G.; Hu, X. Over-expression of spermidine synthase 2 (SlSPDS2)
in tomato plants improves saline-alkali stress tolerance by increasing endogenous polyamines content to regulate antioxidant
enzyme system and ionic homeostasis. Plant Physiol. Biochem. 2022, 192, 172–185. [CrossRef] [PubMed]

24. Khajuria, A.; Sharma, N.; Bhardwaj, R.; Ohri, P. Emerging role of polyamines in plant stress tolerance. Curr. Protein Pept. Sci. 2018,
19, 1114–1123. [CrossRef]

25. Gupta, K.; Dey, A.; Gupta, B. Plant polyamines in abiotic stress responses. Acta Physiol. Plant. 2013, 35, 2015–2036. [CrossRef]
26. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing

platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]
27. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; Von Haeseler, A.; Lanfear, R. IQ-TREE 2: New models

and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef]
28. Dai, X.; Zhuang, Z.; Zhao, P.X. psRNATarget: A plant small RNA target analysis server (2017 release). Nucleic Acids Res. 2018,

46, W49–W54. [CrossRef]
29. Möller, S.; Croning MD, R.; Apweiler, R. Evaluation of methods for the prediction of membrane spanning regions. Bioinformatics

2001, 17, 646–653. [CrossRef]
30. Zhong, M.; Song, R.; Wang, Y.; Shu, S.; Sun, J.; Guo, S. TGase regulates salt stress tolerance through enhancing bound polyamines-

mediated antioxidant enzymes activity in tomato. Environ. Exp. Bot. 2020, 179, 104191. [CrossRef]
31. Xie, X.; Ma, X.; Zhu, Q.; Zeng, D.; Li, G.; Liu, Y.-G. CRISPR-GE: A convenient software toolkit for CRISPR-based genome editing.

Mol. Plant 2017, 10, 1246–1249. [CrossRef] [PubMed]
32. Fillatti, J.J.; Kiser, J.; Rose, R.; Comai, L. Efficient transfer of a glyphosate tolerance gene into tomato using a binary Agrobacterium

tumefaciens vector. Bio/Technol. 1987, 5, 726–730. [CrossRef]
33. Zhong, M.; Wang, Y.; Shu, S.; Sun, J.; Guo, S. Ectopic expression of CsTGase enhances salt tolerance by regulating polyamine

biosynthesis, antioxidant activities and Na+/K+ homeostasis in transgenic tobacco. Plant Sci. 2020, 296, 110492. [CrossRef] [PubMed]
34. Su, G.; An, Z.; Zhang, W.; Liu, Y. Light promotes the synthesis of lignin through the production of H2O2 mediated by diamine

oxidases in soybean hypocotyls. J. Plant Physiol. 2005, 162, 1297–1303. [CrossRef] [PubMed]
35. Zhong, M.; Wang, Y.; Hou, K.; Shu, S.; Sun, J.; Guo, S. TGase positively regulates photosynthesis via activation of Calvin cycle

enzymes in tomato. Hortic. Res. 2019, 6, 92. [CrossRef]
36. Zhang, G.; Bown, A.W. The rapid determination of γ-aminobutyric acid. Phytochemistry 1997, 44, 1007–1009. [CrossRef]
37. Zhishen, J.; Mengcheng, T.; Jianming, W. The determination of flavonoid contents in mulberry and their scavenging effects on

superoxide radicals. Food Chem. 1999, 64, 555–559. [CrossRef]
38. Saha, J.; Brauer, E.K.; Sengupta, A.; Popescu, S.C.; Gupta, K.; Gupta, B. Polyamines as redox homeostasis regulators during salt

stress in plants. Front. Environ. Sci. 2015, 3, 21. [CrossRef]
39. Liu, J.-H.; Wang, W.; Wu, H.; Gong, X.; Moriguchi, T. Polyamines function in stress tolerance: From synthesis to regulation. Front.

Plant Sci. 2015, 6, 827. [CrossRef]
40. Song, J.; Sun, P.; Kong, W.; Xie, Z.; Li, C.; Liu, J.H. SnRK2. 4-mediated phosphorylation of ABF2 regulates ARGININE

DECARBOXYLASE expression and putrescine accumulation under drought stress. New Phytol. 2022. [CrossRef]
41. Chan, Z.; Yokawa, K.; Kim, W.-Y.; Song, C.-P. ROS regulation during plant abiotic stress responses. Front. Plant Sci. 2016, 7, 1536.

[CrossRef]
42. Fujita, M.; Shinozaki, K. Identification of polyamine transporters in plants: Paraquat transport provides crucial clues. Plant Cell

Physiol. 2014, 55, 855–861. [CrossRef]
43. Mulangi, V.; Chibucos, M.C.; Phuntumart, V.; Morris, P.F. Kinetic and phylogenetic analysis of plant polyamine uptake transporters.

Planta 2012, 236, 1261–1273. [CrossRef]
44. Alhag, A.; Song, J.; Dahro, B.; Wu, H.; Khan, M.; Salih, H.; Liu, J. Genome-wide identification and expression analysis of

Polyamine Uptake Transporter gene family in sweet orange (Citrus sinensis). Plant Biol. 2021, 23, 1157–1166. [CrossRef]
45. Kashiwagi, K.; Miyamoto, S.; Suzuki, F.; Kobayashi, H.; Igarashi, K. Excretion of putrescine by the putrescine-ornithine antiporter

encoded by the potE gene of Escherichia coli. Proc. Natl. Acad. Sci. USA 1992, 89, 4529–4533. [CrossRef]

http://doi.org/10.1074/jbc.M503071200
http://doi.org/10.3389/fpls.2014.00175
http://doi.org/10.1104/pp.18.00877
http://doi.org/10.1016/j.molp.2020.11.007
http://doi.org/10.1093/plphys/kiac099
http://www.ncbi.nlm.nih.gov/pubmed/35298645
http://doi.org/10.1016/j.cj.2022.06.007
http://doi.org/10.1016/j.plaphy.2022.09.025
http://www.ncbi.nlm.nih.gov/pubmed/36244190
http://doi.org/10.2174/1389203719666180718124211
http://doi.org/10.1007/s11738-013-1239-4
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1093/molbev/msaa015
http://doi.org/10.1093/nar/gky316
http://doi.org/10.1093/bioinformatics/17.7.646
http://doi.org/10.1016/j.envexpbot.2020.104191
http://doi.org/10.1016/j.molp.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28624544
http://doi.org/10.1038/nbt0787-726
http://doi.org/10.1016/j.plantsci.2020.110492
http://www.ncbi.nlm.nih.gov/pubmed/32540011
http://doi.org/10.1016/j.jplph.2005.04.033
http://www.ncbi.nlm.nih.gov/pubmed/16425447
http://doi.org/10.1038/s41438-019-0173-z
http://doi.org/10.1016/S0031-9422(96)00626-7
http://doi.org/10.1016/S0308-8146(98)00102-2
http://doi.org/10.3389/fenvs.2015.00021
http://doi.org/10.3389/fpls.2015.00827
http://doi.org/10.1111/nph.18526
http://doi.org/10.3389/fpls.2016.01536
http://doi.org/10.1093/pcp/pcu032
http://doi.org/10.1007/s00425-012-1668-0
http://doi.org/10.1111/plb.13302
http://doi.org/10.1073/pnas.89.10.4529


Antioxidants 2023, 12, 228 24 of 24

46. Tomitori, H.; Kashiwagi, K.; Igarashi, K. Structure and function of polyamine-amino acid antiporters CadB and PotE in
Escherichia coli. Amino Acids 2012, 42, 733–740. [CrossRef]

47. Schmitz, R.J.; Grotewold, E.; Stam, M. Cis-regulatory sequences in plants: Their importance, discovery, and future challenges.
Plant Cell 2022, 34, 718–741. [CrossRef]

48. Sunkar, R.; Li, Y.-F.; Jagadeeswaran, G. Functions of microRNAs in plant stress responses. Trends Plant Sci. 2012, 17, 196–203. [CrossRef]
49. He, F.; Xu, C.; Fu, X.; Shen, Y.; Guo, L.; Leng, M.; Luo, K. The MicroRNA390/TRANS-ACTING SHORT INTERFERING RNA3

module mediates lateral root growth under salt stress via the auxin pathway. Plant Physiol. 2018, 177, 775–791. [CrossRef]
50. Dey, S.; Sarkar, A.; Chowdhury, S.; Singh, R.; Mukherjee, A.; Ghosh, Z.; Kundu, P. Heightened miR6024-NLR interactions facilitate

necrotrophic pathogenesis in tomato. Plant Mol. Biol. 2022, 109, 717–739. [CrossRef]
51. Dong, Y.; Tang, M.; Huang, Z.; Song, J.; Xu, J.; Ahammed, G.J.; Yu, J.; Zhou, Y. The miR164a-NAM3 module confers cold tolerance

by inducing ethylene production in tomato. Plant J. 2022, 111, 440–456. [CrossRef] [PubMed]
52. Marand, A.P.; Schmitz, R.J. Single-cell analysis of cis-regulatory elements. Curr. Opin. Plant Biol. 2022, 65, 102094. [CrossRef] [PubMed]
53. Yang, Y.; Guo, Y. Unraveling salt stress signaling in plants. J. Integr. Plant Biol. 2018, 60, 796–804. [CrossRef] [PubMed]
54. Seiler, N.; Delcros, J.; Moulinoux, J.P. Polyamine transport in mammalian cells. An update. Int. J. Biochem. Cell Biol. 1996,

28, 843–861. [CrossRef]
55. Mulangi, V.; Phuntumart, V.; Aouida, M.; Ramotar, D.; Morris, P. Functional analysis of OsPUT1, a rice polyamine uptake

transporter. Planta 2012, 235, 1–11. [CrossRef]
56. Chai, H.; Guo, J.; Zhong, Y.; Hsu, C.C.; Zou, C.; Wang, P.; Zhu, J.K.; Shi, H. The plasma-membrane polyamine transporter PUT3 is

regulated by the Na+/H+ antiporter SOS1 and protein kinase SOS2. New Phytol. 2020, 226, 785–797. [CrossRef]
57. Shi, H.; Chan, Z. Improvement of plant abiotic stress tolerance through modulation of the polyamine pathway. J. Integr. Plant Biol.

2014, 56, 114–121. [CrossRef]
58. Pál, M.; Szalai, G.; Gondor, O.K.; Janda, T. Unfinished story of polyamines: Role of conjugation, transport and light-related

regulation in the polyamine metabolism in plants. Plant Sci. 2021, 308, 110923. [CrossRef]
59. Sagi, M.; Fluhr, R. Production of reactive oxygen species by plant NADPH oxidases. Plant Physiol. 2006, 141, 336–340. [CrossRef]
60. Wu, J.; Liu, W.; Jahan, M.S.; Shu, S.; Sun, J.; Guo, S. Characterization of polyamine oxidase genes in cucumber and roles of

CsPAO3 in response to salt stress. Environ. Exp. Bot. 2022, 194, 104696. [CrossRef]
61. Wang, W.; Liu, J.-H. CsPAO4 of Citrus sinensis functions in polyamine terminal catabolism and inhibits plant growth under salt

stress. Sci. Rep. 2016, 6, 1–15. [CrossRef]
62. Martinis, J.; Gas-Pascual, E.; Szydlowski, N.; Crèvecoeur, M.; Gisler, A.; Bürkle, L.; Fitzpatrick, T.B. Long-distance transport of

thiamine (vitamin B1) is concomitant with that of polyamines. Plant Physiol. 2016, 171, 542–553. [CrossRef]
63. Gémes, K.; Kim, Y.J.; Park, K.Y.; Moschou, P.N.; Andronis, E.; Valassaki, C.; Roussis, A.; Roubelakis-Angelakis, K.A. An NADPH-

oxidase/polyamine oxidase feedback loop controls oxidative burst under salinity. Plant Physiol. 2016, 172, 1418–1431. [CrossRef]
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