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Abstract: Purple acid phosphatase (PAP) plays a vital role in plant phosphate acquisition and utiliza-
tion, as well as cell wall synthesis and redox reactions. In this study, comprehensive comparative
analyses of PAP genes were carried out using the integration of phylogeny, chromosomal localization,
intron/exon structural characteristics, and expression profiling. It was shown that the number of
introns of the PAP genes, which were distributed unevenly on 12 chromosomes, ranged from 1 to
12. These findings pointed to the existence of complex structures. Phylogenetic analyses revealed
that PAPs from tomato, rice, and Arabidopsis could be divided into three groups (Groups I, II, and
III). It was assumed that the diversity of these PAP genes occurred before the monocot–dicot split.
RNA-seq analysis revealed that most of the genes were expressed in all of the tissues analyzed, with
the exception of SlPAP02, SlPAP11, and SlPAP14, which were not detected. It was also found that
expression levels of most of the SlPAP gene family of members were changed under phosphorus
stress conditions, suggesting potential functional diversification. The findings of this work will help
us to achieve a better insight into the function of SlPAP genes in the future, as well as enhance our
understanding of their evolutionary relationships in plants.

Keywords: PAP gene family; abiotic stress; expression profiles

1. Introduction

Phosphorus (P), a key macronutrient, is required for plant growth and development.
It not only plays an important role in energy transfer and metabolic regulation, but is also
is a known important structural constituent of many biomolecules, including DNA, RNA,
and protein [1]. However, due to the P fixation of organic compounds and free Fe or Al
oxides, the P concentration levels in soil solutions are often low. For this reason, low P
availability can pose major constraints on plant growth and development [2,3]. However,
plants have developed numerous strategies to adapt to low soil P concentrations, including
the production of acid phosphatases (APases), the goal of which is to scavenge organic Pi,
in turn enhancing P uptake [4–7].

Purple acid phosphatases (PAPs) form part of the metallophosphoesterase family,
which have been identified in some bacteria, plants, and animals [8]. The researchers
reported that members of PAP homologs from different plant species exhibit a conserved
motif in the carboxyl end, with seven invariant amino acid residues, arranged in the five
blocks (DXG/GDXXY/GNH(D/E)/VXXH/GHXH) [9]. Plant PAPs hydrolyzed phosphoric
acid esters and anhydrides with an optimal pH from 4 to 7. Based on their molecular masses,
they can be divided into two groups: small PAPs (i.e., monomeric proteins with molecular
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masses of approximately 35 kDa, structurally similar to PAPs from mammalian); and large
PAPs (i.e., homodimeric proteins with a single polypeptide of approximately 55 kDa; these
generally have two conservation domains, and are more closely homologous to enzymes
from fungi and mycobacteria) [8].

At the present time, members of PAP gene family have been identified in numerous
plant species. For instance, in the model plant Arabidopsis, 29 different PAP genes were
found to be annotated and the gene transcriptions of AtPAP11 and AtPAP12 were found
to have been induced and increased during phosphate deprivation experiments [9]. In
addition, there are 26, 35, 33, and 19 members in rice [10], soybean [2], maize [11], and
tea [12], respectively. In Arabidopsis, the AtPAP10 is a Pi-starvation-induced phosphatase,
is largely related with root surfaces, and plays a key role in plant resistance to phosphate
limitations [13]. Furthermore, when the model plant Arabidopsis was cultivated in inor-
ganic orthophosphate (Pi)-deficient soils, not only does AtPAP26 aid in scavenging P from
organic P sources, it also plays a vital role in P remobilization [14]. Previous research has
found that PvPAP3 was induced by Pi starvation in both the leaves and roots of common
beans, and its expression levels were observed to be strictly dependent on two different
conditions: phosphorus availability and the duration of the Pi-starvation conditions [15]. In
addition, under typically growth conditions, PAPs also play important roles in both plant
growth and development [16–23].

Previously, three Pi-starvation-responsive PAPs have been identified in tomato, two of
which are secreted acid phosphatases (SAP1 and SAP2), and one of which is an intracellular
acid phosphatase (IAP) [24,25]. However, it was observed that SAP1, SAP2, and IAP had
different expression patterns. In a suspension cell system, the expressions of these two
genes (SAP1 and SAP2) were specifically induced in response to Pi starvation. Meanwhile,
the induction of IAP was observed on the sixth day of Pi starvation. It was observed that
SAP1 was specifically expressed in the Pi-starved roots of 30-day-old seedlings, while IAP
was expressed in the leaves, stems, and root tissue [26]. Recently, one of the phosphate-
starvation-responsive purple phosphatase, SlPAP1, in tomato seedlings was cloned and
characterized [27]. Although previous studies characterized the potential roles of several
individual PAP members in tomato, at present, the evolutionary relationships, expression
patterns and potential functions of the members of PAP gene family in Pi acquisition and
mobilization require further exploration.

At present, many gene families were identified widely in different plant whole
genomes [28–33]. In the current study, the PAP family genes in tomato were identified by in-
tegration of conserved motifs, gene structures, chromosome mapping, promoter cis-element
and their phylogenetic relationships. These results will deepen our current understanding
of the evolutionary relationships and functional divergence of the SlPAP genes in tomato,
as well as provide some information for further comparative genomic studies throughout
all of the plant family.

2. Results
2.1. Identification of the PAP Gene Family in the Tomato Genome

In the present study, a total of 18 PAP genes were identified and designated as SlPAP01
to SlPAP18, respectively, based on the gene chromosome locations. The information on all of
the SlPAPs (e.g., molecular weights (MW), isoelectric points (pI), numbers of exons/intros,
and subcellular localization) are detailed in Table 1. It was observed that the lengths of the
amino acid (aa) sequences of the candidate SlPAPs differed, ranging from 426 aa (SlPAP15)
to 649 aa (SlPAP04), with an MW ranging from 47.9 kDa (SlPAP15) to 73.0 kDa (SlPAP04),
and the pI varied from 5.80 (SlPAP15) to 8.22 (SlPAP21). The Euk-mPLoc 2.0 online tool was
adopted to determine the subcellular localizations of the SlPAP proteins. All of the proteins
were predicted to localize in the extracellular; four PAPs (SlPAP04, SlPAP08, SlPAP09,
and SlPAP10) were also localized in the cytomembrane and ER (Table 1). Among those,
the seven metal-binding residues (D, D, Y, N, H, H and H) within five consensus blocks,
which belonged to the PAP metalloesterase, were conserved in 16 of 18 SlPAPs in tomato.
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However, the two remaining tomato PAPs (SlPAP05 and SlPAP18) were observed to differ
in those conserved domains of the PAPs. Furthermore, SlPAP05 lacked the first motif, and
in SlPAP18, one amino acid residue in the second block was observed to have been altered.
However, multiple amino acid sequence alignments showed the highest homology with
the known plant PAPs, these two genes (SlPAP05 and SlPAP18) were still considered to be
potential PAPs.

Table 1. General information about the 18 SlPAPs genes.

Gene Gene Accession
No. Chromosome Location Length of

Protein
Predicted
Size (kDa) pI No.of Ex-

ons/Intros
Subcellular
Localization

SlPAP01 Solyc01g068380.2.1 ch01:77582424..77592344 640 71.3 5.85 13/12 extracellular
SlPAP02 Solyc01g110050.1.1 ch01:96853466..96855663 433 49.7 7.04 8/7 extracellular
SlPAP03 Solyc01g110060.2.1 ch01:96857667..96861427 466 53.2 6.34 8/7 extracellular
SlPAP04 Solyc04g005450.2.1 ch04:310785..314269 649 73.0 6.67 2/1 ER, extracellular
SlPAP05 Solyc04g080920.1.1 ch04:64973575..64976085 472 54.2 6.41 8/7 extracellular
SlPAP06 Solyc05g012260.2.1 ch05:5546798..5552510 607 68.2 6.41 13/12 extracellular
SlPAP07 Solyc07g007670.2.1 ch07:2316679..2323829 478 54.8 6.60 10/9 extracellular

SlPAP08 Solyc07g008550.2.1 ch07:3488895..3497719 627 71.0 6.53 11/10 Cytomembrane,
ER, extracellular

SlPAP09 Solyc07g008560.2.1 ch07:3500707..3507834 637 72.3 6.68 12/11 ER, extracellular
SlPAP10 Solyc07g008570.2.1 ch07:3522999..3529845 631 71.7 6.70 11/10 ER, extracellular
SlPAP11 Solyc07g053070.1.1 ch07:61511946..61514007 457 52.8 6.82 8/7 extracellular
SlPAP12 Solyc07g064500.2.1 ch07:66617664..66620861 437 49.5 5.89 5/4 extracellular
SlPAP13 Solyc08g083250.2.1 ch08:65763315..65768754 609 68.6 6.08 12/11 extracellular
SlPAP14 Solyc09g009600.1.1 ch09:3016831..3020600 442 50.4 6.20 5/4 extracellular
SlPAP15 Solyc09g009610.1.1 ch09:3023290..3027216 426 47.9 5.80 5/4 extracellular
SlPAP16 Solyc09g091910.1.1 ch09:71122299..71126678 556 63.2 5.84 7/6 extracellular
SlPAP17 Solyc10g006300.2.1 ch10:950380..955091 439 49.6 6.85 5/4 extracellular
SlPAP18 Solyc12g009800.1.1 ch12:3005117..3008886 478 55.3 8.22 9/8 extracellular

2.2. Phylogenetic Analysis of the PAP Genes in Tomato

The phylogenetic tree of the PAP proteins from tomato, Arabidopsis and rice is illus-
trated in Figure 1. According to the previous results [9], the 18 SlPAPs, 29 AtPAPs and
26 OsPAPs may be divided into three different groups: Groups I, II and III. Group I was
subdivided into four different subgroups (Ia-1, Ia-2, Ib-1, Ib-2), and each of the remaining
two groups (Groups II and III) was subdivided into two subgroups (IIa and IIb, IIIa and
IIIb), respectively. The 18 SlPAPs belonged to six subgroups in the phylogenetic tree, with
the exceptions of subgroups IIIa and IIIb. Subgroup IIb exhibited the most genes among
the eight subgroups, including 17 PAP genes, which consisted of SlPAPs 01, 06, 08, 09, 10,
and 13; AtPAPs 1, 24, and 17; and eight OsPAPs. The lowest subgroups were Ia-1, IIa, and
IIIa, which included only 4 PAP genes. Subgroup Ia-1 had SlPAPs 07 and 18, AtPAP 26, and
OsPAP 26. Subgroup IIa had SlPAPs, AtPAPs 2 and 9, and OsPAP 9a. Subgroup IIIa only
contained AtPAPs.

This study also found seven pairs of orthologous genes between the various species:
AtPAP1 and SlPAP06; OsPAP9b and SlPAP01; SlPAP05 and AtPAP12; OsPAP10a and
AtPAP10; SlPAP16 and AtPAP15; AtPAP23 and OsPAP23; and SlPAP15 and AtPAP20,
respectively. There were also determined to be nine pairs of paralogous genes among the
species, four pairs from tomato, five pairs from rice, and nine pairs from Arabidopsis.
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Figure 1. The phylogenetic tree of 73 PAP proteins from tomato, Arabidopsis and rice was constructed
with MEGA5.0 software using the neighbor-joining method. Bootstrapping (1000 replicates) was
used to evaluate the degree of support for each group in the phylogenetic tree.

2.3. Intron/Exon Structure and Conserved Motifs of Members of SlPAP Gene Family in Tomato

In order to investigate the phylogenetic relationships of the PAP proteins in tomato,
18 PAP proteins were identified using MEGA 5.0 software. As shown in Figure 1, the PAP
proteins were divided into the four subgroups: Ia, Ib, IIa, and IIb, respectively. Intron/exon
configurations of the SlPAP family genes were carried out by means of the online tool GSDS
(http://gsds.cbi.pku.edu.cn, accessed on 4 January 2022). The numbers of introns of the
remaining SlPAP genes ranged from 1 to 12, as detailed in Figure 2. The highest numbers
were observed in SlPAP01 and SlPAP06, which included 12 introns, and SlPAP04 contained
lowest number. In addition, the SlPAP genes within the same subgroups were found to
contain similar numbers of introns. Subgroup Ia had 7 to 9 introns; Subgroup Ib had
4 to 6 introns; Subgroup IIa had one intron; and Subgroup IIb contained 10 to 12 introns.
In total, 10 distinct motifs were identified, and 139 motifs were identified in 18 SlPAP genes
using MEME. Every gene contained 7 or 8 motifs, and all of the subgroups had motif 1,
motif 2, motif 3 (with the exception of SlPAP01), motif 4, and motif 7 (Figure 2). Motif 6 was
only discovered in Subgroup IIb, and motif 9 and motif 10 were only present in Group I.

2.4. Chromosomal Distributions and Duplications of the PAP Genes in Tomato

Chromosome locations showed that the SlPAP genes were distributed unevenly on
eight chromosomes, including chromosome 1, 4, 5, 7, 8, 9, 10 and 12. The other chromo-
somes did not carry the PAP genes (Figure 3). Among these, chromosome 7 was observed
to contain the greatest number of SlPAP genes, with six genes. This was followed by
chromosomes 1 and 9 which contained three each. In this study, three pairs of SlPAP
genes (SlPAP02 and SlPAP03; SlPAP08 and SlPAP09; SlPAP14 and SlPAP15) were shown in
tandem on three chromosomes, including chromosome 1, 7 and 9.

http://gsds.cbi.pku.edu.cn
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Figure 2. Phylogenetic analysis, intron/exon configurations and conservation motifs of PAP genes in
tomato. A phylogenetic tree of PAP genes was constructed using MEGA 5.0. Introns and exons are
drawn to scale with the full encoding regions of their respective genes. Boxes indicate the exon, and
lines indicate the intron. 0 = intron phrase 0; 1 = intron phrase 1; 2 = intron phrase 2.

Figure 3. Position of SlPAP genes on the tomato chromosomes. Chromosome numbers are indicated
at the top of the chromosome.

2.5. Promoter Cis-Element Analysis

In order to gain further information regarding the regulation of the SlPAP genes,
this study analyzed the cis-elements of the SlPAP gene promoter sequences. The regions
1000 bp upstream from each individual SlPAP gene were obtained by means of PlantCARE.
The cis-elements were divided into five major classes: light response; process-specific;
environment-specific; plant tissue; and binding sites, as illustrated in Figure 4. A total of
20 light response cis-elements were identified. In addition, we also found eleven hormones-
specific cis-elements, including ABA-, MeJA-, GA-, SA-, Auxin- and ethylene-responsive
elements. Six types of environment-specific cis-elements were found, including ARE,
CCAAT-box, LTR, and MBS, which reflected anaerobic induction, heat, low temperature,
and drought, respectively. Five cis-acting elements, which were involved in tissue-specific
expressions, were also found, including the AACA-motif, CAT-box, GCN4_motif, HD-Zip
1, and an O2-site. In addition, six binding site cis-elements were also identified.
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Figure 4. Cis-elements in the promoters of putative SlPAP genes that are related to stress responses.
Different cis-elements with the same or similar functions are present with the same color.

2.6. Expression Analysis of Members of SlPAP Gene Family in Different Tissues and Organs Based
on RNA-Seq Data

This study also analyzed the expression profiles of the candidate SlPAP genes at
various tissue and developmental stages of the tomato cultivar Heinz and wild species
S. pimpinellifolium L1589, as detailed in Figure 5A,B. The analysis results revealed that four
genes (SlPAP04, SlPAP06, SlPAP12, and SlPAP13) were highly expressed, whereas five genes
(SlPAP02, SlPAP05, SlPAP11, SlPAP14, and SlPAP15) were not detectable or weakly detected
in all ten tissues of the Heinz tomato species. The transcripts of four genes (SlPAP04,
SlPAP06, SlPAP10, and SlPAP13) were highly expressed, whereas four genes (SlPAP02,
SlPAP11, SlPAP14, and SlPAP15) were not detectable or weakly detected in all the analyzed
stages of the L1589. Among those genes, it was observed that SlPAP10 had the highest
expression levels during the flower budding stage of the wild species S. pimpinellifolium.

Figure 5. Expression profiles of SlPAP genes on RNA-seq in different tomato tissues and
species. Heat maps are presented in green/black/red/colors that represent low/medium/high
expression, respectively.
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When the expression profiles of the SlPAP genes in the vegetative organs (leaves
and roots) and reproductive organs (flower buds and flowers) between the two tomato
genotypes were compared, differential expressions were observed between two genes
(SlPAP12 and SlPAP18). In addition, there were differential expression profiles of four
SlPAP genes in the vegetative and reproductive organs of tomato var. Heinz, while only
one of those was expressed differentially in S. pimpinellifolium L1589. In the Heinz tomato,
one SlPAP gene (SlPAP16) with the highest expression level had displayed tissue specificity
in the roots, which was also observed in the S. pimpinellifolium L1589 variety (Figure 5A,B).
The respective expression levels of two genes (SlPAP01 and SlPAP04) were found to be
greatly up-regulated, whereas six genes (SlPAP03, SlPAP08, SlPAP09, SlPAP10, SlPAP13,
and SlPAP16) were down-regulated during young fruit development stage (1cm_fruit,
2cm_fruit and 3cm_fruit) in the Heinz tomato cultivar (Figure 5A). It was also observed
that the expression levels of five different genes (SlPAP03, SlPAP04, SlPAP12, SlPAP17, and
SlPAP18) were continuously down-regulated during the fruit development stage (mature
green, breaker, breaker 10) in the Heinz variety. Although SlPAP11 was observed to be
continuously up-regulated, SlPAP03, SlPAP07, SlPAP12, SlPAP16, SlPAP17, and SlPAP18
were down-regulated during the fruit development stage (10DPA, 20DPA, and 33DPA) in
the S. pimpinellifolium L1589 variety, as shown in Figure 5B. SlPAP07 and SlPAP17 were
strongly expressed during the vegetative growth stage and early stage of the fruit ripening.
Meanwhile, they were weakly expressed before fruit maturation in the L1589. These results
indicated that those specific genes were regulated in a tissue-specific manner.

To further deepen our current knowledge of the expression profiles of the SlPAP genes
in different tissues, we analyzed the expression patterns of the SlPAP genes in the different
tissues of the wild relative, S. pimpinellifolium (Figure 5C). Eight genes (SlPAP04, SlPAP05,
SlPAP06, SlPAP07, SlPAP10, SlPAP12, SlPAP13, and SlPAP17) were found to be expressed
constitutively throughout all of the analyzed tissues, while the expressions of three SlPAP
genes (SlPAP02, SlPAP11, and SlPAP14) were at almost undetectable levels. We observed
that SlPAP01 and SlPAP14 were expressed preferentially in the embryos of 4dpa fruit. In
addition, the transcripts of three genes (SlPAP06, SlPAP16, and SlPAP17) in 0dpa were
found to be higher than 4dpa in some of the tissue types.

As shown in Figure 5D, eight genes (SlPAP02, SlPAP05, SlPAP10, SlPAP11, SlPAP14,
SlPAP15, SlPAP16, and SlPAP18) did not have detectable expressions or had low expres-
sions. Meanwhile, the expression levels of two genes (SlPAP03 and SlPAP04) were highly
expressed for control or treatment. The expression levels of SlPAP03, SlPAP06, SlPAP08, and
SlPAP09 were found to be up-regulated in response to DC3000 6h, Pseudomonas fluorescens
6h, and Pseudomonas putida 6h, and down-regulated under Agrobacterium tumefaciens
6h. However, SlPAP07 and SlPAP12 displayed completely opposite expression levels.
SlPAP04 displayed up-regulated levels under Pf 6h and Pp 6h and was down-regulated
under DC3000 6h and At6h. However, SlPAP12 was observed to be differently expressed.

This study found that, by analyzing the expression profiles of the tandem duplications
of SlPAP genes in the two genotypes and various types of tissue, that the two groups
of SlPAP genes (SlPAP08/SlPAP09; SlPAP14/SlPAP15) had displayed a more similar ex-
pression pattern. Meanwhile, another group of SlPAP genes (SlPAP02/SlPAP03) was
observed to display different expression patterns (Figure 5A,B). The expression profiles of
the SlPAP genes (SlPAP02/SlPAP03; SlPAP08/SlPAP09) were determined to have different
expressions, as observed in various treatment results (Figure 5D).

2.7. Expression Analysis of the SlPAP Genes under Phosphate Stress Treatment Condition
Using qRT-PCR

In the present study, the respective expression levels of 18 SlPAP genes were performed
under both low- and high-phosphorus conditions, so as to quantify their expression levels
using qRT-PCR technology. The results showed that among the 18 SlPAP genes, 8 genes
(SlPAP02, SlPAP03, SlPAP05, SlPAP11, SlPAP12, SlPAP14, SlPAP15, and SlPAP18) were not
detected in the control or treatments (Figure 6). The expression levels of SlPAP04 were
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found to be up-regulated, while four other genes (SlPAP01, SlPAP07, SlPAP10, and SlPAP13)
were sown to be down-regulated, under the high-phosphorus treatments. In addition,
three SlPAP genes (SlPAP01, SlPAP08, and SlPAP17) were expressed at relatively higher
intensities under low-phosphorus conditions, while SlPAP06 and SlPAP16 had similar
expressions under high-phosphorus conditions.

Figure 6. Expression profiles of PAP genes in tomato in response to low- and high-phosphate
stress. Heat maps are presented in green/black/red/colors that represent low/medium/high
expressions, respectively.

2.8. Interaction Networks of SlPAP Proteins

To understand the interactions of the SlPAP proteins, the STRING website was used
to construct an interaction network. The results showed that only 8 SlPAP proteins were
selected because of their reliability (Figure 7). The SlPAP17 protein, which was orthologous
to PAP18 in Arabidopsis had more interaction partners than others. All of the proteins
involving molecular function (acid phosphatase activity, GO:0003993) and cellular compo-
nents (cellular anatomical entity, GO:0110165) were detected by Gene Ontology. The metal
ion binding (GO:0046872) and extracellular regions (GO:0005576) were detected in most of
the proteins.

Figure 7. Functional interaction network of SlPAP proteins in tomato according to orthologs
in Arabidopsis.
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3. Discussion

Plant PAPs have diverse physiological functions, including phosphorus (P) acquisi-
tion [15,34,35]; carbon metabolism [36,37]; the generation of reactive oxygen species [38,39];
responses to abiotic stress [40,41]; involvement in flower development [16]; and cell wall
biosynthesis [17,42,43]. In the past, plant PAPs have mainly been studied for their poten-
tial involvement in Pi nutrition. These enzymes can catalyze the hydrolysis of various
phosphate esters and anhydrides within the pH range from 4 to 7 [9,44]. The majority
of the PAPs are inducible by phosphate (Pi) deprivation. In recent years, the genomes of
many plant species have been sequenced, including tomato. However, the numbers and
structural characteristics of SlPAPs remain unclear at the genome level.

The present study identified 18 PAP genes in tomato using the tomato genome database
(http://solgenomics.net/, accessed on 4 January 2022) by bioinformatic method (Figure 8).
The PAP gene family has 29 and 26 members in Arabidopsis and rice, respectively. In tomato
(781 Mb), when compared with Arabidopsis (genome size 125 Mb) and rice (480 Mb), the
number of the PAP family (18) appears small. Among the 18 SlPAP genes, 1 predicted
SlPAP gene was found to have incomplete conserved domains. However, the gene was still
considered to be a potential PAP due to its overall amino acid sequences, which exhibited
the greatest homology with the known plant PAPs during BLASTing in NCBI.

Figure 8. A hypothetical model of identification of SlPAP genes related to P stress using
bioinformatic method.

Classifications were made as intracellular PAP (IAP) and secretory PAPs (SAP) ac-
cording to the functions of the PAPs. IAP is mainly used for the reuse of intracellular
phosphorus and the degradation of single nucleotides, phospholipids, and so on, thereby
releasing inorganic phosphorus for the normal growth of plants [45]. SAP mainly breaks
down organic phosphorus substrates in soil in order to release inorganic phosphorus, which
plants can directly absorb and utilize. Red kidney bean KbPAP is the first clear indication of
the subcellular localization of plants due to its positioning in the cytoplasm [46]. In this
study, Euk-mPLoc software was used to predict the subcellular localization. It was found
that 14 of the 18 SlPAPs were only located in extracellular spaces (Table 1). Therefore, it was
speculated that they may enter through the secretory pathways. This study also found that
SlPAP04, SlPAP09, and SlPAP10 were not only located in the extracellular, but also in the
endoplasmic reticulum. In addition, SlPAP08 was located in the membrane, endoplasmic
reticulum, and extracellular. However, further confirmation is required to identify the
functions of the aforementioned four SlPAP genes.

Gene duplication events are vital in the rapid expansions and evolution of gene
families. In this research study, the chromosome mapping results showed that 18 SlPAP
genes were located unevenly on eight tomato chromosomes (Figure 3). Tandem gene
duplication is exhibited in many plant species, such as Arabidopsis, rice, cucumber and
tomato. In this investigation, it was observed that 33.3% (6/18) of the SlPAP genes had
evolved from tandem gene duplication. Therefore, it was considered that, in tomato,
tandem gene duplication likely plays a key role in PAP gene family expansions.

http://solgenomics.net/
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This study’s results also revealed that the 18 SlPAPs, 29 AtPAPs and 26 OsPAPs could
be divided into three distinct groups and eight subgroups. The SlPAPs genes were only
found in Groups I and II, and not Group III, which may have been due to losses in
the evolutionary processes of the tomatoes. The PAP gene family members of tomato
include six subgroups (Ia-1, Ia-2, Ib-1, Ib-2, IIa and IIb), and the same subgroups exhibited
similar intron/exon structures and motif patterns. For example, four members of the Ia-2
Subgroup had 7 introns; four members of the Ib-2 Subgroup had 4 introns; and motif
6 was characteristic of Subgroup IIb, which became an important basis for the subgroup
classification. Previous related studies reported that AtPAP10, AtPAP12, AtPAP25 and
AtPAP26 are very important in the phosphorus deficiency adaptation of Arabidopsis thaliana.
In particular, it is believed that AtPAP25 may play a role in P-deficiency signaling as a
phosphoprotein phosphatase [13,14,47,48]. It was also considered that SlPAP02, SlPAP03,
SlPAP05, SlPAP07, and SlPAP11 in the same subgroup may have similar functions. However,
when combined with the quantitative expressions after P stress treatment, it was found that
SlPAP05 and SlPAP11 were not expressed in either the control or the treatment samples.
The expression levels of the other four genes decreased under low P stress conditions
when compared with the control. Therefore, the function of tomato PAP genes could not
be inferred only from the function of the Arabidopsis PAP genes and further research
is required.

In the current investigation, based on PlantCARE online software, the cis-elements
present in the promoter sequences of the SlPAP genes were successfully predicted. The
analyses results identified five classes of cis-elements, including light responses, as well as
process-, environment-, plant-tissue-, and binding-site-related cis-elements. It was found
that all of the SlPAP genes had more than one process-specific cis-element, including ABRE,
CGTCA-motif, TGACG, GARE-motif, P-box and TATC-box, TCA-element, TGA-element
and ERE. As previously stated, SA, JA, ET, and ABA play key roles in plant responses to
both biotic and abiotic stress, as well as in the regulation of developmental processes [49].
In addition, fourteen genes were found to have more than one environment-specific cis-
element (ARE, CCAAT-box, GC-motif, LTR, MBS, and circadian). These findings will
contribute to furthering the current understanding of the various functional roles of SlPAP
genes with regard to biotic and abiotic stress responses.

According to the RNA-Seq data, the expression patterns of the SlPAP genes were
observed in various tissue types and developmental stages. The results showed that the
expressions of 15 SlPAP genes were tissue- and development-specific under normal growth
conditions. It was considered that all of those tissue- and development-specific expressed
genes likely play vital roles in the growth and development of tomato plants, and that
their functions require further investigation. In addition, the expression levels of three
genes (SlPAP04, SlPAP06 and SlPAP13) were high in all the investigated tissue types, which
implied that they may be closely linked to the physiological and biochemical activities
of tomato plants under normal growth conditions. Furthermore, two genes (SlPAP12
and SlPAP18) exhibited differential expression levels between the cultivated tomato and
wild variety S. pimpinellifolium in the vegetative and reproductive organs. Those findings
indicated that the interspecies divergence of gene expressions may have occurred, which
could potentially lead to functional specialization.

In the present investigation, for the purpose of obtaining a greater insight into the
expression patterns and putative functions of SlPAP genes, 18 SlPAP genes were evaluated
under high- and low-phosphorus conditions by applying a real-time quantitative RT-PCR
analysis method. In Arabidopsis, it was found that the transcript levels were reduced
for AtPAP26 during phosphatase stress, whereas the AtPAP12 transcript levels correlated
well with the relative levels of secreted AtPAP polypeptides [14,50]. A qRT-PCR analysis
revealed that the expressions of OsPAP10a were specifically induced by Pi-deficiency in
the shoot and root tissues. However, OsPAP10c was induced in the roots, yet not in the
shoots [51]. AtPAP12, AtPAP26, OsPAP10a, OsPAP10c, and six SlPAP genes belong to the
same group (Group Ia). In this study, SlPAP02, SlPAP03, SlPAP07, and SlPAP18 were also



Plants 2022, 11, 563 11 of 15

observed to be significantly down-regulated by the low phosphorus treatments when
compared with the control. Therefore, the results suggested that those PAP genes may have
similar functions to those in Arabidopsis and rice. In conclusion, a comprehensive analysis
of SlPAP proteins in tomato was carried out though bioinformatic method. However, the
function of tomato PAP genes under P stress condition will be explored in the future.

4. Materials and Methods
4.1. Identification of SlPAP Genes in Tomato

In the current survey, all of the tomato genome sequence data were downloaded from
the following website (http://solgenomics.net/, accessed on 4 January 2022). The local
database of the tomato genome sequences was constructed by the Bioedit7.0 software.
In order to retrieve all the members of the PAPs family in tomato, two methods were
applied to identify the local database of the tomato genome sequences by means of the
BLASTP algorithm. First, the local genome sequence database was searched according
to all the members of the PAPs gene family in Arabidopsis thaliana, in order to obtain the
homologs of PAP genes in tomato. Next, we used the Hidden Markov Model (HMM)
profile of PAPs, which was from the Pfam database (http://pfam.xfam.org, accessed on
4 January 2022), as a query to retrieve this local tomato database. The putative genes
that were obtained using the above technique were then further identified using the
Pfam database. The conserved motif structures were then analyzed using a CDD method
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 4 January 2022).
Next, the molecular weight and isoelectric point of these SlPAP proteins were predicted
using the ExPASy server (www.expasy.org, accessed on 4 January 2022).

4.2. Subcellular Localization, Conserved Motifs and Gene Structure Analyses of the SlPAP Proteins

In this study, the subcellular localization of the SlPAP proteins was predicted using the
online Euk-mPLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/, accessed on
4 January 2022). Then, conserved motif analyses of the SlPAP genes were performed using
the following parameters: The MEME (http://meme-suite.org/tools/meme, accessed on
5 January 2022) was used to number the motifs. The structural feature of the SlPAPs were
adopted by the online tool GSDS (http://gsds.cbi.pku.edu.cn, accessed on 5 January 2022).

4.3. Multiple Sequence Alignment and Phylogenetic Analysis

Each amino acid sequence of the purple acid phosphatases in the tomato genome
and PAPs from Arabidopsis thaliana and rice was aligned using Clustal X (Version 1.8) and
a neighbor-joining method featuring bootstrap replicates (1000) in MEGA 7.0 software.
Additionally, a pairwise deletion method was applied to address any gaps or missing
data in the sequences, then branch lengths were assigned via the pairwise calculations of
genetic distances.

4.4. Chromosome Distribution of PAP Genes in Tomato

The chromosomal location of the SlPAP genes was determined from the SGN database.
The respective positions of the SlPAP genes were draw on the chromosomes by implement-
ing MapDraw V2.1 software. The duplication characteristics (tandem duplications and
segmental duplications) were subsequently analyzed using the following web address:
http://chibba.agtec.uga.edu/duplication/index/locus (accessed on 4 January 2022).

4.5. Protein–Protein Interaction Analysis

The STRING v11.5 database (http://string-db.org, accessed on 4 January 2022) was
used to analyze putative protein–protein interactions of PAP proteins. Eighteen SlPAP
protein sequences were uploaded to the Multiple Proteins database, and “Organism”
selected Arabidopsos thaliana to compare analysis. Then, using “search”, the highest-scoring
proteins were used to generate the functional protein interaction network.

http://solgenomics.net/
http://pfam.xfam.org
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
www.expasy.org
http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/
http://meme-suite.org/tools/meme
http://gsds.cbi.pku.edu.cn
http://chibba.agtec.uga.edu/duplication/index/locus
http://string-db.org
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4.6. Promoter Cis-Element Analysis

The regions located 1000 bp upstream (promoter region) from each of the SlPAP genes
were obtained from tomato SGN database. Then, the cis-elements in the promoter regions of
each SlPAP gene were identified by means of the PlantCARE server (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 4 January 2022) [52].

4.7. Tissue-Specific Expression Analysis

In the present study, RNA-seq data which were obtained from the Tomato Functional
Genomics Database (TFGD; http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi,
accessed on 4 January 2022) were used to analyze the expression profiles of the candidate
SlPAP genes within different tissues of cultivated Heinz tomato plants (Solanum lycop-
ersicum) and its wild relative, LA1589 (S.pimpinellifolium). The leaves were treated with
various bacteria and PAMPs. Several tissues (leaves, roots, flowers and fruits) were used
in the cultivated tomato plants. The fruit samples included the 1 cm, 2 cm, 3 cm, mature
green, breaker, and breaker + 10 fruit. For the tomato wild species (S. pimpinellifolium), 10
different tissues and organs were selected for analysis purposes, namely young/mature
leaves, hypocotyl, roots, cotyledons, young flower buds, anthesis flowers, 10/20-day post
anthesis (DPA) fruit, and 33 DPA fruit (ripening fruit). In addition, tissue-specific tran-
scriptome profiling of LA1589 ovaries and fruit were selected, including Ovule 0 DPA,
pericarp 0 DPA, pericarp 4 DPA fruit, placenta 0 DPA, placenta 4 DPA fruit, septum 0 DPA,
septum 4 DPA fruit, embryo 4 DPA fruit, endosperm 4 DPA fruit, funiculus 4 DPA fruit, and
seed coat 4 DPA fruit. The various tissues were treated with different bacteria. The PAMPs
included mock bacteria 6h, DC3000 6h, Pseudomonas fluorescens 6h, Pseudomonas putida 6h,
and Agrobacterium tumefaciens 6h. Then, expression analysis of the candidate SlPAP family
genes was performed via MultiExperiment Viewer (MeV) software [53].

4.8. Plant Materials and Growth Conditions

The tomato plants were cultivated in a growing room under 14 h light period (28 to 30 ◦C)
and 10 h dark period (18 to 20 ◦C) conditions. The irrigating solution reported previously
was adopted. Three biological replicates for each treatment were included in the experi-
ments. All of the samples were immediately frozen in liquid nitrogen, after which they
were stored at −80 ◦C for RNA isolation.

4.9. RNA Isolation and Quantitative Real Time-PCR (qPCR) Analysis

The transcription levels of all the SlPAP genes were performed through qRT-PCR
analysis. In addition, the encoding regions of the SlPAP genes were used to design primers
based on using Primer 5.0 software.

The total RNA isolation was performed from the treated leaves using Trizol (Tiangen,
Beijing, China) and was further treated with DNase I (Transgen, Beijing, China). Then,
1 µg of each of the treated RNA samples was reverse transcribed using PrimeScriptTM RT
reagent Kit for qRCR (Transgen, Beijing, China). The primer information of the SlPAP genes
is listed in Supplementary Table S1. Furthermore, qRT-PCR reactions were performed in a
total volume of 20 µL including 10 µL of SuperMix, 1 µL of each of the primers, 1 µL of the
template, 7 µL of sterile distilled H2O, and 1 µL of the passive reference dye. The thermal
conditions reported previously were adopted. Finally, the 244Ct method was used to
calculate the relative gene expression values. The tomato housekeeping gene GAPDH was
used as an endogenous control for the purpose of normalizing the samples [54]. qRT-PCR
analyses were carried out using three biological and technical replicates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11040563/s1, Table S1: The primer sequences used in
this study.

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi
https://www.mdpi.com/article/10.3390/plants11040563/s1
https://www.mdpi.com/article/10.3390/plants11040563/s1
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