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P-type ATPase family members play important roles in plant growth and
development and are involved in plant resistance to various biotic and abiotic
factors. Extensive studies have been conducted on the P-type ATPase gene
families in Arabidopsis thaliana and rice but our understanding in potato remains
relatively limited. Therefore, this study aimed to screen and analyze 48 P-type
ATPase genes from the potato (Solanum tuberosum L.) genome database at the
genome-wide level. Potato P-type ATPase genes were categorized into five
subgroups based on the phylogenetic classification of the reported species.
Additionally, several bioinformatic analyses, including gene structure analysis,
chromosomal position analysis, and identification of conserved motifs and
promoter cis-acting elements, were performed. Interestingly, the plasma
membrane H*-ATPase (PM H*-ATPase) genes of one of the P3 subgroups
showed differential expression in different tissues of potato. Specifically, PHAZ,
PHA3, and PHA7 were highly expressed in the roots, whereas PHA8 was
expressed in potatoes only under stress. Furthermore, the small peptide Pepl3
inhibited the expression of PHAL, PHA2, PHA3, and PHA7 in potato roots.
Transgenic plants heterologously overexpressing PHAZ displayed a growth
phenotype sensitive to Pepl3 compared with wild-type plants. Further analysis
revealed that reducing potato PM H*-ATPase enzyme activity enhanced
resistance to Pepl3, indicating the involvement of PM H*-ATPase in the
physiological process of potato late blight and the enhancement of plant
disease resistance. This study confirms the critical role of potato PHAZ in
resistance to Pepl3.
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1 Introduction

P-ATPase genes belong to a protein family that is widely present
in plant cell membranes (Pedersen et al., 2012; Zhang et al., 2020).
Their main function is to facilitate ion transport across membranes
via ATP hydrolysis. This process is crucial for maintaining
intracellular ion homeostasis and plays a significant role in
important physiological processes such as plant growth and
development (Pedersen et al, 2012). The P-type ATPase
superfamily can be classified into five major subfamilies based on
the sequence properties and functions of the P-type ATPase genes
(Palmgren and Nissen, 2011; Pedersen et al., 2012). The P1 subfamily
is dominated by the P1A branch, which has more members than the
P1B branch (Axelsen and Palmgren, 1998). The P2 subfamily
comprises four branches: P2A, P2B, P2C, and P2D. Previous
research has suggested that the P2A and P2B branches are
primarily responsible for transporting Ca®" (Palmgren and
Nissen, 2011). The P2C branch is believed to be involved in the
transport of Na*/K" and H"/K" ions. The P2D branch represents a
minority of the proteins within the P2 subfamily (Palmgren and
Nissen, 2011). In the P3 subfamily, P3A functions as a P-type H'-
ATPase, whereas P3B is associated with Mg“—ATPases in certain
bacterial species (Axelsen and Palmgren, 1998). The P4 subfamily is
involved in lipid transport. The functional characteristics of the P5
subfamily have not yet been fully elucidated (Baxter et al., 2003). A
total of 46 P-ATPase genes have been identified in Arabidopsis
(Palmgren, 2001) and 43 in rice (Baxter et al., 2003). Arabidopsis
and rice exhibit a high abundance of genes in five subfamilies: P1B,
P2A, P2B, P3A, and P4. However, the P5 subfamily is characterized
by a scarcity of genes and the P2C, P2D, P1A, and P3B subfamilies
lack identified genes (Baxter et al., 2003). P-type H"-ATPases belong
to the P3A subfamily and are found in fungi and plants (Axelsen and
Palmgren, 1998). These enzymes have a common structure consisting
of ten transmembrane helices and three cell membrane structural
domains: the N-terminal, catalytic, and C-terminal domains
(Pedersen et al., 2007). P-type H"-ATPase uses the energy stored in
ATP to transfer protons during the catalytic cycle. In most plants,
these enzymes are localized in the plasma membrane; therefore, they
are referred to as plasma membrane H'-ATPases (PM H*-ATPases).

PM H'-ATPase is encoded by multiple genes and there is
significant variation in the quantity and type of this protein
among different species (Saijo et al., 2018). This protein exhibits a
certain degree of tissue and organ specificity and may partially
overlap in function. Taking Arabidopsis thaliana as an example, 12
functional members of the PM H"-ATPase family (AtAHAI-12)
have been identified (Axelsen and Palmgren, 2001). Genetic
analysis has revealed that AtAHAI plays a role in steroid
signaling, AtAHA2 is involved in iron transport, AtAHA3
participates in pollen development, AtAHA4 is associated with
salt stress, and AtAHAIO is involved in vacuole biogenesis (Vitart
et al., 2001; Baxter et al., 2005; Haruta et al., 2010; Hoffmann et al.,
2019). In addition, eight AfAHAs are expressed in green leaves,
eight in roots, and three in all tissues (Yuan et al., 2017). In maize
(Zea mays L.), four similar H*-ATPases (ZmHAI-4) have been
identified (Frias et al, 1996). In tobacco (NpHAI-9), the proton
pump gene NpHAI is only expressed in the root epidermis, NpHA5
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in transport cells, and NpHA6 and NpHAJY in the leaf trichomes and
cortex, respectively (Oufattole et al., 2000). In rice (Oryza sativa),
this family consists of 10 members that are divided into five
subgroups called PM H*-ATPase 1 (OSAI) through OSA10 (Toda
et al., 2016). Until now, in potato (Solanum tuberosum L.), seven
genes encoding plasma membrane H'-ATPases have been
identified, designated PHAI-PHA7 (Stritzler et al., 2017).
Interestingly, studies have identified eight transcriptionally active
plasma membrane H'-ATPase genes, named SIHAI-8, in tomato,
which belongs to the same family as potato, Solanaceae. Among
these genes, SIHAS8 is strongly and exclusively expressed in roots
infected with mycorrhizal fungi (Liu et al., 2016, 2020).

Alkalinization of extracellular pH has long been regarded as a
hallmark of plant immune responses, especially in the study of
pathogen-associated molecular pattern (PAMP)-triggered immunity
(PTI) (Liu et al, 2022). Plant immunologists have successfully
identified the active forms of many important PAMP immune
molecules, such as flg22 and Pepl, using extracellular alkalinization
as an indicator (Felix et al., 1999; Jeworutzki et al., 2010). The MAMP
peptide, flg22, derived from bacterial flagellin proteins, induces
extracellular alkalinization by altering the phosphorylation status of
AHAI/AHA2. Specifically, flg22 decreased the phosphorylation of
Thr881 and Thr947, while increasing the phosphorylation of Ser899.
These phosphorylation and dephosphorylation events reduce the
activity of PM H'-ATPase (Nithse et al, 2007). A recent study
revealed the mechanism by which cell-surface peptide-receptor
complexes act as extracellular pH sensors that regulate plant
growth and immunity (Liu et al, 2022). Through in situ staining
with HPTS, researchers have observed that the extracellular
environment in the root apical meristem cells of plants is relatively
acidic. Treatment of plants with the immune peptide Pepl or PAMPs
rapidly increases the extracellular pH in the root apical meristem,
indicating that immune responses cause extracellular alkalinization in
this tissue. Furthermore, the immune response elicited by Pepl
significantly inhibited root apical meristem growth. Further
experiments showed that the immune response induced by Pepl
inhibited the signaling pathway of the peptide hormone RGF1, which
promotes root stem cell growth and reduces the expression of the key
transcription factor PLT1/2 involved in root apical growth and
development. Interestingly, the region of Pepl-induced extracellular
alkalinization in the root apical meristem highly coincides with the
expression regions of RGF1 and PLT1/2. RGFI is a secreted peptide-
signaling molecule that interacts extracellularly with its receptor
(Liu et al., 2022).

Some fungi selectively regulate the activity of plant PM H™-
ATPase. For example, a fungus secretes thiadiazole acid, which
inhibits the activity of PM H'-ATPase through its C-terminal
domain, leading to cell death (Bjork et al., 2020). PM H'-
ATPases play an important role in the interaction between plants
and fungi. Fungi of the genus Trichoderma benefit plant growth
(Yedidia et al,, 2001; Contreras-Cornejo et al., 2014). Although the
specific mechanism is not clear, the activity of plasma membrane
H'-ATPase is regulated by Trichoderma (Lopez-Coria et al,, 2016),
suggesting that the activation of plasma membrane H'-ATPase may
be one of the beneficial mechanisms of Trichoderma asperellum for
plants. Studies have also found that the addition of inducers leads
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to rapid alkalization of the growth medium, which may be achieved
by inhibiting the activity of plasma membrane H'-ATPase
(Saijo et al.,, 2018). Fusarium oxysporum can induce rapid
acidification of the apoplast, thereby regulating cell wall structure
and root growth by reducing cellulose synthesis. Infection with the
fungus Fusarium oxysporum also leads to Thr947 phosphorylation
and it is worth noting that treatment with the inducer of the fungus
Fusarium oxysporum produces the same effect (Kesten et al., 2019).
However, a class of substances called RALF-like peptides secreted
by the fungus Fusarium oxysporum has the opposite effect. These F-
RALFs inhibit the activity of the plasma membrane H*-ATPase
through an iron-dependent pathway, thereby triggering apoplastic
alkalinization (Masachis et al., 2016).

As a globally important crop, potatoes are constantly threatened
by various pathogens, especially late blight caused by the oomycete
Phytophthora infestans (Trout et al., 1997; Lin et al., 2023). This
disease has a severe impact on potato yield, sometimes leading to
complete crop failure and posing significant risks to farming and
related industries. Pepl3 is an oligopeptide derived from
extracellular transglutaminase produced by Phytophthora species
and it is a PAMP that triggers a variety of immune responses
(Brunner et al.,, 2002). Recent studies have successfully identified the
immune receptor PERU in potatoes, which recognizes the
immunogenic peptide Pepl3. When PERU binds to Pepl3, it
induces immune responses in potato plants, including cell death,
ROS bursts, and ethylene production (Torres Ascurra et al., 2023).
However, the role of the plasma membrane H"-ATPase gene family
in potatoes during the late blight caused by Phytophthora infestans
remains unclear.

In the present study, a bioinformatics approach was employed
to comprehensively identify and analyze the P-type ATPase gene
family in potatoes. The sequence characteristics, chromosomal
localization, gene structure, evolutionary relationships, and
promoter elements of these genes were systematically analyzed,
particularly focusing on the expression patterns of P-type H'-
ATPase gene family members in the roots, stems, and leaves.
Additionally, we treated potato roots, stems, and leaves with
Pepl3 and analyzed its differential expression in different tissues.
Through these investigations, a comprehensive understanding of
the members of the potato P-type ATPase gene family and their
functional roles in late blight occurrence was achieved, providing
important references for further research.

2 Materials and methods

2.1 Selection of plant materials and
optimization of growth conditions

Arabidopsis thaliana Columbia-0 (Col-0) seeds were obtained
from Nanjing University. To promote growth, the seeds were
sterilized using 10% sodium hypochlorite for 4 min, rinsed four
times with double-distilled water, and planted on solidified
Murashige and Skoog (MS) or 1/4 MS medium with 1% sucrose
(Aldrich-Sigma) and 1% agar (Aldrich-Sigma). The growth
phenotype of Pepl3 in Arabidopsis was assessed as previously
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described (Jing et al., 2019). The plates were initially incubated in
darkness at 4°C for 2 days and then positioned vertically. On day 10
after germination, primary root lengths were measured using
Image] software (http://rsb.info.nih.gov/ij/) and the biomass
was weighed.

The potato variety Unk ‘Atlantic’ was selected to investigate the
effects of Pepl3. This variety was obtained from the Institute of
Vegetables and Flowers of the Chinese Academy of Agricultural
Sciences. After germination at 22°C, the pre-elite seeds were then
transplanted into a solution containing 1/4 potato Murashige and
Skoog (MS) basal salts with vitamins (Coolaber). The initial pH of this
solution was 5.5. The cultivation of the potatoes took place in growth
chambers set at 25°C, with a 12-h light/12-h dark photoperiod.

2.2 ldentification and analysis of P-type
ATPase gene family

The potato P-type ATPase gene was identified using potato gene,
transcript, and protein sequences downloaded from the Phytozome
website (Solanum tuberosum v6.1, Phytozome genome ID: 686, and
NCBI taxonomy ID: 4113) (Pham et al., 2020). The P-type ATPase
domain (sequence numbers: PF00690, PF00122, and PF13246) was
used as a reference (Zhang et al., 2020) to search for P-type ATPase in
the Potato Protein Sequence Database using the Hidden Markov
Model (HMM). Sequences containing the structural domain of the
P-type ATPase were identified and species-specific models were
created. Candidate potato P-type ATPase gene sequences were
further confirmed using BLAST (le-10) to ensure their membership
in the P-type ATPase gene family. Redundant sequences were removed
and the resulting P-type ATPase protein sequences were submitted to
the Pfam (http://pfam janelia.org/), NCBI Conserved Domain (http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and SMART (http://
smart.em-bl-heidelberg. De) databases for additional confirmation of
the P-type ATPase motifs. Finally, erroneous and repetitive sequences
were eliminated to identify the members of the P-type ATPase gene
family. Secondary and tertiary structures of the proteins were predicted
using the SOPMA database (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_server.html) and Phyre2
software (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index),
respectively (Gasteiger, 2005; Kelley et al,, 2015).

2.3 Phylogenetic analysis and
motif identification

Multiple sequence comparisons were performed using the
ClustalW tool in MEGA 7 software on the sequences of the P-
type PM H'-ATPase proteins of Solanum tuberosum (PHA),
Solanum lycopersicum (HA), Arabidopsis thaliana (AHA), Oryza
sativa (OSA), Helianthus annuus (HHA), and Nicotiana
plumbaginifolia (PMA) (Stritzler et al., 2017; Xu et al, 2020).
Subsequently, neighbor-joining (NJ) phylogenetic trees were
constructed based on the Poisson model, and the robustness of
the dendrograms was evaluated by setting bootstrap values for 1000
times. To gain a deeper understanding of the potential properties of
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these protein sequences, themes in the sequences were further
predicted using MEME software (http://meme-suite.org/) (Lu
et al., 2021).

2.4 Chromosomal distribution, gene
duplication, and synteny analysis of P-type
ATPase gene family

The chromosomal distribution of gene family members was
determined using the GFF file of the reference genome v6.1 and the
distribution was visualized using the MG2C online web service
(http://mg2c.iask.in/mg2c_v2.1/). Gene duplication and collinearity
analyses were conducted and visualized using the multicollinearity
scanning function module in the TBtools software, as described in
our previous study (An et al., 2022).

2.5 Reverse transcription-quantitative
polymerase chain reaction techniques for
gene expression analysis

Total RNA was extracted from potato and Arabidopsis roots using
the TRIzol reagent (Invitrogen). The extracted RNA was used to
synthesize poly(dT)-complementary DNA using M-MLV reverse
transcriptase (Promega). For reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), the SYBR Green I Master Kit
(Roche Diagnostics) was used on a CFX Connect Real-Time System
(Bio-Rad), following the manufacturer’s instructions. RT-qPCR
primers for eight members of the PM H'-ATPase gene family were
designed using Primer Premier 5.0. ACTIN (Soltu.DM.03G011750.2)
was used as an internal reference gene (Zhang et al., 2022). The primers
used are listed in Supplementary Table S1. Each sample was replicated
three times and differential expression was determined using the 2
[- Delta C(T)] method (Livak and Schmittgen, 2001).

2.6 Synthesis of Pepl3 small peptides

The Pepl3 small peptide (sequence VWNQPVRGFKVYE)
utilized in this study was synthesized by Sangon Biotech
(Shanghai, China). To meet the experimental requirements, the
peptide was dissolved in water to prepare a stock solution at a
concentration of 1 mM.

2.7 Cloning of the full-length coding
sequence of the PHA2 gene

The Atlantic root was chosen as the source for RNA extraction,
and total RNA was isolated using an extraction kit from Tiangen
Biochemical Technology Co., Ltd. (Beijing, China). Reverse
transcription was used to synthesize cDNA. PCR amplification
was conducted using the cDNA as a template with the primers
PHA2-F1 and PHA2-R1 (Supplementary Table S1). The amplified
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products were separated by 1% agarose gel electrophoresis. The
concentration of the PHA2 fragment was determined after recovery
using a DNA Gel Extraction Kit. The recovered products were
polyadenylated using the Taq enzyme and ligated into the pMD 19-
T vector. The ligated vector was transformed into E.coli DH 50
competent cells and the cells were cultured on a screening medium
containing antibiotics. Finally, monoclonal colonies were selected
for PCR and their accuracy was confirmed by sequencing.

2.8 Over-expression vector construction
and Arabidopsis transformation

To create expression vectors for the PHA2 transgenic expression
vector, the PHA2 coding sequence (CDS) was amplified from cDNA
obtained from the Atlantic. For Arabidopsis transformation, the PHA2
sequence was cloned into the Spel/Nhel sites of the plant expression
vector pCAMBIA1302, resulting in the generation of the plant
overexpression vector pCAMBIA1302-35S-PHA2. The resulting
vector was then transferred into Agrobacterium tumefaciens strain
GV3101, and Arabidopsis Col-0 plants were transformed using the
floral dip method (Clough and Bent, 1998). The seeds were sterilized
and plated on a solid 1/2 MS medium containing 35 ug mL™" of
kanamycin. After 4 days of cultivation at 4°C, the seeds were
transferred to a growth chamber set to a light cycle of 16 h of light
and 8 h of dark at 25°C for 8 days. The plants were then transplanted
into the soil. To screen for positive plants, specific primers
(Supplementary Table S1) were designed for the PCR identification
of transgenic Arabidopsis. Three heterologously overexpressing
homozygous T3 transgenic lines (OE strains) were obtained for each
gene and the best OE-expressing strain (OE-PHA2-#5) was selected
for subsequent Pepl3 experiments (Supplementary Figure S1).

2.9 Measurements of PM
H*-ATPase activity

To investigate the effects of Pep13 treatment on Atlantic roots, a
1/6 MS solution without sucrose (pH 5.8) was used as the growth
medium. Three-week-old Atlantic roots were transferred to
medium with or without 20 nM Pepl3. After 3 d of treatment,
the roots were collected for further analysis. Plasma membrane
vesicles were prepared from the collected roots following a
previously described protocol (Shen et al., 2005). To determine
the feasibility of the assay, 10 pM vanadate (VA) was used. The
vanadate-sensitive ATPase accounted for 85% of the total activity in
the plasma membrane fraction. The activity of the PM H*-ATPase
was measured at a wavelength of 700 nm using a U-2910
spectrophotometer (HITACHI, Tokyo, Japan).

2.10 Statistical analysis

Statistical analyses were conducted using Student’s t-test
(P<0.05) on at least three independent replicates for all experiments.
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3 Results

3.1 Identification and analysis of members
of the P-type ATPase gene family

This study successfully identified 48 members of the potato P-
type ATPase gene family from the potato genome database using
Biastp online comparison and an HMMER search. This is similar to
Arabidopsis and rice, which have 46 and 43 P-type ATPase genes,
respectively (Palmgren, 2001; Baxter et al., 2003). To better
understand the chromosomal distribution of P-type ATPase genes,
we used the potato genome database to create a chromosomal
localization map (Figure 1). The findings revealed that these genes
were unevenly distributed across the 12 chromosomes. Chromosome
chr09 exhibited the highest number of markers, encompassing eight
genes. In contrast, chromosome chr10 had fewer markers, with only
one gene identified as Soltu.DM.10G028130.1. The 48 identified
PTAP protein sequences were used to construct a phylogenetic tree
to determine the subfamily classification of potato P-type ATPase
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genes. The results showed that the potato P-type ATPase genes could
be categorized into five subfamilies (Supplementary Figure S2), which
is consistent with findings in other plants (Palmgren and Nissen,
2011; Pedersen et al., 2012). Among these, the number of genes in the
P4 subfamily was low, whereas the number of genes in the other
subfamilies was high. Interestingly, the eight PM H'-ATPase
members of the P3A subfamily have relatively similar
evolutionary homology.

3.2 Gene duplication relationship and
collinearity analysis of P-type ATPase gene
family in potato

Gene duplication, tandem repeats, and whole-genome duplication
are important factors driving the expansion of plant gene families. To
elucidate the expansion and evolutionary characteristics of the P-type
ATPase gene family in potatoes, we conducted whole-genome
segmental duplication and collinearity analyses. Among all members
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Distribution of the P-type ATPase gene family on potato chromosomes is illustrated in the diagram. The length (Mb) of the chromosomes is
represented by the scale bar on the left. P-type ATPase gene family are indicated on both sides of their respective chromosomes.
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of the gene family, only seven gene pairs (comprising 12 genes) were
involved in the formation of segmental duplications (Figure 2A;
Supplementary Table S2). The results indicate that tandem repeats of
the P-type ATPase gene family mainly occur on chromosomes 7, 8, and
9. In particular, eight tandem gene family members on chromosome 9
formed a gene cluster (Figure 2A), which may have distinct functional

10.3389/fpls.2024.1353024

characteristics compared to other family members. Collectively, these
results indicate that both segmental and tandem duplications play roles
in the expansion of the P-type ATPase gene family. As is well known,
members of the same gene family in different species share a common
ancestral origin, and collinearity analysis can effectively reveal the
evolutionary relationships of specific gene families among different
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Arabidopsis thaliana
c Solanum tuberosum
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FIGURE 2

Syntenic and collinearity analysis of potato P-type ATPase gene family. (A) Green lines on the diagram represent potato chromosomes, while the
deep red lines represent the putative orthologous P-type ATPase gene family of potato. (B—D) Collinearity analysis of P-type ATPase genes in potato,
Arabidopsis, rice, and tomato. The chromosomes of Arabidopsis, tomato, rice, and potato are depicted in dark green, blue, yellow, and deep red,
respectively. P-type ATPase genes exhibiting collinearity are illustrated by the deep red curve.
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species. In the present study, we conducted a whole-genome
collinearity analysis of potatoes with Arabidopsis, rice, and tomatoes
(Figures 2B-D). These results indicate that compared to rice, potato
and tomato genomes are highly syntonic, with more collinear gene
pairs present. Additionally, many collinear gene pairs have been
identified between potato and Arabidopsis, suggesting that the P-type
ATPase gene family may have undergone a similar evolutionary history
in potato, Arabidopsis, and tomato plants.

3.3 Conserved protein motifs, cis-
regulatory element, and gene structure
analysis of the P-type ATPase gene family

A motif is a short sequence in a protein with specific functional
or structural features that can affect its structure, stability, and
activity. Motifs can also serve as signal sequences that guide protein
localization and transport within cells. For the potato P-type
ATPase gene family, we identified ten conserved motifs, with

10.3389/fpls.2024.1353024

each protein sequence containing between one and eight motifs
(Figure 3). For the potato P-type ATPase gene family, we identified
10 conserved motifs, with each protein sequence containing
between one and eight motifs. Among these, some highly
conserved motifs (such as motif 5) were identified in every
protein sequence, whereas motifs 9 and 10 were found only in
Class IIT protein sequences. Cis-acting elements in promoter
regions regulate gene transcription. In addition to the
identification of a large number of light-responsive elements,
many hormone-related elements, such as ABA and GA response
elements, were found in the promoter region of the P-type ATPase
gene family (Figure 4A). Furthermore, many promoters contain cis-
acting elements that respond to stress such as low temperature and
drought, suggesting that members of the P-type ATPase gene family
may play diverse functional roles in potatoes. Additionally, the
results of the gene structure, phylogenetic tree, and protein motif
analyses were highly consistent and all members of the P-type
ATPase gene family were classified into three major classes. Overall,
compared with Classes I and III, Class II genes contained fewer
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CDS, whereas Class I sequences contained many longer intron
sequences than Class III (Figure 4B).

3.4 Phylogenetic and syntenic analysis of
potato PM H*-ATPase proteins

As a superfamily of membrane proteins, P-type ATPases play
important roles in plants and are involved in several fundamental
physiological processes (Zhang et al., 2020). Particularly noteworthy are
the PM H'-ATPase family members of the P3 subfamily, which play
key roles in plant growth, development, and stress resistance (Morth
etal, 2011; Falhof et al,, 2016; Li et al., 2022). These enzymes maintain
the stability of the intra- and extracellular environments by hydrolyzing
ATP to drive ion transport and maintain electrochemical equilibrium
across the membrane (Morth et al,, 2011). In this study, we used 58 PM
H*-ATPase protein sequences from six different species (Solanum
tuberosum, Solanum lycopersicum, Arabidopsis thaliana, Oryza sativa,
Helianthus annuus, and Nicotiana plumbaginifolia) to construct
maximum likelihood trees to explore possible functional clustering
relationships among PM H'-ATPase family member genes (Figure 5).
The results showed that PM H"-ATPases could be classified into five
subfamilies and PM H*-ATPase genes from species with close relatives
tended to cluster. For example, PMA3 and PHA3 in sub-cluster I
clustered with a bootstrap value of 100. AHA1, AHA1, OSA7, HHAO9,
AHA10, and PMA9Y also formed a preferred cluster in Subcluster II
The PM H'-ATPase genes of Helianthus annuus were mainly clustered
together in sub-cluster III. Interestingly, the PM H'-ATPase genes of
potato and tomato showed closer affinity in the phylogenetic tree,
whereas AHA7 formed a separate branch and was related to rice
OSA10 and Arabidopsis AHA7. In conclusion, this study provides an
in-depth analysis of the functional clustering relationships among PM
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H"-ATPase family member genes and lays the groundwork for further
research on the functions of these genes.

3.5 Prediction and analysis of the spatial
structure of PM H*-ATPase protein
family members

To further investigate potato PM H'-ATPase family proteins,
their spatial structures were predicted using an online software. An
analysis of the secondary structures of the PM H'-ATPase family
proteins revealed that all proteins consist of three different
structural units, including o-helices, random coils, and extended
chains. However, the proportion and sequential distribution of
these structural units vary among proteins. Random coils had the
highest proportion, ranging from 50.22% to 55.24%, followed by -
helices, ranging from 35.95% to 39.43%. The proportion of
extended chains varied less among different proteins, ranging
from 8.10% to 10.71% (Supplementary Figure S3). Interestingly,
among all PHA family proteins, PHA8 had the highest percentage
of a-helical structures. PHAG6, on the other hand, had the highest
percentage of random coil structures and lowest percentage of
extended strands, while the opposite was true for PHAS5. Based
on the publicly reported cryo-electron microscopy structure of
AHA2, the tertiary structure of the PHA protein family was
predicted using Phyre2 online software. The results showed that
the tertiary structures of PHA2, PHA3, and PHA5 were similar to
that of AHA2 in Arabidopsis (Figure 6). These findings provide
important clues for exploring the function and mechanism of action
of PM H'-ATPases and lay the foundation for a deeper
understanding of the biological functions of the PM H'-ATPase
protein family and their roles in resistance to late blight.
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Phylogenetic analysis of PM H*-ATPase in potato. (A) Phylogenetic analysis of the complete protein sequences of PM H*-ATPase proteins from
Solanum tuberosum, Solanum lycopersicum, Arabidopsis thaliana, Oryza sativa, Helianthus annuus, and Nicotiana plumbaginifolia. The neighbor-
joining (NJ) tree was generated using the MEGA software, applying the pairwise deletion option, and 1,000 bootstrap replicates were performed to
evaluate the reliability of the tree. In the generated tree, the PM H*-ATPase proteins from Solanum tuberosum, Solanum lycopersicum, Arabidopsis
thaliana, Oryza sativa, Helianthus annuus, and Nicotiana plumbaginifolia are depicted as red triangles, green circles, and purple squares, respectively.
(B) Evolutionary analysis of PM H*-ATPase (PHA) family proteins and HAL, HA2, AHAL, and AHA2 proteins

3.6 Expression variation of the PM
H+-ATPase gene family in different
organs of potato

Examining the differences in the expression of PHAs in various

organs provides insights into the functional roles of PM H"-ATPase
family members in different organs. The expression levels of different
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PHASs vary across roots, stems, leaves, sprouts, and tubers of potatoes
(Figure 7). In the roots and tubers, PHA2, PHA3, and PHA7 exhibited
the highest expression levels (10-fold, 7.8-fold, and 3.8-fold,
respectively), followed by leaves. The flowers exhibited the lowest
expression levels. In the leaves, PHA6 showed relatively high
expression levels, which were 7.5-fold higher than those in the
roots, followed by the stems, where the expression levels were the
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FIGURE 6
Tertiary structures of members of the PM H

lowest among the organs. Additionally, PHA6 exhibited higher
expression levels in flowers than in other organs but was lower
overall than in other genes. In summary, there were differences in
expression among PHA family members in different organs, with
significantly higher expression of PHA2 and PHA3 in the roots and
high expression of PHA5 and PHAG in flower petals. Interestingly,
there was no detectable expression of potato PHAS8 in any of the
). These
findings provide significant clues for understanding the functional

tissues, similar to the results in tomato (
characteristics of PHA gene family members in different organs.
3.7 Expression analysis of PM H*-ATPase
subfamily genes in potato in response to
Pepl3 treatment

In this study, potatoes were treated with Pep13, and the expression

of the PM H"-ATPase subfamily genes PHA1, PHA2, PHA3, PHA4,
PHAS5, PHA6, PHA7, and PHA8 was analyzed in the roots, stems, and

Frontiers in

ATPase family: (A) PHAL, (B) PHA2, (C) PHA3, (D) PHAA4, (E) PHAS, (F) PHAG, (G) PHA7, (H) PHAS, and (I) AHA2

leaves ( ). The results showed that the expression levels of
PHAI, PHA2, PHA3, and PHA?7 decreased in Pepl3-treated roots.
Specifically, PHA2 expression was significantly down-regulated after
Pepl3 treatment. However, in the leaves, only PHAI showed some
degree of up-regulation. In contrast, the expression levels of seven of
the eight genes remained unchanged in the stems. The highest
expression level of the PHAS8 gene was found in the Pepl3-treated
potato roots, stems, and leaves. This suggests that Pep13 treatment may
affect extracellular alkalinization in potato roots and modulate
resistance to late blight pathogens by regulating the expression of the
PHA?2 gene. Notably, PHA8 was expressed only under Pep13 treatment
conditions and its expression could not be detected in the absence of
stress. This finding is similar to that previously reported for tomatoes
( s ). Taken together, these findings indicate that
Pepl13 treatment significantly affects the expression levels of the PM
H"-ATPase subfamily genes PHA1, PHA2, PHA3, and PHA8 in potato
roots and leaves. These findings provide important clues for further
studies on the mechanisms underlying the role of PM H*-ATPases in
potato late blight resistance.
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Expression patterns of PM H*-ATPase family members in various tissues. The expression levels of PHAL, PHA2, PHA3, PHA4, PHA5, PHA6, PHA7 and
PHA8 were examined in a 7-week-old potato. To normalize the data, the expression of the ACTIN gene was used as an internal control. The statistical
analysis was performed based on three independent replicate experiments and the results are presented as the mean + standard deviation. Asterisks
represent a significant difference between the gene and the actin under the same tissue (Student's t-test; **, P<0.01; ***, P<0.001). "ND" stands for

"not detected".

3.8 Role of the PHA2 gene in potato
resistance to Pepl3 treatment

To investigate the role of PHA2 in the development of potato late
blight, we conducted experiments using wild-type (Col-0) and
heterologously overexpressing plants (OE-PHA?2) plants treated with
different concentrations of Pepl3 (0, 5, 10, and 20 nM). The results
revealed no significant differences in the growth phenotypes between
Col-0 and OE-PHA2 without Pepl3 treatment (Figure 9). However,
upon treatment with Pepl3, the growth phenotype of OE-PHA2
changed significantly. In particular, root growth was severely
inhibited and the degree of inhibition increased at higher Pepl3
concentrations (Figure 9A). In contrast, Col-0 exhibited better
growth after Pepl3 treatment, with less severe inhibition of root
growth than OE-PHA2. Biomass relative to root length and fresh
weight displayed similar trends (Figures 9B, C). These findings suggest
that the overexpression of PHA2 weakens Arabidopsis resistance to
Pepl3 treatment, consequently reducing its resistance to late blight

pathogens. Interestingly, AHA2 activity in Arabidopsis has been
detected using a pH dye (bromocresol violet) (Wang et al., 2022).
The results demonstrated that acidification near the roots was affected
by Pepl3-treated conditions in both Col-0 and OE-PHA2 plants but
the acidification levels were higher in OE-PHA2 plants than in Col-0
plants (Figure 9D). These observations indicated that PHA2 plays a
crucial role in late blight development and may be involved in the
regulation of plant resistance to pathogens.

3.9 Relationship between PM H*-ATPase
enzymatic activity in the potato and Pepl13

To investigate the effect of Pepl3 on the enzymatic activity of
potato PM H'-ATPase, a series of experiments were conducted. The
medium was supplemented with VA, Pep13, and their combination
and the growth of Atlantic potato roots was observed. The results
demonstrated that Pepl3 significantly inhibited the growth of

5.0
* ] Root
o N

=40 * [ Stem
g B Leaf
¢
2
3.0
@
[} w*
2 ¥
=
=20
<
&~

1.0 .

s
*
0.0L - L . -
Contol Pepl3 Control Pepl3 Control Pepl3 Control pep3 Control Pepl3 Control Pepl3 Control Pepl3 Control Pepl3 Control Pepl3

Actin PHAI PHA2 PHA3

FIGURE 8

PHA4

PHAS PHA6 PHA7 PHAS

Expression levels of PHAL, PHA2, PHA3, PHA4, PHAS, PHA6, PHA7Z, and PHA8 genes, which are associated with Pepl3 in potato, after treatment. The
internal standard used for normalization was ACTIN. Statistical analysis was performed and the data are presented as the mean + standard deviation
from three independent experiments. Asterisks represent a significant difference between the treatment group and the control under the same
culture conditions (Student's t-test; *, P<0.05; **, P<0.01; ***, P<0.001). "ND" stands for "not detected"
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Growth phenotype of Col-0 and OE-PHA2 under Pepl3 treatment: (A) growth phenotype of Col-0 and OE-PHA2 was observed after treatment with
different concentrations of Pep13 (0, 5, 10, and 20 nM); (B) statistical analysis of relative root length; (C) statistical analysis of fresh weight. Images
were captured on the 9th day of cultivation, and a scale bar of 1.0 cm was used. Statistical data represent the mean + standard deviation of three
independent experiments. Asterisks represent a significant difference between the treatment group and the control under the same culture
conditions (Student's t-test; *, P<0.05; **, P<0.01; ***, P<0.001). (D) Medium acidification surrounding root structures. Seedlings that were seven
days old and germinated on 1/2 MS medium were subsequently moved to 1/2 MS or Pep13 medium for a total of 12 h The Pep13 medium contained
0.003% bromocresol purple and had a pH of 5.8.
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same culture conditions (Student’s t-test; ***, P<0.001).

potato roots. However, when VA was added, the extent of the
inhibition caused by Pep13 was alleviated (Figure 10A). Analysis of
relative root length supported these findings (Figure 10B). To
further investigate the enzymatic activity of PM H'-ATPase in
the root system, PM H'-ATPase was extracted from Atlantic potato
roots subjected to various treatments. Enzyme activity was then
measured. After 3 days of treatment with 10 uM VA, PM H'-
ATPase activity in potato Atlantic roots was inhibited by
approximately 85% compared to the control (Figure 10C).
Interestingly, PM H"-ATPase activity in potato Atlantic roots was
lower when both VA and Pep13 were present than when only Pep13
was present (Figure 10C). These observations suggest that invasion
by potato late-blight pathogens can inhibit the activity of PM H*-
ATPase, which in turn leads to extracellular alkalinization as a
signaling molecule. This signaling molecule regulates processes
such as growth inhibition, increased immunity, and improved
environmental adaptation.

4 Discussion

Previous studies have identified and analyzed P-type ATPase
gene family members in different plants. The number and
composition of the P-type ATPase family members vary among
different plants, indicating the diversity and complexity of these
proteins. For instance, in Arabidopsis thaliana, a total of 46 P-type
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ATPase gene family members have been identified (Palmgren, 2001).
Similarly, in the rice genome, which is over three times the size of that
of Arabidopsis, 43 P-type ATPase gene family members have been
identified (Baxter et al., 2003). In this study, we characterized the
potato P-type ATPase gene and identified 48 members distributed
across 12 different chromosomes (Figure 1). These findings are
consistent with previous studies on the chromosomal distribution
of P-type ATPase genes in other species. To further classify the
subfamilies of the potato P-type ATPase genes, we constructed a
phylogenetic tree using the protein sequences of these 48 genes
(Supplementary Figure S1). The results revealed that potato P-type
ATPase genes could be categorized into five subfamilies: P1B, P2A,
P2B, P3A, and P4. Among these subfamilies, the number of genes in
the P4 subfamily was relatively low, whereas the number of genes in
other subfamilies was higher. Interestingly, within the P3A subfamily,
among the 12 P-type ATPase gene members, eight genes identified as
PM H"-ATPases clustered. These findings provide valuable insights
into P-type ATPase genes in potatoes.

To study the potato P-type ATPase gene family, we focused on
the PM H'-ATPase genes of the P3 subfamily (Supplementary
Table S3). Previous studies have shown that PM H"-ATPase genes
have diverse functions, particularly in disease resistance, in different
plant species (Ortiz-Morea et al., 2016; Liu et al., 2022). To gain a
deeper understanding of the functions and regulatory mechanisms
of this gene family, we analyzed the expression of the PM H*-
ATPase gene family in different potato tissues (Figure 7). The
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results showed significant differences in the expression levels of the
PM H"-ATPase gene family in the potato root, stem, and leaf
tissues. Interestingly, PAH8 was only expressed under pathogen
stress and could not be detected in normal potato tissues, which is
consistent with previous studies on tomatoes. RT-qPCR assays
revealed that PHA2 had a positive correlation with cytoplasmic
membrane acidification after treatment with the small peptide
Pepl3, as reported in previous studies. This finding further
supports the important role of PM H*-ATPases in the regulation
of cellular acid-base homeostasis. These findings are significant for
understanding the regulation of cellular acid-base homeostasis in
potatoes and for improving their resistance to pathogens, such as
late blight. They also provide useful references for further
investigations of the functions and applications of the P-type
ATPase gene family.

PM H'-ATPase is a key proton pump in the plasma membrane
of plant cells and its main function is to establish a proton
electrochemical gradient across the plasma membrane
(Sondergaard et al,, 2004). Recent studies have shown that PM
H"-ATPases play important regulatory roles in the immune
response of plants (Schaller and Oecking, 1999; Lee et al., 2022).
In Arabidopsis, for example, the signaling molecule Pepl inhibits
root growth by interfering with acid-base signaling. Interestingly,
the inhibitory effect of Pepl on root growth gradually diminishes
with increasing environmental acidity, whereas under neutral and
alkaline conditions, the inhibitory eftect of Pepl on root growth is
diminished (Shen et al., 2020). This suggests that the acidity or
alkalinity of the environment has an important effect on the activity
of Pepl. However, in this study, we discovered that the small
peptide Pepl13 inhibited potato PM H'-ATPase, limited proton
efflux to the outer layer of root cells, and enhanced disease
resistance. This finding triggered an in-depth study to determine
whether Pep13 inhibits PM H™-ATPase activity, which plays an
important role in regulating root immunity.

Previous studies have shown that flg22 and RAPID
ALKALINIZATION FACTORs (RALFs) induce extracellular
alkalinization by inhibiting PM H*-ATPase activity (Benschop
et al, 2007; Haruta et al, 2014). Pepl signaling is believed to
amplify flg22 signaling in plant leaves (Bartels et al., 2013; Zheng
et al, 2018), whereas the two exhibit different effects on the
regulation of PM H'-ATPase activity in roots. This raises the
need for further consideration of whether Pepl3 inhibited PM
H"-ATPase activity plays a crucial role in regulating root immunity,
requiring further investigation. Therefore, a comprehensive study
on the interaction between Pep13 and PM H*-ATPase is essential to
fully understand the intricacies of plant immunomodulatory
mechanisms. This study aimed to uncover novel regulators of
plant root immune responses and establish a crucial theoretical
foundation for the development of new plant immune
enhancement strategies. However, additional experimental studies
and data support are necessary to fully comprehend the specific
effects of Pep13-inhibited PM H"-ATPase activity on root immune
regulation. In future studies, we plan to utilize CRISPR/Cas9
technology to generate single and double mutants of the StPHA2
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and StPEPRI. This research is of significant value as it aims to
further confirm the critical role of the StPHA2 gene in enabling
potatoes to combat the invasion of late blight pathogens from a
molecular genetics perspective. Simultaneously, it will also validate
the importance of Pep13.

In conclusion, we conducted a genome-wide analysis and
identified 48 P-type ATPase genes. These genes were categorized
into five subgroups and found to be unevenly distributed across the
12 chromosomes. RT-qPCR revealed that all PM H*-ATPase genes
except PHAS8 were expressed in at least one tissue. Specific
expression was mainly observed in leaves, roots, stems, tubers,
and flowers. The RT-qPCR results indicated that PHAI, PHA2,
PHA3, and PHA7 were sensitive and quickly down-regulated when
exposed to Pepl3, suggesting their important role in potato
resistance to late blight. To investigate this further, transgenic
Arabidopsis was generated by introducing PHA2 into wild-type
Arabidopsis thaliana using the Agrobacterium inflorescence
infestation method. Phenotypic and resistance analyses
demonstrated that overexpression of PHA2 affected Arabidopsis
root resistance to the small peptide Pepl3, resulting in a root
growth-sensitive phenotype. Additionally, the overexpression of
PHA?2 increased the PM H'-ATPase activity of Arabidopsis
strains to some extent. This study explored the genetic resources
of potatoes in response to late blight, elucidated the functional role
of PHAZ2 in late blight virulence, provided a theoretical foundation
for understanding the molecular immune mechanism of potato
resistance to late blight, and identified important genetic resources
for the selection and breeding of new potato varieties with high
resistance to late blight.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

YA: Data curation, Formal analysis, Writing — review & editing.
FZ: Writing — original draft, Writing — review & editing, Formal
analysis, Investigation, Methodology. AY: Formal analysis, Writing —
original draft. ZN: Formal analysis, Resources, Writing — original draft.
MC: Formal analysis, Funding acquisition, Methodology, Supervision,
Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was supported by the Science and Technology
Foundation of Guizhou Province (20171002), National Natural

frontiersin.org


https://doi.org/10.3389/fpls.2024.1353024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Science Foundation of China (32160441), and Zunyi Technology
Bureau, Moutai Institute Joint Science and Technology Research
and Development Project (ZSKHHZ [2021] No.332).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

An, Y., Xia, X,, Jing, T., and Zhang, F. (2022). Identification of gene family members
and a key structural variation reveal important roles of OVATE genes in regulating tea
(Camellia sinensis) leaf development. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.1008408

Axelsen, K. B., and Palmgren, M. G. (1998). Evolution of substrate specificities in the
P-type ATPase superfamily. J. Mol. Evol. 46, 84-101. doi: 10.1007/PL00006286

Axelsen, K. B., and Palmgren, M. G. (2001). Inventory of the superfamily of P-type
ion pumps in Arabidopsis. Plant Physiol. 126, 696-706. doi: 10.1104/pp.126.2.696

Bartels, S., Lori, M., Mbengue, M., van Verk, M., Klauser, D., Hander, T., et al. (2013).
The family of Peps and their precursors in Arabidopsis: differential expression and
localization but similar induction of pattern-triggered immune responses. J. Exp. Bot.
64, 5309-5321. doi: 10.1093/jxb/ert330

Baxter, I, Tchieu, J., Sussman, M. R,, Boutry, M., Palmgren, M. G., Gribskov, M.,
et al. (2003). Genomic comparison of P-type ATPase ion pumps in Arabidopsis and
rice. Plant Physiol. 132, 618-628. doi: 10.1104/pp.103.021923

Baxter, I. R, Young, J. C., Armstrong, G., Foster, N., Bogenschutz, N., Cordova, T.,
et al. (2005). A plasma membrane H*-ATPase is required for the formation of
proanthocyanidins in the seed coat endothelium of Arabidopsis thaliana. Proc. Natl.
Acad. Sci. U.S.A. 102, 2649-2654. doi: 10.1073/pnas.0406377102

Benschop, J. J., Mohammed, S., O’Flaherty, M., Heck, A.J., Slijper, M., and Menke, F.
L. (2007). Quantitative phosphoproteomics of early elicitor signaling in Arabidopsis.
Mol. Cell Proteomics 6, 1198-1214. doi: 10.1074/mcp.M600429-MCP200

Bjork, P. K., Rasmussen, S. A., Gjetting, S. K., Havshei, N. W, Petersen, T. L, Ipsen,
J@, et al. (2020). Tenuazonic acid from Stemphylium loti inhibits the plant plasma
membrane H* -ATPase by a mechanism involving the C-terminal regulatory domain.
New Phytol. 226, 770-784. doi: 10.1111/nph.16398

Brunner, F.,, Rosahl, S., Lee, J., Rudd, J. J., Geiler, C., Kauppinen, S., et al. (2002).
Pepl3, a plant defense-inducing pathogen-associated pattern from Phytophthora
transglutaminases. EMBO J. 21, 6681-6688. doi: 10.1093/emboj/cdf667

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735-
743. doi: 10.1046/j.1365-313x.1998.00343.x

Contreras-Cornejo, H. A., Macias-Rodriguez, L., Alfaro-Cuevas, R., and Lopez-
Bucio, J. (2014). Trichoderma spp. Improve growth of Arabidopsis seedlings under salt
stress through enhanced root development, osmolite production, and Na" elimination
through root exudates. Mol. Plant Microbe Interact. 27, 503-514. doi: 10.1094/MPMI-
09-13-0265-R

Falhof, J., Pedersen, J. T., Fuglsang, A. T., and Palmgren, M. (2016). Plasma
membrane H(+)-ATPase regulation in the center of plant physiology. Mol. Plant 9,
323-337. doi: 10.1016/j.molp.2015.11.002

Felix, G., Duran, J. D., Volko, S., and Boller, T. (1999). Plants have a sensitive
perception system for the most conserved domain of bacterial flagellin. Plant J. 18, 265—
276. doi: 10.1046/j.1365-313X.1999.00265.x

Frontiers in Plant Science

15

10.3389/fpls.2024.1353024

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1353024/

full#supplementary-material

SUPPLEMENTARY FIGURE 1
RT-PCR identification of transgenic lines overexpressing the PHAZ2 gene

SUPPLEMENTARY FIGURE 2

Phylogenetic tree of the potato P-type ATPase family, which can be divided
into five distinct subfamilies: P1B, P2A, P2B, P3A, and P4. The neighbor-
joining (NJ) tree was constructed using the MEGA software with the pairwise
deletion option, and 1,000 bootstrap replicates were used to assess
tree reliability.

SUPPLEMENTARY FIGURE 3

The secondary structure characteristics of members within the PM H*-
ATPase (PAH) family. (A) The composition of three protein secondary
structure elements in each member of the PM H*-ATPase family was
determined. (B) The distribution pattern of these three protein secondary
structure elements was analyzed for each individual within the PM H* -ATPase
family. In the corresponding figure, the alpha helix is represented by a blue
line, the random coil by a purple line, and the extended chain by a red line.

Frias, 1., Caldeira, M. T., Pérez-Castifieira, J. R., Navarro-Aviiio, J. P., Culiafiez-
Macia, F. A., Kuppinger, O., et al. (1996). A major isoform of the maize plasma
membrane H(+)-ATPase: characterization and induction by auxin in coleoptiles. Plant
Cell. 8, 1533-1544. doi: 10.1105/tpc.8.9.1533

Gasteiger, E. (2005). “Protein identification and analysis tools on the ExPASy server,”
in The proteomics protocols handbook. Totowa, NJ: Humana Press Inc.

Haruta, M., Burch, H. L., Nelson, R. B., Barrett-Wilt, G., Kline, K. G., Mohsin, S. B.,
et al. (2010). Molecular characterization of mutant Arabidopsis plants with reduced
plasma membrane proton pump activity. J. Biol. Chem. 285, 17918-17929.
doi: 10.1074/jbc.M110.101733

Haruta, M., Sabat, G., Stecker, K., Minkoff, B. B., and Sussman, M. R. (2014). A
peptide hormone and its receptor protein kinase regulate plant cell expansion. Science
343, 408-411. doi: 10.1126/science.1244454

Hoffmann, R. D., Olsen, L. L, Ezike, C. V., Pedersen, J. T., Manstretta, R., Lopez-
Marqués, R. L., et al. (2019). Roles of plasma membrane proton ATPases AHA2 and
AHA?7 in normal growth of roots and root hairs in Arabidopsis thaliana. Physiol. Plant
166, 848-861. doi: 10.1111/ppl.12842

Jeworutzki, E., Roelfsema, M. R., Anschiitz, U., Krol, E., Elzenga, J. T., Felix, G., et al.
(2010). Early signaling through the Arabidopsis pattern recognition receptors FLS2 and
EFR involves Ca-associated opening of plasma membrane anion channels. Plant J. 62,
367-378. doi: 10.1111/tpj.2010.62.issue-3

Jing, Y., Zheng, X., Zhang, D., Shen, N., Wang, Y., Yang, L., et al. (2019). Danger-

associated peptides interact with PIN-dependent local auxin distribution to inhibit root
growth in arabidopsis. Plant Cell. 31, 1767-1787. doi: 10.1105/tpc.18.00757

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N, and Sternberg, M. J. (2015). The
Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10, 845-
858. doi: 10.1038/nprot.2015.053

Kesten, C., Gamez-Arjona, F. M., Menna, A., Scholl, S., Dora, S., Huerta, A. I, et al.
(2019). Pathogen-induced pH changes regulate the growth-defense balance in plants.
EMBO J. 38, €101822. doi: 10.15252/embj.2019101822

Lee, H. Y., Seo, Y. E,, Lee, J. H.,, Lee, S. E., Oh, S., Kim, J., et al. (2022). Plasma
membrane-localized plant immune receptor targets H* -ATPase for membrane
depolarization to regulate cell death. New Phytol. 233, 934-947. doi: 10.1111/nph.17789

Li, J., Guo, Y., and Yang, Y. (2022). The molecular mechanism of plasma membrane
H+-ATPases in plant responses to abiotic stress. J. Genet. Genomics 49, 715-725.
doi: 10.1016/}.jgg.2022.05.007

Lin, X,, Jia, Y., Heal, R, Prokchorchik, M., Sindalovskaya, M., Olave-Achury, A., et al.
(2023). Solanum americanum genome-assisted discovery of immune receptors that
detect potato late blight pathogen effectors. Nat. Genet. 55, 1579-1588. doi: 10.1038/
541588-023-01486-9

Liu, J., Chen, ], Xie, K, Tian, Y., Yan, A,, Liu, J,, et al. (2020). A mycorrhiza-specific
H+ -ATPase is essential for arbuscule development and symbiotic phosphate and
nitrogen uptake. Plant Cell Environ. 43, 1069-1083. doi: 10.1111/pce.13714

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1353024/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1353024/full#supplementary-material
https://doi.org/10.3389/fpls.2022.1008408
https://doi.org/10.3389/fpls.2022.1008408
https://doi.org/10.1007/PL00006286
https://doi.org/10.1104/pp.126.2.696
https://doi.org/10.1093/jxb/ert330
https://doi.org/10.1104/pp.103.021923
https://doi.org/10.1073/pnas.0406377102
https://doi.org/10.1074/mcp.M600429-MCP200
https://doi.org/10.1111/nph.16398
https://doi.org/10.1093/emboj/cdf667
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1094/MPMI-09-13-0265-R
https://doi.org/10.1094/MPMI-09-13-0265-R
https://doi.org/10.1016/j.molp.2015.11.002
https://doi.org/10.1046/j.1365-313X.1999.00265.x
https://doi.org/10.1105/tpc.8.9.1533
https://doi.org/10.1074/jbc.M110.101733
https://doi.org/10.1126/science.1244454
https://doi.org/10.1111/ppl.12842
https://doi.org/10.1111/tpj.2010.62.issue-3
https://doi.org/10.1105/tpc.18.00757
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.15252/embj.2019101822
https://doi.org/10.1111/nph.17789
https://doi.org/10.1016/j.jgg.2022.05.007
https://doi.org/10.1038/s41588-023-01486-9
https://doi.org/10.1038/s41588-023-01486-9
https://doi.org/10.1111/pce.13714
https://doi.org/10.3389/fpls.2024.1353024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Liy, J,, Liu, J., Chen, A,, Ji, M., Chen, J., Yang, X,, et al. (2016). Analysis of tomato
plasma membrane H'-ATPase gene family suggests a mycorrhiza-mediated regulatory
mechanism conserved in diverse plant species. Mycorrhiza 26, 645-656. doi: 10.1007/
500572-016-0700-9

Liu, L., Song, W., Huang, S., Jiang, K., Moriwaki, Y., Wang, Y., et al. (2022).
Extracellular pH sensing by plant cell-surface peptide-receptor complexes. Cell 185,
3341-3355.e13. doi: 10.1016/j.cell.2022.07.012

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lopez-Coria, M., Hernandez-Mendoza, J. L., and Sanchez-Nieto, S. (2016).
Trichoderma asperellum induces maize seedling growth by activating the plasma
membrane H+-ATPase. Mol. Plant Microbe Interact. 29, 797-806. doi: 10.1094/MPMI-
07-16-0138-R

Lu, ], Du, J,, Tian, L, Li, M., Zhang, X., Zhang, S., et al. (2021). Divergent response
strategies of csABF facing abiotic stress in tea plant: perspectives from drought-
tolerance studies. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.763843

Masachis, S., Segorbe, D., Turra, D., Leon-Ruiz, M., First, U., El Ghalid, M., et al.
(2016). A fungal pathogen secretes plant alkalinizing peptides to increase infection.
Nat. Microbiol. 1, 16043. doi: 10.1038/nmicrobiol.2016.43

Morth, J. P., Pedersen, B. P., Buch-Pedersen, M. J., Andersen, J. P., Vilsen, B.,
Palmgren, M. G,, et al. (2011). A structural overview of the plasma membrane Na+,K
+-ATPase and H+-ATPase ion pumps. Nat. Rev. Mol. Cell Biol. 12, 60-70. doi: 10.1038/
nrm3031

Niihse, T. S., Bottrill, A. R., Jones, A. M., and Peck, S. C. (2007). Quantitative
phosphoproteomic analysis of plasma membrane proteins reveals regulatory
mechanisms of plant innate immune responses. Plant J. 51, 931-940. doi: 10.1111/
j.1365-313X.2007.03192.x

Ortiz-Morea, F. A., Savatin, D. V., Dejonghe, W., Kumar, R., Luo, Y.,
Adamowski, M., et al. (2016). Danger-associated peptide signaling in Arabidopsis
requires clathrin. Proc. Natl. Acad. Sci. U S A. 113, 11028-11033. doi: 10.1073/
pnas.1605588113

Oufattole, M., Arango, M., and Boutry, M. (2000). Identification and expression of
three new Nicotiana plumbaginifolia genes which encode isoforms of a plasma-
membrane H(+)-ATPase, and one of which is induced by mechanical stress. Planta
210, 715-722. doi: 10.1007/s004250050672

Palmgren, M. G. (2001). PLANT PLASMA MEMBRANE H"-ATPases: powerhouses
for nutrient uptake. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 817-845.
doi: 10.1146/annurev.arplant.52.1.817

Palmgren, M. G,, and Nissen, P. (2011). P-type ATPases. Annu. Rev. Biophys. 40,
243-266. doi: 10.1146/annurev.biophys.093008.131331

Pedersen, C. N., Axelsen, K. B., Harper, J. F., and Palmgren, M. G. (2012). Evolution
of plant p-type ATPases. Front. Plant Sci. 3. doi: 10.3389/fpls.2012.00031

Pedersen, B. P., Buch-Pedersen, M. J., Morth, J. P., Palmgren, M. G., and Nissen, P.
(2007). Crystal structure of the plasma membrane proton pump. Nature 450, 1111-
1114. doi: 10.1038/nature06417

Pham, G. M., Hamilton, J. P., Wood, J. C., Burke, J. T., Zhao, H., Vaillancourt, B.,
et al. (2020). Construction of a chromosome-scale long-read reference genome
assembly for potato. Gigascience 9, giaal00. doi: 10.1093/gigascience/giaal00

Saijo, Y., Loo, E. P.,, and Yasuda, S. (2018). Pattern recognition receptors

and signaling in plant-microbe interactions. Plant J. 93, 592-613. doi: 10.1111/
tpj.13808

Frontiers in Plant Science

16

10.3389/fpls.2024.1353024

Schaller, A., and Oecking, C. (1999). Modulation of plasma membrane H*-ATPase
activity differentially activates wound and pathogen defense responses in tomato plants.
Plant Cell. 11, 263-272. doi: 10.1105/tpc.11.2.263

Shen, H,, He, L. F,, Sasaki, T., Yamamoto, Y., Zheng, S.]., Ligaba, A, et al. (2005). Citrate
secretion coupled with the modulation of soybean root tip under aluminum stress. Up-
regulation of transcription, translation, and threonine-oriented phosphorylation of plasma
membrane H'-ATPase. Plant Physiol. 138, 287-296. doi: 10.1104/pp.104.058065

Shen, N,, Jing, Y., Tu, G., Fu, A, and Lan, W. (2020). Danger-associated peptide
regulates root growth by promoting protons extrusion in an AHA2-dependent manner
in arabidopsis. Int. J. Mol. Sci. 21, 7963. doi: 10.3390/ijms21217963

Sondergaard, T. E., Schulz, A., and Palmgren, M. G. (2004). Energization of transport
processes in plants. roles of the plasma membrane H*-ATPase. Plant Physiol. 136,
2475-2482. doi: 10.1104/pp.104.048231

Stritzler, M., Muiiz Garcia, M. N., Schlesinger, M., Cortelezzi, J. I, and Capiati, D. A.
(2017). The plasma membrane H'-ATPase gene family in Solanum tuberosum L. Role
PHAI tuberization. ]. Exp. Bot. 68 (17), 4821-4837. doi: 10.1093/jxb/erx284

Toda, Y., Wang, Y., Takahashi, A., Kawai, Y., Tada, Y., Yamaji, N., et al. (2016).
Oryza sativa H+-ATPase (OSA) is involved in the regulation of dumbbell-shaped guard
cells of rice. Plant Cell Physiol. 57, 1220-1230. doi: 10.1093/pcp/pcw070

Torres Ascurra, Y. C., Zhang, L., Toghani, A., Hua, C., Rangegowda, N. J.,
Posbeyikian, A., et al. (2023). Functional diversification of a wild potato immune
receptor at its center of origin. Science 381, 891-897. doi: 10.1126/science.adg5261

Trout, C. L., Ristaino, J. B., Madritch, M., and Wangsomboondee, T. (1997). Rapid
detection of phytophthora infestans in late blight-infected potato and tomato using
PCR. Plant Dis. 81, 1042-1048. doi: 10.1094/PDIS.1997.81.9.1042

Vitart, V., Baxter, I, Doerner, P., and Harper, J. F. (2001). Evidence for a role in
growth and salt resistance of a plasma membrane H"-ATPase in the root endodermis.
Plant J. 27, 191-201. doi: 10.1046/j.1365-313x.2001.01081.x

Wang, Z.F,, Xie, Z. M., Tan, Y. L, Li,]. Y., Wang, F. L., Pei, D., et al. (2022). Receptor-like
protein kinase BAK1 promotes K" uptake by regulating H*-ATPase AHA2 under low
potassium stress. Plant Physiol. 189, 2227-2243. doi: 10.1093/plphys/kiac237

Xu, Z., Marowa, P., Liu, H.,, Du, H., Zhang, C,, and Li, Y. (2020). Genome-wide
identification and analysis of P-type plasma membrane H+-ATPase sub-gene family in
sunflower and the role of HHA4 and HHAI11 in the development of salt stress
resistance. Genes (Basel). 11, 361. doi: 10.3390/genes11040361

Yedidia, I, Srivastva, A. K., Kapulnik, Y., and Chet, I. (2001). Effect of Trichoderma
harzianum on microelement concentrations and increased growth of cucumber plants.
Plant Soil 235, 235-242. doi: 10.1023/A:1011990013955

Yuan, W., Zhang, D., Song, T., Xu, F,, Lin, S., Xu, W, et al. (2017). Arabidopsis
plasma membrane H*-ATPase genes AHA2 and AHA7 have distinct and overlapping
roles in the modulation of root tip H"* efflux in response to low-phosphorus stress. J.
Exp. Bot. 68, 1731-1741. doi: 10.1093/jxb/erx040

Zhang, Y., Li, Q., Xu, L., Qiao, X., Liu, C., and Zhang, S. (2020). Comparative analysis
of the P-type ATPase gene family in seven Rosaceae species and an expression analysis
in pear (Pyrus bretschneideri Rehd.). Genomics 112, 2550-2563. doi: 10.1016/
j.ygeno.2020.02.008

Zhang, J., Yin, J., Luo, J., Tang, D., Zhu, X., Wang, J., et al. (2022). Construction of
homozygous diploid potato through maternal haploid induction. aBIOTECH 3, 163—
168. doi: 10.1007/s42994-022-00080-7

Zheng, X, Kang, S., Jing, Y., Ren, Z., Li, L, Zhou, J. M., et al. (2018). Danger-
associated peptides close stomata by OST1-independent activation of anion channels in
guard cells. Plant Cell. 30, 1132-1146. doi: 10.1105/tpc.17.00701

frontiersin.org


https://doi.org/10.1007/s00572-016-0700-9
https://doi.org/10.1007/s00572-016-0700-9
https://doi.org/10.1016/j.cell.2022.07.012
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1094/MPMI-07-16-0138-R
https://doi.org/10.1094/MPMI-07-16-0138-R
https://doi.org/10.3389/fpls.2021.763843
https://doi.org/10.1038/nmicrobiol.2016.43
https://doi.org/10.1038/nrm3031
https://doi.org/10.1038/nrm3031
https://doi.org/10.1111/j.1365-313X.2007.03192.x
https://doi.org/10.1111/j.1365-313X.2007.03192.x
https://doi.org/10.1073/pnas.1605588113
https://doi.org/10.1073/pnas.1605588113
https://doi.org/10.1007/s004250050672
https://doi.org/10.1146/annurev.arplant.52.1.817
https://doi.org/10.1146/annurev.biophys.093008.131331
https://doi.org/10.3389/fpls.2012.00031
https://doi.org/10.1038/nature06417
https://doi.org/10.1093/gigascience/giaa100
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1105/tpc.11.2.263
https://doi.org/10.1104/pp.104.058065
https://doi.org/10.3390/ijms21217963
https://doi.org/10.1104/pp.104.048231
https://doi.org/10.1093/jxb/erx284
https://doi.org/10.1093/pcp/pcw070
https://doi.org/10.1126/science.adg5261
https://doi.org/10.1094/PDIS.1997.81.9.1042
https://doi.org/10.1046/j.1365-313x.2001.01081.x
https://doi.org/10.1093/plphys/kiac237
https://doi.org/10.3390/genes11040361
https://doi.org/10.1023/A:1011990013955
https://doi.org/10.1093/jxb/erx040
https://doi.org/10.1016/j.ygeno.2020.02.008
https://doi.org/10.1016/j.ygeno.2020.02.008
https://doi.org/10.1007/s42994-022-00080-7
https://doi.org/10.1105/tpc.17.00701
https://doi.org/10.3389/fpls.2024.1353024
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Identification of the potato (Solanum tuberosum L.) P-type ATPase gene family and investigating the role of PHA2 in response to Pep13
	1 Introduction
	2 Materials and methods
	2.1 Selection of plant materials and optimization of growth conditions
	2.2 Identification and analysis of P-type ATPase gene family
	2.3 Phylogenetic analysis and motif identification
	2.4 Chromosomal distribution, gene duplication, and synteny analysis of P-type ATPase gene family
	2.5 Reverse transcription-quantitative polymerase chain reaction techniques for gene expression analysis
	2.6 Synthesis of Pep13 small peptides
	2.7 Cloning of the full-length coding sequence of the PHA2 gene
	2.8 Over-expression vector construction and Arabidopsis transformation
	2.9 Measurements of PM H+-ATPase activity
	2.10 Statistical analysis

	3 Results
	3.1 Identification and analysis of members of the P-type ATPase gene family
	3.2 Gene duplication relationship and collinearity analysis of P-type ATPase gene family in potato
	3.3 Conserved protein motifs, cis-regulatory element, and gene structure analysis of the P-type ATPase gene family
	3.4 Phylogenetic and syntenic analysis of potato PM H+-ATPase proteins
	3.5 Prediction and analysis of the spatial structure of PM H+-ATPase protein family members
	3.6 Expression variation of the PM H+-ATPase gene family in different organs of potato
	3.7 Expression analysis of PM H+-ATPase subfamily genes in potato in response to Pep13 treatment
	3.8 Role of the PHA2 gene in potato resistance to Pep13 treatment
	3.9 Relationship between PM H+-ATPase enzymatic activity in the potato and Pep13

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


