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Abstract

The amino acid/auxin permease (AAAP) protein is an amino acid transporter involved
in many biological processes in plants, especially in plant responses to abiotic stress.
This study systematically identified potato StAAAP gene family, revealed its char-
acteristics, and analyzed its functions in potato resistance to abiotic stress. Further-
more, its gene structure, chromosome distribution, cis-acting elements, conserved
protein moieties, and collinearity between species were analyzed. The expression
pattern of StAAAP in potato plants under abiotic stress was analyzed using RNA-seq
data downloaded from the National Center for Biotechnology Information (NCBI),
and the gene expression pattern was verified using gqRT-PCR. A total of 56 mem-
bers of the StAAAP gene family were identified in potato and were distributed across
12 chromosomes. Based on their phylogenetic characteristics, they were divided

into eight subfamilies: ATLa, ATLb, AAP, ANT, AUX, GAT, LHT, and ProT. The gene
structure and conserved motifs of members of the same subfamily are essentially
the same, and the AAAP gene family members are mostly distributed in the plasma
membrane. Potato StAAAP family members contain a large number of cis-acting ele-
ments related to the stress response. Collinearity analysis revealed a large number
of homologous gene pairs in the potato, tomato, pepper, and tobacco AAAP families.
Expression analysis revealed that StAAAP family members were highly expressed
under drought and salt stress conditions, and the expression of the same gene was
different in different family members. The genes StAAAP4, StAAAP24, StAAAP29,
StAAAP40, and StAAAP46 may play key roles in the abiotic stress response of pota-
toes. StAAAP genes play an important role in the growth, development, and abiotic
stress responses of potato plants.
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1. Introduction

Studies have shown that the amino acid/auxin permease (AAAP) protein is an

amino acid transporter used for long-distance transport [1,2]. Amino acids, mainly in
the form of organic nitrogen, participate in protein synthesis, metabolism, hormone
regulation, and other life processes in plants [3-5]. This is the communication link
between the cells and tissues in multicellular organisms [6]. Amino acids must be
transported among the different organs of the plant to function; however, amino acids
cannot autonomously cross the structure of the cell membrane, and this process
requires the help of amino acid transporters [7]. The realization of these functions
requires amino acid transport systems. The largest family of amino acid transporters
includes the amino acid/auxin permease (AAAP) family [2], which can transport auxin
(indole-3-acetic acid), C-aminobutyric acid, mono-L-amino acid, and multiple amino
acids and participate in the long-distance amino acid transport process of plants,
thereby playing a crucial role in the growth and development of plants. Based on

the similarity between sequences and the characteristics of the conserved domains,
AAAP can be divided into eight branches. These include amino acid permease
(AAP), lysine and histidine transporter (LHT), gamma-aminobutyric acid transporter
(GAT), proline transporter (ProT), auxin transporter (ANT), aromatic and neutral
amino acid transporter (ANT), amino acid transporter-like a (ATLa),and amino acid
transporter-like b (ATLb) [7—9]. Sequence similarity between different subfamilies was
low, but all AAAP proteins shared the same conserved domain, the Aa_trans domain
(PF01490) [10].

AAAP is an important amino acid transporter whose gene family members are
widely distributed in plants, animals, fungi, and eukaryotes [6]. At present, we have
identified some functions of AAAP proteins in plants, such as in Arabidopsis [11],
poplar [12], rice [13], and tobacco [14]. In Arabidopsis, AtAAP1 mediates the absorp-
tion of amino acids by embryo or root cells [1,4,15]. In tobacco, NtAAP2-2 is involved
in the transport of asparagine, aspartate, glutamine, and glutamate [14]. In poplar,
PtAAP11 is involved in xylem proline transport [16]. In rice, OsAAP6 can promote the
increase of grain protein content (GPC) and absorption of amino acids by root sys-
tem, as well as affect the distribution of amino acids [17]. OsAAP4 can also improve
tillering and grain yield by increasing the neutral amino acid concentrations of valine
(Val), proline (Pro), threonine (Thr), and leucine (Leu) in rice [18].

Potato (Solanum tuberosum L.) is a tuber belonging to the Solanaceae family and
an important food source in many regions. We know from previous studies that pota-
toes contain a total of 72 amino acid transporters (AATs) [19]. These play an import-
ant role in regulating amino acid absorption and protein content during seed and
tuber development [19]. StAAP1 is expressed during the conversion of source to sink,
and in transgenic plants with reduced StAAP1 expression, free amino acid content is
almost halved [20]. Although potato AATs have been studied previously, the present
study analyzed the potato AAAP gene in different abiotic stress environments. The
AAAP gene family members in potato were identified using bioinformatics, and the
chromosome distribution, gene structure, evolutionary characteristics, and expression
patterns of the AAAP genes were systematically analyzed. In addition, we retrieved
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publicly available high-throughput transcription data, screened candidate StAAAP genes involved in amino acid content
transport and verified them using quantitative real-time RT-PCR (qRT-PCR), providing a theoretical basis for exploring the
role of potato AAAP genes in abiotic stress.

2. Materials and methods
2.1. Materials

This study selected the ‘Jinong Potato 8511’ independently cultivated by Hebei Agricultural University as the experi-
mental material. It is a homologous tetraploid variety. The growth period of this variety is approximately 105 days. The
tubers have yellow skin and flesh. It has moderate drought resistance and salt tolerance. By 2023, it was registered as a
non-major crop variety by the Ministry of Agriculture and Rural Affairs. The experiment was conducted in the laboratory of
the College of Agriculture at Hebei Agricultural University.

2.2. Methods

2.2.1. ldentification of AAAP family members of potato and analysis of their physicochemical
properties. Genomic data of potato (Solanum tuberosum L.) was obtained from the Ensembl database (http://plants.
ensembl.org/index.html), and the AAAP Hidden Markov Model (HMM) (PF01490) was retrieved from the Pfam database
(http://pfam.xfam.org/).The AAAP structure domain was screened using the HMMER 3.1 software (http://hmmer.org/
download.html), and an E-value < 1e’ was selected. The candidate AAAP family members were identified using the pfam
(http://pfam.xfam.org/), NCBI CDD (https://www.ncbi.nIm.nih.gov/cdd/), and SMART (http://smart.embl.de/) databases;
three other major databases further confirmed the potato AAAP domain, and only members containing the AAAP domain
were identified as AAAP family members.

The number of amino acids, molecular weight, isoelectric point, and other physical and chemical properties of the
potato AAAP family proteins were analyzed using ExPASy ProtParam (http://web.(expasy.org/protparam/) [21].

2.2.2. Analysis of AAAP gene family evolution, conserved motifs, and gene structure. ClustalW in MEGA7.0 [22]
was used to compare the all-length AAAP egg white sequences in the species based on the neighbor-joining method, and
the bootstrap value was set to 1,000. Using the remaining default parameters, a phylogenetic tree of the AAAP family was
plotted.

CFVisual software was used to predict the domain according to the potato AAAP family GFF file and the CDD website,
and the resulting file included a gene structure map as well as a domain distribution map. The conserved domain and
gene structure of potato AAAP family members were predicted using MEME (http://meme-suite.org) and GSDS2.0 (http:/
gsds.gao-lab.org/).

2.2.3. Analysis of the position of genes on chromosomes and collinearity. Information on potato AAAP
family genes on chromosomes was obtained from the potato genome sequence DNA annotation file, and the genome
distribution map was drawn using the Tbtoolsll software.

The internal collinearity of potatoes was analyzed using the Python version of MCScanX software, and the results were
visualized using Circos-v0.69 software and the drawing program.

2.2.4. Cis-acting element analysis. The sequence length of 2000 bp upstream of potato AAAP family gene was
extracted as the promoter sequence. The PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
database was used for cis element analysis of the potato AAAP gene family.

2.2.5. Transcriptome sequencing. Using RNA-seq data downloaded from the NCBI database, the expression
patterns of AAAP genes in potato were analyzed under different abiotic stresses: salt stress, 200 mmol/L NaCl treatment
for 12 and 24 h (entry number: PRINA882516); Simulated drought stress, 150 mmol/L mannitol treatment for 12 and 24 h
(entry number: PRINA646050). A gene expression calorimetric map was drawn using the Tbtools Il software.
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2.2.6. qRT-PCR verification. Potato seedlings of the selected materials were cultured in vitro. When the seedlings
were grown for 21 d, simulated drought stress was carried out under PEG-6000 treatment at a concentration of 25
mmol/L, whereas salt stress was carried out under NaCl treatment at a concentration of 70 mmol/L. Whole plant samples
were collected at 0, 12, and 24 h after stress. Before RNA extraction, the samples were frozen in liquid nitrogen and then
stored at -80°C.

Total RNA was extracted using a Promeg RNA extraction kit (LS1040), and the integrity and concentration of the RNA
were determined using agarose gel electrophoresis and a Nanodrop ND-2000 spectrophotometer (Nanodrop Tech-
nologies, USA). Subsequently, first-strand cDNA was synthesized by reverse transcription using the KW RT gDNA kit
(CW2020M). RT-gPCR was performed on a CFX96 (Bio-Rad, USA) using the US EVERBRIGHT (AugeGreen qPCR Mas-
ter Mix S2008L) kit with three biological and three technical replicates. Reaction conditions were based on the AugeGreen
gPCR Master Mix product specifications. StEF-1awas used as the internal reference gene [23]. The relative expression
of StAAAP genes was calculated using 222 [24]. The primers were synthesized by Shenggong Bioengineering Co., Ltd.
(Shanghai, China).

3. Results
3.1. StAAAP gene identification

In this study, 56 AAAP genes were identified in the whole potato genome and named StAAAP 1-56 according to their
chromosomal locations. The results are shown in Table 1.To characterize the StAAAP genes, we analyzed their open
reading frame length, protein sequence, theoretical isoelectric point (pl), protein molecular weight (MW), and subcellular
and chromosomal locations (Table 1). The StAAAP genes range from 249bp (StAAAP1) to 1827 bp (StAAAPS5), with an
average length of 1328 bp. Among the 56 StAAAP genes, the longest potato U-box protein is StAAAP55, which contains
608 amino acids, and the shortest is StAAAP1, which contains 82 amino acids. The molecular weights of the proteins
range from 9321 Da to 67956.4 Da, with an average of 48,724.1 Da. The pl ranges from 4.63 (StAAAP17) to 10.24 (StA-
AAP1). WoLF PSORT predicted the subcellular location of StAAAP. We found most AAAP proteins (56) in the cytoplasm
(6), plasma membrane (41), and vacuole (4). In addition, two were found in the nucleus, and three in the chloroplast.

3.2. Phylogenetic analysis and classification of StAAAP gene family members

A multi-sequence alignment analysis was conducted on the domains of 56 StAAAP family members,with the results
shown in Fig 1. Colors are used to visually distinguish differences in the conservation of amino acid sequences. The con-
servation of the red-marked region exceeded 90% and the amino acids in multiple sequences were consistent, suggesting
a highly conserved functional core domain, which might be a substrate-binding or catalytic active site. The conservation

of the green region exceeded 70% and the sequence consistency was relatively high, thus participating in maintaining

the basic structure of the protein. The conservation rate in the yellow area exceeded 50% and amino acid variation was
relatively obvious. Regions with consistent colors in the same column show the common functional modules of the family,
whereas sites with mixed colors reflect large sequence variations, which may be related to protein functional differentiation
or species-specific adaptation, providing key clues for analyzing the evolutionary relationships and functional diversity of
the StAAAP family.

To further understand the homology between potato and other plant AAAP gene families, we constructed rootless
phylogenetic trees of full-length AAAP in potato (56 genes), Arabidopsis thaliana (47 genes), and tobacco (65 genes) as
shown in Fig 2A—-2B. The eight subfamilies(ATLa, atb, AAP, ANT, AUX, GAT, It and ProT) of the StAAAP, AtAAAP and
NaAAAP genes are shown in Table 2. LHT had the largest number of AAAP genes with 35 genes, followed by ATLb and
AAP with 30 and 28 genes, respectively. GAT had the smallest number of AAAP genes with seven genes (Table 2). The
number of genes in potato and tobacco was close in multiple subfamilies, and the genetic relationship of the AAAP gene
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Table 1. Analysis of potato AAAP gene family members and physicochemical properties.

Gene Name | Gene ID Chromosome localization ‘ Protein length | MW pl CDS length | Subcellular

Chr Start End (aa) (Da) localization
StAAAP1 PGSC0003DMG400025834 | Chr01 | 83425096 | 83425713 |82 9321 10.24 | 249 Nucleus
StAAAP2 PGSC0003DMG400001589 | Chr01 | 87286988 | 87291068 |494 55706.5 | 8.63 |1485 Cytoplasm
StAAAP3 PGSC0003DMG400018651 | Chr01 | 87962706 |87965704 |563 61354.5 | 9.5 1692 Plasma membrane
StAAAP4 PGSC0003DMG400017473 | Chr02 | 19129779 | 19132621 | 421 46260.6 |8.67 | 1266 Chloroplast
StAAAPS PGSC0003DMG400026549 | Chr02 | 24907881 | 24913763 |463 50377.8 |8.54 |1392 Plasma membrane
StAAAP6 PGSC0003DMG400035823 | Chr02 | 38385229 | 38386506 |425 46927.3 |7.38 | 1278 Plasma membrane
StAAAP7 PGSC0003DMG400043788 | Chr02 | 38387386 |38388654 |422 46449.3 485 |1269 Cytoplasm
StAAAP8 PGSC0003DMG400001474 | Chr02 | 45187534 | 45192800 |482 52638.4 | 8.77 | 1449 Plasma membrane
StAAAP9 PGSC0003DMG400020266 | Chr02 47763577 |47766815 |449 50363 8.77 1350 Plasma membrane
StAAAP10 PGSC0003DMG400020265 | Chr02 47774685 |47776859 |445 49900.4 | 8.95 |1338 Plasma membrane
StAAAP 11 PGSC0003DMG400018670 | Chr03 | 3106659 |3108625 |427 47068.3 | 7.9 1284 Plasma membrane
StAAAP12 PGSC0003DMG400013962 | Chr03 | 16125457 | 16131700 | 444 48650.1 | 4.91 1335 Plasma membrane
StAAAP13 PGSC0003DMG400031456 | Chr03 | 17197666 | 17201379 |449 49308.1 | 9.58 | 1350 Plasma membrane
StAAAP14 PGSC0003DMG400029866 | Chr03 | 26824152 | 26830361 |420 462214 |8.23 |1263 Plasma membrane
StAAAP15 PGSC0003DMG400029867 | Chr03 | 27067967 | 27069204 | 336 36721.2 842 |1011 Vacuole
StAAAP16 PGSC0003DMG400003397 | Chr03 | 29797320 | 29799530 |426 47061.2 | 7.37 1281 Plasma membrane
StAAAP17 PGSC0003DMG400031347 | Chr03 | 31760106 |31768665 |523 57260.9 |4.63 |1572 Plasma membrane
StAAAP18 PGSC0003DMG400013982 | Chr03 | 34431996 | 34436659 | 441 48627.8 | 9.51 1326 Plasma membrane
StAAAP19 PGSC0003DMG400013981 | Chr03 | 34488013 | 34494453 |439 48669.6 | 9.03 | 1320 Plasma membrane
StAAAP20 PGSC0003DMG400015198 | Chr03 | 50596476 |50600303 |416 459942 | 9.51 1251 Plasma membrane
StAAAP21 PGSC0003DMG400014203 | Chr03 | 57084598 | 57086764 |472 51262.5 |5.25 |1419 Plasma membrane
StAAAP22 PGSC0003DMG400006341 | Chr04 | 7319379 | 7322409 | 408 45303.7 |9.28 | 1227 Cytoplasm
StAAAP23 PGSC0003DMG400004961 | Chr04 | 66074335 | 66079024 | 481 52741.8 | 8.66 | 1446 Plasma membrane
StAAAP24 PGSC0003DMG401004944 | Chr04 | 66527155 | 66537044 | 451 48987.7 | 8.14 | 1356 Plasma membrane
StAAAP25 PGSC0003DMG402004944 | Chr04 | 66532212 | 66536643 | 398 433415 |7.53 | 1197 Plasma membrane
StAAAP26 PGSC0003DMG400011690 | Chr04 | 68864668 |68870114 |525 57858.1 |9.59 | 1578 Plasma membrane
StAAAP27 PGSC0003DMG402009896 | Chr04 | 71461110 | 71463731 | 161 18041.4 1 9.52 486 Plasma membrane
StAAAP28 PGSC0003DMG400009969 | Chr04 | 71461110 | 71466108 |509 56070.7 |8.46 | 1530 Nucleus
StAAAP29 PGSC0003DMG400000818 | Chr05 | 2125547 | 2129338 | 438 48991.3 /8.88 |1317 Plasma membrane
StAAAP30 PGSC0003DMG400017438 | Chr05 | 12017643 | 12020428 |447 502441 |9.72 |1344 Plasma membrane
StAAAP31 PGSC0003DMG400003352 | Chr05 41731287 | 41732681 |464 50802.7 | 8.15 |1395 Plasma membrane
StAAAP32 PGSC0003DMG400016801 | Chr05 | 46491441 | 46492847 |468 51017.2 |8.37 | 1407 Plasma membrane
StAAAP33 PGSC0003DMG400011639 | Chr05 | 47556832 |47559928 |438 48120.1 | 8.96 | 1317 Cytoplasm
StAAAP34 PGSC0003DMG400027187 | Chr05 | 48090781 |48095798 |438 48248.2 |19.73 | 1317 Plasma membrane
StAAAP35 PGSC0003DMG400027188 | Chr05 | 48097039 |48104535 |452 49362.3 | 9.58 | 1359 Plasma membrane
StAAAP36 PGSC0003DMG400029154 | Chr06 | 30893598 | 30898031 |440 48198.4 |6.67 |1323 Plasma membrane
StAAAP37 PGSC0003DMG400029153 | Chr06 | 30910842 | 30913080 |440 48120 9.07 1323 Vacuole
StAAAP38 PGSC0003DMG400011771 | Chr06 | 42779953 |42785063 |473 51861.1 |8.22 |1422 Plasma membrane
StAAAP39 PGSC0003DMG400007675 | Chr06 | 44978943 |44979587 | 150 16709 9.92 453 Vacuole
StAAAP40 PGSC0003DMG400022256 | Chr07 | 55966125 |55970593 |456 50599.8 | 8.29 | 1371 Plasma membrane
StAAAP41 PGSC0003DMG400022255 | Chr07 | 55971749 | 55976656 |472 51978.5 | 8.84 |1419 Plasma membrane
StAAAP42 PGSC0003DMG400012297 | Chr08 | 55721575 |55725165 |295 322499 |9.52 |888 Chloroplast
StAAAP43 PGSC0003DMG400008504 | Chr09 | 210407 214610 481 543279 |8.25 |1446 Plasma membrane
StAAAP44 PGSC0003DMG400021623 | Chr09 | 61205870 |61207293 | 369 40354.9 | 10.02 | 1110 Chloroplast
StAAAP45 PGSC0003DMG400012842 | Chr10 | 13369133 | 13370690 |432 471315 568 |1299 Cytoplasm

(Continued)
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Table 1. (Continued)

Gene Name | Gene ID Chromosome localization ‘ Protein length | MW pl CDS length | Subcellular

Chr Start End (aa) (Da) localization
StAAAP46 PGSC0003DMG400023205 | Chr10 | 46744707 | 46751963 |488 54970.8 | 8.75 | 1467 Plasma membrane
StAAAP47 PGSC0003DMG400010866 | Chr10 | 47784911 |47788720 |496 55143.3 |8.15 | 1491 Cytoplasm
StAAAP48 PGSC0003DMG400019182 | Chr10 | 50480301 | 50485816 |485 54606.2 | 7.97 |1458 Plasma membrane
StAAAP49 PGSC0003DMG400011068 | Chr10 | 54327353 | 54331948 | 529 57499.1 | 4.83 | 1590 Plasma membrane
StAAAP50 PGSC0003DMG400008360 | Chr10 | 59202658 |59204878 |518 55014.2 |9.69 | 1557 Vacuole
StAAAP51 PGSC0003DMG400007424 | Chr11 | 3581626 | 3586016 | 602 66619.1 | 7.54 | 1809 Plasma membrane
StAAAP52 PGSC0003DMG400006021 | Chr11 | 8463730 | 8466858 | 479 52924.3 | 8.76 | 1440 Plasma membrane
StAAAP53 PGSC0003DMG400006550 | Chr11 | 10041987 | 10046875 | 468 53198.7 | 8.83 | 1407 Plasma membrane
StAAAP54 PGSC0003DMG400000468 | Chr11 | 39686792 | 39693985 | 453 497119 |91 1362 Plasma membrane
StAAAPS55 PGSC0003DMG400017687 | Chr12 | 13896229 | 13902666 | 608 67956.4 |7.89 | 1827 Plasma membrane
StAAAP56 PGSC0003DMG400011538 | Chr12 | 56031020 |56036743 |488 54099.6 |8.85 | 1467 Plasma membrane

The family members of the potato AAAP genes were analyzed, and a total of 56 family members were identified. On the left side, 56 family members are
numbered StAAAP1-56. Each column shows the chromosomal localization (including initial and terminal lengths), protein length (aa), molecular weight
(Da), pl, CDS length, and subcellular localization of these family members.

https://doi.org/10.1371/journal.pone.0333560.t001

family was close. These results further support the accuracy of the phylogenetic analysis of the StAAAP gene family in
this study.

To further study the relationship of the StAAAP gene family in the phylogenetic tree, the StAAAP gene motif was eval-
uated using MEME and the results are shown in Fig 2C. Ten motifs were identified in 56 StAAAP genes. Motifs 1, 3, and
4 were found in all StAAAP members, indicating that they are highly conserved in StAAAP protein. Genes in the same
subfamily in the phylogenetic tree exhibited similar motifs, indicating that they may have similar functions. For example,
almost all AAAP family members in the AAP subfamily have four motifs (1, 3, 4, and 6). Similarly, all AAAP family mem-
bers in the GAT subfamily also have four motifs (1, 2, 4, and 5).

To better understand the composition and function of StAAAP genes, we performed gene structure analysis of its
conserved sequences and intron positions (Fig 2D). The results showed that potato AAAP genes undergo a complex RNA
splicing process, with exon numbers ranging from 2 to 13. Genes in the same subfamily have similar exon/intron struc-
tures, whereas there are differences in the gene structure among different subfamilies. All five genes in the ANT subfamily
contain one exon, which is the smallest of the eight gene groups. The AUX subfamily contained most of the exons, with an
average of eight exons per gene. Gene structure and motif analyses were consistent with those of the StAAAP phyloge-
netic tree, providing strong evidence for the accuracy of the phylogenetic tree classification.

3.3. Chromosomal localization and homologous gene analysis of StAAAP genes

The chromosomal distribution of StAAAP genes in the genome was determined by extracting chromosomal data and
mapping using Tbtools II. The distribution of the StAAAP gene on the chromosome is shown in Fig 3A. These 56 StAAAP
genes were mapped unevenly to 12 chromosomes (Fig 3A). Chromosome 3 had most of the StAAAP genes (11), followed
by chromosomes 2, 4, and 5 (7). Chromosome 8 had the fewest StAAAP genes, with only one gene. To identify the repet-
itive events in AAAP genes in potato, we analyzed the full-length sequences of 56 AAAP proteins using MCScanX. Six
genes (28.57%) were arranged in tandem repeats and were divided into eight groups. Two pairs of tandem repeat genes
were identified on chromosomes 2 and 4. Chromosomes 3, 5, 6, and 7 contained one pair each. This uneven distribution
pattern was most likely influenced by chromosome length and tandem gene replication. The MCScanX function in TBtools
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* 260 * 280 * 300 * 320 * 340 * 360
StARAPL -
StAAAP2 TccHafT QKFKATYLWATLYVLTLTLPSAAS DLLLD LL AVILMLEHOF 1 TG FACTEY FVWEKATGH
StAAAP3 : ABRGHNUEILEMOATMPSSEKHPSQVPMWRGVQFAYLLIAMCLFPLAV! HLIPANCSVLTALFAFHSQD TSTFVI YGMELFDDIESAYTT
StAARP4 : A Esvﬂvu» EAE] DKDKEGKILGLSMVFISLMYGSFGV! ET! IITTNLGRGL- OTG-LHNLFL MNEIYEVISRREC
StARAPS : AMICHYNVHS] DSTQIRAVVKSSLALCSSVYVLTSLI DVLANFDTNL— VRVSYAAHLML FYSIRLNEDGLLFP
StARAPG : AQEGIGZVL DKDKFGKILGLAMGFISLLEGAFGV] IITTNLGQGL- OLG-LCINLFF T PIMMN Y EVIBRREW-
StAAAPT B DKNKFGKILGLSVAFVAFLYGAFGA! IITTNFRQGS-------= OLG-LCHNLFLA MN
StAAAP8 : ANICHYNVI
StARRPY : LEJOATIPSTPDKPSKVPMARGVVVAY IVVALCYFPVAF Il TLMSLNK ANMEVVIJHVIGS
StAAAP1O YTVVALCYFPVALIEH NILISLNKP ANAFVVHHIIG A1l
StAAAP11 : ABEGVGLVLH) DKAKFGKILGFSMALISLMYGAFGV] IITTNLGQGL- OIG-LCHNLFFT|
SEAAAPL2 : C P DRSQFPAVLLTSFGLVTLLYGGTAVLEN QFTLNLPKGL TTVNPFT
StAAAP13 : TMG-NGUIPH) KGLLLCYSVVISTEF SVLONFMLD-~EMPLLPKWFLLUTYIFTE AVSLTYLOET
StAAAP14 haviaz CFLLCTISYASMAT QITLNLETNK- QWATYTTLENPIA i
StARAPLS HPYFPTHYT QKQFSKVMLLCFLFATITYASTAA] QITLNLPTGN— IATYTTLENPL.
StAAAP16 : CMCAHP|FPTHYT QNQFSKVMLYCEVFSTVTYASTATM} QITLNLQPEK- ATYTALANPT.
StARAPL7 : C “PNY KSKFNVALIICFILCILIYGGVA QITLNMEDN: IASRUAVWTTVISPF
StAAAP1G : AQN-TGIIPEMOAT----TRQP LNFQFT YLLNNVHGP- WVLGUAHLSAFFQAT ITLHUFASETYEYWDTKYG-
StAAAPLY IN-TGS I PEMOAT DNMLKALYFQFTT YLLYNY VWLRGUANIAAFFQSIITLHUFASETYEY@DTKYR-
StAARP20 EBOATMPS TPEKPSKKPMAKGY I TAY IVVAICYFPVAF' ANAFVVIJRVIC FAMGEED!
StAAAP21 A HENVQPMYNEL ITSAICVLVYASTAVAS LN VGYVFHLVL  THFSERQTYD. LLFE
StAAAP22 : AMAGHN ———-AWLIIUANAFVVEHVIC LTL :
StARAP23 : AMAYST|LIEMODT-LKSSP-PESKVMKRASLAGVSTTTLEYVLCGT! FWLIDFANVCT. FC @YGTARCSQ : 322
StAAAP24 ICHHNTH DVLANFDGEL--GIPYGSLLNDJ YVHHLML! FESERLNSDGLEFP : 314
StAAAP25 : AMICHHNIHE] DGSQMKSIVRTSIVLCSTVYIATSF! DVLANFDGEL--GIPYGSLLNDYVRVSY! FE bgLN DGLEFP : 294
StARAP26 f#vie] TF FFTALCLFPTATI SALYAFHIHDI TFLLVVENCE i3
StAARP27 T (VILGTTSLLVABHCLT
StARAP28 G LKNPSHVPMWKGVKFSYSITALCLFPLAT! ~KVILGTTSLLVABKCL
StAARP29 EMOATIPSTPEKPSRYVPMWKGAVWAYFVNALCYFPVAF TS MHAEODVND ~~ —~— - -~ LVGLERP - SWLIAAANLMVVHVIC
StAARP30 EMOATIPSTPENP! ENGYDD: ILLTLYK ANIFVVFHVIC
StAAAP31 : AMSYSLELIEMODTLIKSPS-. ATQISLVVTTVLYMLCGCFR LLTGFGEDD! YWLLI (X
StAAAP32 : AMSYSLELIEMODT-IKSPP-SEAKTMKKASLISVIVITVEFILCGC! LLTGFGEYD! YWLL (1
StAAAP33 ARTFHFN DILVNFDKSS-GTSAISSMLNVEVRLSYA]
StAAAP34 : AfN- TGiLPE YLL IWLKGYANIAAHIQATIALH
StAARP35 N~ TGIIPE YLL ITAFWOATIALH]
StAAAP36 : A DMLYNFDQAS--DSLIGTALNDMVRLS YANHLML
StAAAP37 : A AFHENVHP £ TEL DILVNEDTSSSGAIAISPILNDHVRLS YARHLMLY
StAAAP38 : ANSYSLELIEMODT-LKSPP-AEAKTMKRATLISVAVTTVFYMLCGCI NLLTGFGFY] YWLLDEANVAT
StAAAP39 - QITLNLPTE! ISSKUAIYTTIFNPITKYA
StAARP40 Py IfiLLEJODT - LKSPP- PENQTMKKAS ISAIVITTFFYLCCSC! LLT--GEYE: FWLVDFANACT!
StAAAP41 PFSLUFLERODT - LKAPP- PEKTTMKKVS IMASCYTTFFYLCCGG HL 3
StAAAP42 PEMOAT - - - ~LAPPATGKMLKGLMLCYSVILVTEYSASVS| OLFAIGL
StAAAP43 POKFKYTYLIATLYVFTLTLPSASA HOFTTEGFAC
StAAAP44 HI|FPNHYTAMK- DPSKETKVSIVSFSLVTTLY ISLGE! QITLSMPHDQ IITKFALWATI
StAAAP4S EGVGIATPMETEMK— DKSKYGKVLALAMFFIALMYGTEGV] ﬁu}m INLEFTS Pl
StAAAP46 : TRGGHAUT POKFKATYLWATVYVLTLTLPSGAA VILMLEHOF TTHGFAC
StAARP47 LEMOGTLEPTNPKHP SYSLIAMCVEPLAL ocLC:
StAAAP4S T QKFKYTYLIATLYVETLTIPSASA ~DRWRDAAVILMLUHQF T TUGFAC!
StAARP49 PNMY PSRFPSVLLISFSTAFFSYLGVAIC] VTSKAAWTVVETPLTKUARTL
StAAAPS0 VL DPISLLLSVNSSALPAVQGFAFSALATSLI TTRGEVGK KLRON!
StAAAPS1 FPNMYTSLE------ KRSQFPAVLFTSFAIVTALYAGAAVMEEMYEREDS AES -~~~ -~~~ QF TLNLPTDL -~ —- -~ VA W TIENPETKHEAR
StARAPS2 1, TEMODT - IKSPP-SE: LISVSVTTVEYMLCGC YWLLDEANIAT QYC!
StARAPS3 T PQKFKTIYLIATIYVLTLTLPSASAV) TKFRDSAVILMLEHQF 1 THG!
StAAAPS4 IPEMOAT-~--I KGLCICYAMLSTTEF ILSNFTQN. GHNLVPKSFIEﬁTNIF’VT
StAARPSS5 LEMOATTPSTPEK| YIIVAICYLPVAFLEMWARENOVED- NILLSLEKP- MWLVA HVIG: “;
StAAAPS6 L IE§ODT-LRSPP- LVGVETTTLFYVLCGTI| APG-~--~-] NFLTGFGFYEP-~—---~~] FWLIDFANVCIAMHLIGAO,
* 420 B * *
StAAAPL LEEIENDEVGLIBAASFWPLTVY FIOMYIAQAKT PKNSETWIWLNI LSFVCLIfISLLAAAGSVQGLT
StARAP2 FGPINSSVESLLVSFTVYIIBALAYSLTEK: QPPKI TINIFVVVWVL
StAAAP3 LGSFTGLIEGIALP-ITFA KKPKKYSL! LGMA
StAAAP4 FKVENFADFLSLVESSVCIVLGIVLEAMFHITVFNK-ELSWHGLAFDAALULMGA
StAAAPS CDNLRFALISSGLUATIFLGANFIf§S TWDAFQF TIEATAAVCIGF IFgASVTIRDRYGIA-~TKKDKILCIFEIVT
StARAPE ~EGRYCVWLEWLMILAVTE{IAR. DFLSLVESSVCIVLGFVLES LFH IVFKD-ELRWHGFVFDAALUVMGT
StAAAPT CClART! DEMSL VSVVLGFVLGAFFHSTVFKD-ELGWYSLALDAA
StAAAPS
StAAAPY NTYJAFTM: FGGLLGFFEGFAFAPTTYFLECT IYKPRRWSLSWIANWICI]
StAAAP10 LYJAFTMI FGGLLGFFEGFAFAPTTYFLiEC IMWS TYKPKKWGLSWI TNWICT]
StAAAPLL IMLAVT! FADFLSLVESSVCIILGEVLEALFHIIVFKD-ELRWHSLACDGAL]
StAAAP12
StAAAPL3 ~FSIRNVVPRLISESLSfI AT TIAAMIERFGDIMAL HEAFGCIPLDFILEMVFYNVTFKPSRKSI IFHGNTIIA]
StAAAP14 KARVCSLLIETALEISTVI IBAFGYLMSLVEAFLSVTAS IVLECLCEIKFSGIYQRLGFEQUFIVGI]
StAAAPLS PATE I TLYTSSVINART IRAFGY LMSLVEAF LSVTASVLLECLCY#KISGTYRKLGFELVI IGLI
StAAAPL6 ISSVTIANTIEIFGY LMSLVEAF LSVT TS ILVECFCYIK I LGTHKKLGYELV I IGF Ij
StAAAP17 FSTVCUAFLLEFGLVMALIESLLS ILYSVIMEALCY WK I IGK-KATRTQRVESIT
StAAAP1B IMTTFRSALLIZAL GNFMSLTEAT STIPLTF I LIENHMYM 1 AKKDKLS SLOKSWHWLN I
StAAAP19 ITIFESALERLGDFMSFTEATSTIPLTFI )ISSLOKSWHWENI
StAAAP20 TGYAT S FRFGGLLGFFRGFAFAPTTYF - - ———— == ———— == === ——— 1cq]
StARAP21 TAVLIALLYFGSTMIEN IWTAFKFEATTAVSLGY THESLIARLGKQGSGLSMREK I LSWE]
StAAAP22 : GLKFA PSTMLRATVETVY) ALTLHT FGGLLSFF]
StAAAP23 RWPDSKFITSEYAMRVPCCGTYNLNLFRLS [TTYQ IVTAS s (FNDFLGLIEAASFYPLTVYF§IEM: \QRKIPKYSFTWVWLKILSWTCLI}
StAAAP24 : YAIPIA------———-—===—- YDNRREFSVTAALUCLIFLGANCVES THDAFQETEATAT FIFRAATVIRDTHGIA--TKRDRLVSS
YDNRRFFSVTAALUCLIFLGANCVIES TWDAFQF TEATATVSVGF TFgAATVIRDTHGTA-~TKRDRLVSS
CSTWVRSGHJIFFGFVSFFHIGEALERLSSLAGLLEGLTLP-VTE FMWILTKKPTKY SENWY FNWI LGWLGVAF SLAFSIGGIWSMV
CPWWLRTGLEVFFGCLTFFHSUALIL PSLAGLIEG I ALT-VTLAY[RC LMAMM IKKPNRY SPSWE INWSLGELGLVISVLLVFGATWT I~
VFFGCLTFFIS| AL PSLAGLIEGTALT-VTL LMWHMIKKPNRY SPSWE INWSLG
TTYJAFTLEFGYTFEAFGDLLGF FlEGE GFAPTSYFLEES IMWKVKKPRRFSTSWHINWACTE
LEjAFTL Gl iFGGLMGF GG ALAPTSY Y LC T IWA T LKKPKRF GLSWT INWVCT]
StAAAP31 : WYPDSNIITTEIDIPIHRCKPFKLNFFHLIWSTIF)IATT TVDILEAFAFWPLIVYF[T IPKWSGRWICLQLLSGACLV}
StAAAP32 : RYPDSIIIMKEIDIPIPGCKPFKLNFFRLVWATVEWIFTVLASYLMEEFNDIVGILEAFGFWPLIVY ITKWSGRWICLQLLS
StAAAP33 -~ ~TDTKRFVCLSLVL#TFSYVAANF Ii8S TWY I FQFMETTTGVC IAFIFRGATARDVHGTS - - SRKDKI AV
StAAAP34 fLACKNLAFRIIXEGGY AITA$SAL LGDFMNLTEAISTFPLTFT LSFLKKSWHWLNI
StARAP35 ~VATRNLAFRALVLGGYWALTTFSALEAL.GDFMSLSEATSSTPLTF I LIENHMY I T AMKNNL S SLQKSWHLLN
StAAAP36 TETLREFSLTCILAFIYGGAJATENIWY FFQFMETTTVMCIMFIF[gSSIVIERDAHNIS-~TTREKI LAVL
StARAP37 TDTKREMFLTLIL#ALSY IANAT[aSVWY T YQFMESTSNVCLAF IFFGATAWRDVHGLS -~ SRKDKI IAVY]
StAAAP38 : WYPDSKIITKEIDVPIPGFKPFKLNLFRLVWETIF{IITT LMEIFNDVVGILEAFGFWPLIVY QKRITKWSGRWICLQILS
StAAAP39 ~LRK-========mmmmmmm= SKYIVSYFIRTFLYTSTVILANTVESFGYVMTFTEVLLGYTVS I LLECLCY K IK~~~KPSYSEVVE TWMI]
StAAAP40 : KYPESRFINKFYATKLQVLPALQLNLFRLCFUTLY)ISTTANAZAFRMFNOVLGILEALNFWPMITY QRKIGAWTRKWILLEGFS,
StAAAP41 : KFPDSKEVHKNHTLKPLSMLSFSLNFMRLFFETAYWAIMTGUAYLFJEIFNQVVGVSEAI TFWPIVVY FRAEMYINTOKRIESWKSKAIAFRVET,
TLCGFFAAMLEIFGDINGVVEAVGF I PLDFILEMLLYN T TFKPKKSSITFRVNIST
IPIWE[IAfI T FJEaFGPINSAVEAL LVSFTVY I T[8A LAHELTYRKS SARQNAAEKPPF I PSHTAMEVINTE IVVWVE
GSTLILVILIIANSVIRIFEHVLSLES LVGVGICVIFECAFY TK I FWG-E I SRMSLILNVVLY t;ma!mwcns
WILYLGYTMUAN L VENFADFMSLVESSTCCALGFT LA LFHYQVFKG-EMDRKGTEMDLGLY
VYT PIWEWAN I FEFGPINSTVESLLVSFTVY I IRALAHTFTF TETINIFVVVWVEI-
LFFGGLTY FSUARGRLaSLARF VEGTALE -LSLY YRCEMHIS IKKPORNSLUYWLNNF LGCLGIL
LPV{f I PIWEIAN T FigaFGPINSAV] TVYIIRALAHYLTYRTTSARQNAAEKPPSHY PSHTHMYVINIFIVGHVLV-
TLLYFSTLVHASAVEMFGSVNSLIESSLVMLYSLIL LRKD-QITRFQLAACSS INVVGLISAVVGTYSA
FVLALPVLIGSFFPSTFSRALDFAGT YANCFLFGIL| PVMTYIYQSPRKLRLGVLPGGDG LLLLYTAVILAT-
TALEMSTLFARK IBGFGKL
TIRYTISTFISY LUEAFSDIVGILBAFGFWPLTVY YRVEMYJIAOKK T PKWSRKWVGLQI LS TCLIJSTAAAAGS FAGVV -~
FKRAMAST.PV)TPTWF FEAFGPINSSVESLLVSFTVYIIALAHLLTFASPSARENAVEQPPS FISGRWVGLYCTNIFVVVWVET -
SISYTISTTHAAMUERFGDINAVIEAFGF LPLDFVLEV IFENLTFKPSKKKPT YWLNMAT A FFSVIIGVIAAVAAY
StAAAPS5 : STKLK PSTFLRETVETTYALTLENGY T IRAFGGLMGF FEGFALAPTSYY-
StAAAPS6 : KWPDNKFIKSQHDINIPWEGVYNLNYFRMLWATIYYIITAIHAYTFIgIFNATLGLIEARSFYPLIVYFIEMHIAQRKIPKY SEKWIWLHILSWACLIJSLVAAVGS IEGL-~~

Fig 1. Multiple sequence alignment of the StAAAPs. Multiple alignments were performed based on the protein domain sequences of the 56 StA-
AAP family members. Through analysis of similarities and differences in amino acid sequences, the conserved functional regions of the families were
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explored. Red, green, and yellow marks indicate that the conservation of amino acid residues was greater than 90%, 70%, and 50%, respectively. Highly
conserved column (marked in red): This region is irreplaceable within the StAAAP family and may be a key functional area, such as substrate-binding
sites and catalytic domains.

https://doi.org/10.1371/journal.pone.0333560.9001

demonstrated the collinearity of the potato AAAP genes on the chromosomes. There were ten pairs of collinear genes in
the potato StAAAP gene family, and the results are shown in Fig 3B. In addition, interspecies collinearity maps of potato
AAAP family genes with A. thaliana Capsicum_annuum (pepper), Nicotiana attenuata (tobacco), and Solanum_Ilycoper-
sicum (tomato) were used to study the evolutionary relationship between species (Fig 3C). Potato and tomato contained
the most homologous genes, with 38 pairs. Chili peppers contained 20 pairs of homologous genes, whereas potato and A.
thaliana contained 17 pairs of homologous genes. Potato and tobacco contained the fewest pairs of homologous genes.
The results showed a close genetic relationship between potato and tomato AAAP genes.

3.4. Prediction of cis-acting elements of StAAAP genes

Cis-acting elements provide important clues for predicting gene functions. Transcription factors influence the expression
levels of target genes by binding to cis-acting elements of target genes during specific biological processes. To further
investigate the function of StAAAP genes, we used the PlantCARE database to predict the cis-acting elements in its puta-
tive promoter region of StAAAP genes. The promoter sequence 2,000 bp upstream of the StAAAP genome was analyzed.
A total of 552 cis-acting elements were identified, and the results are shown in Fig 4. These elements are mainly related to
hormones, plant growth, and plant development. ABRE is related to abscisic acid response, CGTCA-motif and TGACG-motif
are related to jasmonic acid response, TGA-element is related to auxin response, AE-box and T-C rich repeats are related
to light response, and ARE is related to anaerobic induction. MRE and LTR are related to the low-temperature response,
whereas CAT-box and GCN4-motif are related to growth and development. In our study, cis-elements related to anaerobic
induction were identified among the 40 AAAP genes. Cis-elements related to jasmonic acid were identified in 33 genes,
whereas cis-elements related to abscisic acid were identified in 31 genes. In summary, the StAAAP gene family of potatoes
plays an important role in the growth and development of potato as well as in the response to abiotic stress.

3.5. Transcriptomic analysis of StAAAP genes

To investigate whether StAAAP is involved in the response to abiotic stress in potato, we investigated the expression level of
StAAAP in potato roots under drought and salt stress treatments, with the results shown in Figs 5A and 6A.The expression
patterns of potato AAAP family members were analyzed using RNA-seq data downloaded from the NCBI database (entry num-
bers: PRINA882516 and PRINA646050). Compared with the control group, most potato AAAP genes, except for StAAAP45,
StAAAP55, and StAAAP22, were induced in at least one treatment. Under drought stress, StAAAP family genes showed differ-
ential expression, with 23 genes upregulated and 29 genes downregulated (Fig 5A). It is speculated that the upregulated gene
family members may be more sensitive to drought stress and respond in time to cope with the harm caused by drought stress.
Under salt stress, the expression of 24 genes was upregulated and that of the remaining 29 genes was downregulated (Fig
6A). Itis also speculated that the upregulated gene family members may be more sensitive to salt stress and respond in time
to cope with the harm caused by salt stress. In summary, combined with the differential expression profile analysis of StAAAP
genes under abiotic stress in potato transcriptome data, it is speculated that members of this gene family have important func-
tions in potato stress-resistance regulatory networks, and many StAAAP genes may respond to abiotic stress.

3.6. qRT-PCR verification of StAAAP genes

To further verify the reliability of the StAAAP transcriptome data, we selected 11 genes for qRT-PCR under different
stresses and analyzed their expression patterns. The results are shown in Figs 5B and 6B. Eleven genes were selected
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gene structure. Phylogenetic trees of potato, A. thaliana, and tobacco were constructed, and the AAAP gene family was divided into eight subfamilies.
The motifs of the StAAAP genes were evaluated, and 10 motifs were identified among the 56 StAAAP genes. The intron-exon structures of the StAAAP
members in potatoes were further analyzed.

https://doi.org/10.1371/journal.pone.0333560.9002

Table 2. Number of family members of each species in the AAAP family.

Group Species Total number
Potato Arabidopsis thaliana Tobacco
ATLa 9 6 10 25
ATLb 9 10 11 30
AAP 9 8 11 28
ANT 5 5 14
AUX 5 15
GAT 3 2 2 7
LHT 12 10 13 35
ProT 4 3 7 14
Total number 56 47 65 168

The AAAP gene family comprises eight subfamilies. The distribution and quantity of AAAP genes in eight potato subfamilies, A. thaliana, and tobacco
subfamilies were analyzed. The results showed that the number of genes in potato and tobacco was close in multiple subfamilies.

https://doi.org/10.1371/journal.pone.0333560.t002

under drought stress: StAAAP4, StAAAP5, StAAAPG, StAAAP12, StAAAP14, StAAAP21, StAAAP24, StAAAP31, StA-
AAP40, StAAAP41, and StAAAP46. Under salt stress, 11 genes were also selected: StAAAP5, StAAAPG, StAAAPS,
StAAAP12, StAAAP14, StAAAP16, StAAAP26, StAAAP29, StAAAP41, StAAAP42, and StAAAP52. The results showed
that under drought stress, StAAAP genes were differentially expressed: StAAAP4, StAAAP24, StAAAP40, StAAAP41,
and StAAAP46 were upregulated, whereas StAAAG, StAAA14, StAAA21, and StAAA31 were downregulated(Fig 5B).
The expression trends of StAAAP5, StAAAPG, StAAAP12, and StAAAP21 were consistent with those of the transcrip-
tome data, whereas the expression trends of the rest of the genes were different from those of the transcriptome data,
which may be related to the different potato varieties. It is speculated that the expression of StAAAP genes differs among
potato varieties. Under salt stress, the expression of StAAAPS5, StAAAP 16, StAAAP29, StAAAP41, and StAAAP52 was
upregulated, whereas that of StAAAPG, StAAAPS, StAAAP14, StAAAP26, and StAAAP42 was downregulated(Fig 6B).
The expression profiles obtained by gRT-PCR were consistent with those obtained by RNA-seq. In summary, StAAAP4,
StAAAP24, StAAAP29, StAAAP40, and StAAAP46 genes may play key roles in potato abiotic stress responses, indicating
high reliability of RNA-seq data.

4. Discussion

As an important gene family, AAAP plays an important role in all aspects of plant growth and development and is found
in cayenne pepper [25], poplar [26], alfalfa [10], and bamboo [27]. Potatoes play an important role in food production and
life worldwide. Therefore, to study the potential role of the AAAP gene family in stress response, we analyzed the potato
AAAP gene family under different abiotic stress environments and verified its regulatory function under abiotic stress.

The doubling of gene families may be caused by self-replication of genes on the same chromosome, resulting in two or
more closely spaced concatenations [28], or by structural changes in chromosomes during the evolution of species [29].
Gene replication plays an important role in genome evolution, expansion, and functional differentiation of species [30].
Studies have shown that 33.96% (18/53) of AAAP genes in pepper [25], 50% (29/58) in rice [13], and 30.43% (14/46) in
Arabidopsis [11] are duplicates. In this study, 56 potato genes were distributed on 12 chromosomes; eight tandem repeat
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https://doi.org/10.1371/journal.pone.0333560.9003

genes and 10 pairs of fragment repeat genes were identified on six chromosomes. Among potato AAAP genes, 58.93%
(33/56) were repetitive genes, 16 (28.57%) were involved in tandem repetitions, and 17 (30.36%) were involved in frag-
ment repetitions. These results indicate that gene tandem and fragment repeats exist between potato StAAAP genes and
play an important role in the expansion of the potato StAAAP gene family. Fragment duplication is the main reason for the
expansion of the AAAP gene family in potato, which is consistent with previous results in rice [13].

In this study, 552 cis-acting elements of the StAAAP conjectural promoter region were identified using the Plant-
CARE database, suggesting that StAAAP genes may play a complex and critical role in plant activities. Among them,
cis-elements related to jasmonic acid and abscisic acid were present in 33 and 31 AAAP genes, respectively. Jas-
monic acid and abscisic are important plant hormones involved in plant defense response, growth, development,
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the figure represent different cis-acting elements, including the AE-box, TC-rich repeats, Box 4, TCT-motif, and CGTCA-motif.
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stress response, and other processes [31]. The presence of the associated cis-elements indicates that these StAAAP
genes may be involved in the response of plants to stress. In addition, the promoter region of StAAAP contains several
elements related to anaerobic induction, light response elements, plant growth and development, and transcription
factor-binding sites, suggesting that StAAAP gene family members may regulate plant adaptation to the external envi-
ronment by responding to different environmental stimuli. Studies in millet [32] also showed that the AAAP gene family
contains the corresponding stress-responsive cis-acting elements that regulate plant growth and development under
abiotic stress. In summary, the potato AAAP gene family may be involved in hormone regulation as well as plant growth
and development.

In this study, 56 potato AAAP genes were analyzed and a phylogenetic tree was constructed. Potatoes contain
all eight subfamilies of the plant AAAP gene family, and the evolutionary branching pattern is consistent with the
results for tobacco. Analysis of the StAAAP gene structure and conserved motifs showed that the gene structure and
conserved motifs in the same subfamily were similar, indicating that genes in the same subfamily may have similar
functions in potato physiological activities. However, there were differences among different subfamilies, indicating
that genes in different subfamilies may have different functions in potato physiological activities. At the same time,
subcellular localization results showed that StAAAP family members were mainly distributed in the plasma mem-
brane, which was compatible with the long-distance amino acid transport by amino acid/auxin permease proteins.
The presence of multiple collinear gene pairs between potato and C. annuum, N. attenuata, or S. lycopersicum sug-
gest that these homologous genes may have similar functions in these species. In tobacco, NtAAP2-2 is involved
in the transport of Glu, GIn, Asp, and Asn, and members of the AAP subfamily can transport positively charged and

PLOS One | https://doi.org/10.1371/journal.pone.0333560 October 9, 2025 12718



https://doi.org/10.1371/journal.pone.0333560.g004

PLOS . One

3.00

I I
=
— 1.00
¢
L = 0.00
1.00
I | | -2.00
| I
I [ i
I
I
—
I
I
I
—"
I
I
I
|
=
—
]
|
1
)
¢ ]
I
]
|
[T 2 [
__—__— StAAAPSQ
B AAAP4 AAAPS AAAP6 AAAPI2
4 L5, L5y L T T
g 3 L\,;‘ g aheh wae g Arey z g
7 Z Z z
8 I g1 Z19 g1
o o o i
5| 5 H 5
v ° o °
z z z £
= Sos Sos Sos
e = o 4 &
o 0.0 0.0 00
CK DI2 D24 CK DI2 D24 CK DI2 D24 CK DI2 D24
AAAP14 AAAP21 AAAP24 AAAP31
15 15 4 N 2.5
.5 U o .g | .g 5 .E 2.0
% % : Z Z
g0 g9 8 g]s
o o >N e 1
H 5 5, 5
2 2 2 =
& 5 =7 = 14
= 0.5 = 0.5 i T“;
o} ) o~ o]
1
2 -2 ~ ~ o
0.0 0. 00!
CK DI2 D24 CK DI2 D24 CK DI2 D24 CK  DI2
AAAP40 AAAP4] AAAP46
15 s 10
e = P s = e
= = c g
2 S 2
ﬁ 10 ﬁ 1.0} §
a = & ¢
5 8 5
ai) ,g o .QZ) 4
= 5 Sos =
2 E 2 =
2
0.0! o
CK D12 D24 CK DI2 D24 CK DI2 D24

Fig 5. Verification of gene expression and qRT-PCR under drought stress conditions. A: AAAP gene expression map of the potato plants sub-
jected to drought stress. B: The expression of 11 AAAP genes analyzed by gqRT-PCR under simulated drought stress. Panel A shows the expression
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heat map of each gene under drought stress, with red indicating upregulated expression and blue indicating downregulated expression. Combined with
gRT-PCR analysis, three treatments (control and 12h drought stress, and 24 h drought stress) were used to analyze the expression levels of genes.

https://doi.org/10.1371/journal.pone.0333560.9005

alkaline amino acids under neutral conditions [14]. It is predicted that members of the potato AAP subfamily have
similar functions.

In plants, many stress-related genes produce a series of responses to cope with the adverse environments
encountered during growth and development. AAAP genes are highly regulated by environmental signals and play
active roles in abiotic stress responses in many plants [33,34]. Under abiotic stress, potato had at least 52 genes
regulated in one of the treatments compared with the control. The proline transporter (ProT) has been shown to be
located on the plasma membrane [11,35] and may be involved in the intercellular and long-distance transport of
proline [11]. The localization of potato ProT subfamily to the plasma membrane in this paper is consistent with the
conclusion. Studies have shown that HvProT and AtProT2 strongly respond to salt stress [36,37]. CIProT was found
to play an important role in proline accumulation and alkali stress response, and CIProT2 can be used to genetically
modify chrysanthemum stress resistance [35]. Studies have also shown that increased proline content can increase
potato tolerance to adversity [38], and genes in the ProT and AAP subfamilies have been shown to respond to stress
[25]. These results indicate that the potato AAAP gene family plays different roles in abiotic stress resistance.

The transcriptome results of this study showed that StAAAP14 and StAAAP31 were significantly expressed under
drought stress, showing significant downregulation under simulated drought stress. The upregulated expression of StA-
AAP4, StAAAP24, StAAAP40, StAAAP41, and StAAAP46 under simulated drought stress was verified by RT-qPCR. It
was speculated that under drought stress, the amount of water available for plants to absorb decreased, which led to the
differential expression of StAAAP. StAAAPS5, StAAAP16, StAAAP29, StAAAP41, and StAAAPS52 were upregulated under
salt stress, and the RT-qPCR results were consistent with the transcriptome expression trend. In conclusion, StAAAP
genes are a key gene family involved in potato growth, development, and abiotic stress response. Under drought stress,
the water content of the environment decreased significantly, affecting the water absorption of potatoes, and the expres-
sion of StAAAP family members changed significantly to adapt to the water shortage. Under salt stress, the concentration
of ions in plants sharply increases. To adapt to the environment, the StAAAP gene family showed a trend of upregulated
expression, which effectively alleviated the effect of salt stress on potatoes. These results indicate that the potato AAAP
gene family plays different roles in abiotic stress resistance, which provides an important reference for further studies on
its role in plant stress resistance mechanisms.

5. Conclusion

In this study, the AAAP gene family was comprehensively analyzed in potatoes. A total of 56 StAAAP gene family
members were identified at the whole-genome level in potatoes and further divided into eight main groups. Tan-
dem repeats and repeat fragments were observed between potato StAAAP genes, which played important roles in
the expansion of the potato StAAAP gene family. Collinearity analysis and phylogenetic comparison of the StAAAP
genes in several different plants provided valuable clues for understanding the evolutionary characteristics of the
StAAAP gene family in potato. The StAAAP gene family plays an important role in the growth and development of
potato and is widely involved in hormone regulation and plant growth and development. StAAAP genes are differ-
entially expressed under different stress conditions to cope with the harmful effects of abiotic stress. The genes
StAAAP4, StAAAP24, StAAAP29, StAAAP40, and StAAAP46 likely play key roles in the abiotic stress response of
potato. These results provide a valuable resource for a better understanding of the biological roles of individual StA-
AAP genes in potatoes.
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Fig 6. Gene expression and qRT-PCR verification under salt-stress conditions. A: AAAP gene expression map of potato under salt stress. B:
The expression of 11 AAAP genes analyzed by qRT-PCR under simulated salt stress. Panel A shows the expression heat map of each gene under
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salt stress, with red indicating upregulated expression and blue indicating downregulated expression. Combined with gRT-PCR analysis,
three treatments, namely, control, 12 h drought stress, and 24 h drought stress, were set up to analyze the expression levels of genes under salt
stress.

https://doi.org/10.1371/journal.pone.0333560.9006

Supporting information
S1 Table. Primer information. It includes all the primer information for drought stress and salt stress, as well as the

internal reference StEF-1a.
(XLSX)
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