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Shaker-type K" channels are critical for plant K" acquisition and translocation that play key roles during plant growth and
development. However, molecular mechanisms towards K" channels are extremely rare in fruit trees, especially in peach. In
this study, we identified 7 putative shaker-type K" channel genes from peach, which were unevenly distributed on 5
chromosomes. The peach shaker K channel proteins were classified into 5 subfamilies, I-V, and were tightly clustered with
pear homologs in the phylogenetic tree. Various cis-acting regulatory elements were detected in the promoter region of the
shaker-type K" channel genes, including phytohormone-responsive, abiotic stress-responsive, and development regulatory
elements. The peach shaker K™ channel genes were expressed differentially in distinct tissues, and PpSPIK was specifically
expressed in the full-bloom flowers; PpKAT1 and PpGORK were predominantly expressed in the leaves, while PpAKTI, PpKCl,
and PpSKOR were majorly expressed in the roots. The peach shaker K* channel genes were differentially regulated by abiotic
stresses in that K* deficiency, and ABA treatment mainly increased the shaker K channel gene expression throughout the
whole seedling, whereas NaCl and PEG treatment reduced the shaker K channel gene expression, especially in the roots.
Moreover, electrophysiological analysis demonstrated that PpSKOR is a typical voltage-dependent outwardly rectifying K*
channel in peach. This study lays a molecular basis for further functional studies of the shaker-type K channel genes in peach
and provides a theoretical foundation for K™ nutrition and balance research in fruit trees.

1. Introduction

Potassium (K") is an essential macronutrient for plants to
maintain crucial roles in a number of biochemical and phys-
iological processes [1-3]. Xylem is the transport organiza-
tion of vascular plants, which is responsible for the upward
transport of K* absorbed by the roots. Phloem is a complex
tissue that transports, supports, and stores nutrients, includ-
ing K", especially in ferns and seed plants [1, 2, 4]. The K*
from the soil solution was taken up via the root’s surface
and then transported to the shoots, distributed within cells
into different compartments, and recycled in storage organs
by various K* transport systems, including the shaker-type

K" channels, KT/HAK/KUP transporters, tandem-pore K*
(TPK) channels, and cation-proton antiporters (CPAs) [2,
4, 5].

In plants, there are two kinds of K" uptake and transport
mechanisms, ie., the high-affinity K" absorption system
(mechanism 1) and the low-affinity K* absorption system
(mechanism II). The mechanism I system plays a crucial role
just when the external K* status is less than 200 ymol-L™',
while the mechanism II system plays an important role
when the external K™ status is more than 1 mmol-L™ [6, 7].
In particular, the long-distance K" distribution and dynamic
balance are mainly mediated by 3 categories of K™ channels,
including shaker-type channels, TPK family channels, and
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other K* channels, which have been functionally verified via
electrophysiological systems [2, 4, 5, 8, 9]. Notably, shaker
K" channels were the first K channels identified in plants
at the molecular level [10]. According to the voltage depen-
dence and K" movement direction, there are 9 shaker-like
K" channels in Arabidopsis, including the inward-rectifying
K" channels AtKAT1, AtKAT2, AtAKT1, AtAKT5, and
AtSPIK, the weak-rectifying K* channel AtAKT2, the
outward-rectifying K™ channels AtSKOR and AtGORK,
and regulatory subunit AtKC1 [1, 8, 11-21]. Several mem-
bers of the shaker K" channel gene family have been cloned
and functionally determined by heterologous expression sys-
tem or electrophysiological system from tomato [12, 13],
barley [14], maize [15], rice [16], carrot [17], Ammopop-
tanthus mongolicus [18], grape [19-21], strawberry [11],
pear [8], and osier willow [9].

Peach (Prunus persica (L.) Batsch) is one of the most
important fruit crops in the world [22]. K™ is the most abun-
dant cation within the fruit that plays an important role in
all developmental stages, and K* deficiency negatively affects
fruit productivity and fruit quality [23-25]. However, molec-
ular mechanism towards K* transport and distribution in
fruits is unclear. In this study, 7 putative shaker-type K"
channel genes were identified in peach, and the detailed gene
location, phylogenetic relationships, gene structures, and tis-
sue expression profiles were further investigated. This study
provides a foundation for further functional characterization
of the shaker-like K* channels in peach.

2. Materials and Methods

2.1. Identification and Classification of Putative Peach Shaker
K" Channel Genes. Peach genome datasets were downloaded
from the Phytozome v 13 peach genome database (http://
phytozome-next.jgi.doe.gov). The protein sequences of the
9 shaker K" channel genes of Arabidopsis were obtained
from the Arabidopsis Information Resource (TAIR)
(http://www.arabidopsis.org). BLASTP searches against the
peach genome database were performed using the full-
length sequences of Arabidopsis shaker K* channel proteins
as queries. To confirm the existence of the shaker K" chan-
nel protein domains (PF00027, PF00520, and PF11834)
[7-9], the candidate proteins were analyzed using Pfam
(http://pfam.xfam.org) and Simple Modular Architecture
Research Tool (http://smart.embl-heidelberg.de/). To distin-
guish the candidate peach shaker K" channel genes, we enti-
tled them in accordance with the order of the corresponding
phylogenetic locations. The molecular weights, isoelectric
points (pl), aliphatic index, and grand average of hydro-
pathicity (GRAVY) of the peach shaker K* channel proteins
were calculated by the ExPasy website (https://web.expasy
.org/protparam/). The subcellular locations of the peach
shaker K* channel proteins were predicted by WoLF PSORT
(http://www.genscript.com/psort/wolf_psort.html). The
exon-intron structure was determined using the online pro-
gram Gene Structure Display Server: GSDS 2.0 (http://gsds
.gao-lab.org/), and transmembrane domains were predicted
by the online program TMpredict (http:// http://sbcb.bioch
.ox.ac.uk/TM_noj/TM_noj.html).
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2.2. Phylogenetic Tree Construction of Plant Shaker K'
Channel Homologs. A multiple alignment analysis among
the shaker K* channel homologs from peach, Arabidopsis,
rice, pear, sorghum, and maize was carried out using the
ClustalW software. Gene ID of the shaker K* channel homo-
logs are listed in Supplemental Table 1. The phylogenetic
tree was generated using MEGA13.0 with the maximum
likelihood (ML) method, and the bootstrap analysis was set
to 1000 replicates.

2.3. Cis-acting Element Prediction of the Promoter Regions of
Peach Shaker K© Channel Genes. The 1500bp upstream
sequence of coding regions of the shaker K* channel genes
were retrieved from the Phytozome peach genome database
and then submitted to PlantCARE (http://bioinformatics
.psb.ugent.be/webtools/plantcare/html/).

2.4. Plant Materials and Treatments. Five-year-old Prunus
persica (L.) Batsch cv. Xiahui 6 trees growing at the Jiangsu
Peach Germplasm Repository (Zhenjiang China) were used
throughout this study. The leave, phloem, flower and fruit
samples were collected at different developmental stages
(DS), as described in our previous reports [26-28]. For stress
treatments, Xiahui 6 seedlings were germinated from seeds
on MS solid medium and cultured in the incubator of
28°Cday 16h/18°C night 8h, with a relative humidity of
75%, for 4 weeks, and then treated by K" depletion,
200 ymol-L™' ABA, 200 mmol-L ™' NaCl, or 10% (w/v) PEG
for 48 h, respectively [9, 29-31]. The MS medium was used
as a control. The samples were frozen in liquid nitrogen
and stored at -80°C for RNA extraction and gene expression
analysis.

2.5. Quantitative Real-Time PCR (RT-qPCR). The total RNA
of each sample was extracted using MiniBEST Plant RNA
extraction kit (TaKaRa, Dalian, China), and the 1st-strand
cDNA was synthesized using Primer Script RT reagent kit
(TaKaRa, Dalian, China). Specific primers were designed
using the NCBI Primer BLAST online tool against the peach
genome (Supplemental Table 2). The qRT-PCR analysis was
performed on 7500 Real-Time PCR System (Applied
Biosystems, New York, USA) using SYBR Green (TaKaRa,
Dalian, China). The peach UBI gene was used as the
internal control [26-29, 31]. The RT-qPCR reaction
procedure was as follows: 95°C for 30 sec, 40 cycles of 95°C
for 5sec, and 60°C for 34s, and then 72°C for 60sec. All
reactions were performed in triplicates, and three biological
repeats were conducted. The relative transcript level of
each gene is calculated using the 27“"T normalized
expression method [26-29, 31].

2.6. Patch Clamping Analysis. The electrophysiological func-
tion of PpSKOR was verified by patch clamping system as
described previously [9, 30]. The expression plasmid pTra-
cer-CMV3-SKOR was constructed by introducing the
PpSKOR gene into the vector of pTracer-CMV3 [9, 30].
The primers used for the recombinant vector construction
are listed in Supplemental Table 2, and Pme I site was
introduced in the forward primer, and Not I site was
introduced in the reverse primer, which were both


http://phytozome-next.jgi.doe.gov
http://phytozome-next.jgi.doe.gov
http://www.arabidopsis.org
http://pfam.xfam.org
http://smart.embl-heidelberg.de/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://www.genscript.com/psort/wolf_psort.html
http://gsds.gao-lab.org/
http://gsds.gao-lab.org/
http://sbcb.bioch.ox.ac.uk/TM_noj/TM_noj.html
http://sbcb.bioch.ox.ac.uk/TM_noj/TM_noj.html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

International Journal of Genomics

underlined. The HEK293-T cells transfected with pTracer-
CMV3 empty vector were used as the control, and
pCLAMP 10.0 patch clamping system was utilized to
record the currents of pTracer-CMV3-SKOR under
different extracellular K™ concentrations [9, 30], including
0, 10, 50, and 100 mmol-L’!, without deducting the control
background currents.

2.7. Statistical Analysis. Statistical analysis was carried out
using independent samples t test in SPSS 22.0 software
(SPSS Chicago, Illinois, USA). Asterisks indicate statistical
differences between plants under control and stress treat-
ment (*P<0.05, and **P<0.01; independent samples ¢
test).

3. Results

3.1. Genome-Wide Identification of the Shaker K™ Channel
Genes in Peach. In this present study, a total number of 7
nonredundant shaker K* channel genes were screened and
identified from peach genome (Table 1). Functional domain
verification and multiple sequence analysis showed that all
peach shaker K" channel proteins contained the cyclic
nucleotide-binding domain (PF00027), ion channel trans-
membrane (PF00520), and KHA domain (PF11834), which
belonged to the classic plant shaker K* channels (Figure 1).
To further entitle the peach shaker K* channel genes with
individual names and investigate the evolutionary relation-
ship of the plant shaker channel homologs, a ML phyloge-
netic tree was constructed among peach, pear, Arabidopsis,
rice, sorghum, and maize (Figure 2). Notably, the amino acid
sequences of the shaker K* channel proteins from these 6
plant species shared an overall identity of 65.13%, and the
highest identity (86.51%) was observed in extremely con-
served domains or regions (Supplemental Figure 1).
According to the tree, the plant shaker channel homologs
could be divided into 5 subfamilies, including group I-V,
and the peach shaker K channel proteins were distributed
in group I-V subfamilies, each with 2, 1, 1, 1, and 2
members, respectively (Figure 2). In particular, all peach
shaker channel proteins were strictly clustered with
corresponding homologs from pear, with the exception of
PpSKOR that was clustered among SKOR or GORK
homologs from different plant species (Figure 2).

Multiple alignment of the peach shaker K* channel pro-
teins was analyzed using ClustalX2.1 software. The peach
shaker K* channel proteins were labelled with red dot. The
locations of the functional domains were labelled with
squares of different colors (PF00027, cyclic nucleotide-
binding domain, red square; PF00520, ion channel trans-
membrane, blue square; and PF11834, KHA domain, yellow
square).

A maximum likelihood (ML) tree was constructed by
multiple alignment of the shaker K* channel proteins in
peach, pear, Arabidopsis, rice, soybean, and maize using
ClustalX2.1 and MEGA13.0 software. The information of
the shaker K" channel proteins from the sequenced plant
was listed in Supplemental Table 1. The peach shaker K*
channel proteins were labelled with red dot.

3.2. Bioinformatic Analysis of the Peach Shaker K Channel
Genes. The basic information of the peach shaker K* chan-
nel genes is listed in Table 1, including the identity number,
chromosome distribution, gene location, and intron num-
bers. In general, the peach shaker K* channel genes were dis-
tributed in 5 distinct chromosomes (Chrl, 3, 4, 5, and 7),
each with 3, 1, 1, 1, and 1 gene. Notably, PpSPIK (group
I), PpAKT2 (group III), and PpKC1 (group IV) belonging
to different subfamilies were located in the same Chrl, while
PpSPIK and PpAKT1 belonging to group I were distributed
in different chromosomes. The gene structure analysis
showed that the peach shaker K™ channel genes possessed
10, 11, 10, 12, 10, 10, and 12 introns, respectively, that varied
distinctly in length (Figure 3 and Table 1). In particular,
PpGORK had the largest intron (>2.7kb) and PpKCI pos-
sessed the shortest intron (<70 bp).

According to the value of theoretical pI, all peach shaker
K" channel proteins were acidic amino acids except for
PpAKT2 (from group V) that was alkalescent (Table 1).
Transmembrane (TM) prediction revealed that all peach
shaker channel proteins possessed 6 TM domains, which is
the same as in the previous reports [3, 7, 8, 30]. Moreover,
GRAVY index analysis showed that all peach shaker channel
proteins were hydrophilic proteins (<0), except for PpAKT1
(0.728) that was a hydrophobic protein (Table 1). The ali-
phatic index analyses indicated that all peach shaker channel
proteins had low values that are less than 100, except for
PpAKT1 (127.72), which again supports the predication that
these channel proteins are hydrophilic proteins.

Subcellular localization prediction indicated that
PpAKT1 was totally localized in the plasma membrane,
and the other 5 channel proteins are majorly (at least 50%)
localized in plasma membrane, followed by endoplasmic
reticulum membrane and cytosol (Table 2). In addition, 3,
3, and 2 channels were also observed in the microbody,
nucleus, and mitochondrial inner membrane, respectively.
PpGORK was also detected in the chloroplast membrane
and Golgi body (Table 2).

3.3. Analyses of Cis-acting Elements of Peach Shaker K*
Channel Genes. Prediction results showed that the peach
shaker channel genes harbored at least 16 kinds of cis-acting
elements in their promoter regions, including 6 kinds of
stress-responsive, 5 kinds of hormone-responsive, and 5
kinds of metabolism and development regulatory elements,
with different existence numbers (Table 3). Notably, each
peach shaker channel gene possessed at least 7 kinds of cis-
acting elements, and all peach shaker channel genes pos-
sessed light responsive (at least 6), anaerobic induction (1),
and abscisic acid-responsive elements (1). In addition, there
were at least 3 hormone-responsive elements that could be
observed in all peach shaker channel genes, with the excep-
tion of PpAKT]I that just had abscisic acid-responsive ele-
ment. And there was at least 1 stress-responsive and 1
metabolism and development regulatory element that could
be observed in all peach shaker channel genes (Table 3).

3.4. Tissue-Specific Expression Pattern Analysis of the Peach
Shaker K™ Channel Genes. To further illustrate the potential
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TaBLE 1: Basic information of the peach shaker K* channel genes.

Protein
(aa)
776

Intron
no.

10

Gene
name

PpKATI

Aliphatic
index
85.96

Locus ID Chr Gene location Subgroup pI T™ GRAVY

3881434..3886944 forward 6.26 -0.24

39291448..39296784

Prupe.4G080000 4 Group II

PpSPIK Prupe.1G472600 11 Group I 897 6.47 94.39 -0.12

reverse
20553574..20560807
PpAKT1 Prupe.7G237400 7 10 Group I 890 488 6 127.72 0.728
reverse
46649721..46658449
PpAKT2 Prupe.1G572200 1 12 Group III 843 7.55 6 94.62 -0.18
forward
38774545..38780568 Group
PpKC1 Prupe.1G464600 1 10 627 6.65 6 98.55 -0.01
forward v
17914373-17920240
PpSKOR Prupe.5G237000 5 10 Group V 750 622 6 94,94 -0.19
forward
18394189..18405879
PpGORK  Prupe.3G164900 3 12 Group V 831 6.02 6 98.42 -0.14
reverse
PPKCl  ...cieecccceeee MTSWTETTSPLPLLFR....... RRSSGEIRNL........... ASVSSSIEPAFGTVVDEG. HLOLKKFVEARYDRRERWIMOAFLVLLVI W, I==Y VVVATG.§I4PV ILVVDAF@AV 108
PPpKATL  ..iiiiiiinnnnns MSLSCTKNFFKRFCID. . . .EYQIDSFAQS. ... .SFFSSDLEPSLGARINQS. . TKLRKYIESEYN [LLVLLVIHMSSWIC] EI!‘ ILPYKQD. FVLENIVNGEAT 104
PpAKT2 .. VCSCKTQNGHSHAHNQKQQQPHDQ. . DHRQDENLYSSSSSDLN:! .RNISKLIBEPPLGASSYNQTPIHSNGWIE MDSRERCEIET FMVLLVAMSA! = N. HRP@YLABNVVDLEFEATL 12¢
PpSPIK MMTCDHNEGVVKMKGLMPMSISMAMCGHGIR. . EKETTEQMSRDEGSQTSQ. . .YSINDGIEBPSLGATSRNRPRHKLRRFIETEFHSH| I FLVCLVFHTAWVC] l:.l'u MDRAKG . PEAITENVVNGEF§AT 12¢
PpAKT1 MENRKIRSVFSVPMCG. .. ...EEQLELSRDG....SQ..... YSLSTGIBEPSLGARSSNR.RVKLSRFIMSHEYL TYLVVLVIHTAW :Iru ILKGPGG . P@S IVENVVNGEA' 107
PpGORK  ..... MSRRVAEHHGNDDELKD.EEEEYEVQ..... DLRDRIKSSRGSRFNLIKNELGLDDDSSSIBRRFSRQSLINGVKGLSHGVEH|ED [TKEILVWAVESSFFT| :Iru FRGLEE . FILBVVGQOVARLL 12¢
PpSKOR MHGAERRRSTSSGGGGDHHHQDNHDDEYDEDGESPFEVEDEVELSTTPWWWWWKRRFTFSNTDSSLTTT AAS . . SFFDRLVEIH|§D THFILIWAVESSFFT {L G ER LPE .NMFLLEIAGOLAHLI 137
Consensus P v oW v pe f 1 d £
PpKC1 [KSTYLEVLDHKKMALRMVISIYEAM) TLERIQLIYRMFTGN. n!AQVFGFLNL;@W ILRRVSEL] l‘lC (TR IEYEW THHKTLSN 237
PpKAT1 ISRSYLEVDN PK( MRMIS . TWEIF CST [FQSISLLFTN . HGSELGFKLLNM: WRILRRVSFL} lmls (TIE R IEN¥LIBDRYPDLKR 234
PpAKT2 [PRTQLEMHDSK .TWELMBLASTLEFEALGKNKLG. . ... VSYSLLGL: IFWIRIT RRAKQL L TEFSI LYYLLERIDRYPHQGK 252
PpSPIK KT SYLEEDNPKL \LRMAK . TWEAFIISTIESELAQSVLP. . . PPLETYGYFNI LISLWSL. YLK F\YTI®LT IFFYFLE\AHNRNPRR 257
PpAKT1 [KSTYLEMDDHK R.SWELFEVISTIESELATKIFP. ..KSVQSYGVFNM: WIILRRVSAL) ICQYTI®FAT FYNLLBARYRDPQK 233
PpGORK IGOTYRMVYKRTPMALRMLK . SNEI IBLLGCMEWDNIYKVCGR. . . .REEVRYLLWI] SEVLEVTKF} IT] E)8Y CTRRIT) IFYYLRTTLPASQEGY] 2632
PpSKOR [FHSHREMYNRNL LRYLK . SRELLLLGCL DAIYKASGK. ...EEGVRYLLWI SEACRVTEF} IAKIEE E)8Y S TIT) [FEYYLITTMPPSQEGY il 272
Consensusdi  ff ay d iy d p r r £ lekd y r 1 vl hac a
PpKC1 VNDEEHKSIWLCHTYSI] T [LFI INEIFRYARKNREPEGLKEQMLAHMOMKFKT . ELQQEEVEEDLEK Y)HMFRRTV 37¢%
PpKAT1 YPNEKEDSLWNRMVTAIRWS I RIEEDTVRAATEFAARNDEPORIQDOMLSHICEKFKT . . EGLKQQETENGLEZK. QHMFFPIV 372
PpAKT2 IPNERETSLRIRMISATHWST IEAASNFVCRMREPPRLKDQILAYICHMRFKA . . ESLNQOHITEQLEK: QHWFLPTV 39C
PpSPIK TDNEHDISLWL TSN i ROFIIDT IQAAT SFAQRMOTIPDRLHEQMLAHLCMKYRTNSEGLQQQETEDAL [FYPLV 397
PpAKT1 .IEELEQDMWI| T I RKEBRIDT IQAASSFAQRMOEPGRLODOMLAHLCKFRTDSEGLOQQETEDAL YWEFYSLV 372
PpGORK YSNERDIDLWKRMTTSMMFAT EKERDKMTDVIKYMNRMREGKDLRNQIKGHLR] ES...TYTEAAVEQEI]| TEYFPYI 39¢
PpSKOR YSHEREIDLWKRJI TSLEFAV EKERBPKMTELIKYMNKREDRGI SKEIKNHLREOYDR . . . SYTEATVEQDI] QKMYEPYT 408
Consensus v v © r n 1 b i
PpKC1 EKTY| LTVQLASEMKA@RYF [KFDIILONEIPTDFMILVFE@ALDVLQYKNGT . FLSKLGSADLVERIIGVFFN........ TEHSPET TKKSQVIRIL SHHHFKEMVQPONEBGMIMI KMFIQHLKDLKQ 50¢
PpKAT1 QKMYEROGVEIHDFLFQLVSEIL YEPEREDVILONEAPTDLMILVS@AVDLICNIDEH. BOVVGKATADDTL@AIGVIEN........ MO PETVT TEMSOT [RSSSLMATVQANKESIEQI IMNMI FMKLKGQEG 502
PpAKT2 ERVYEQKDISRETLLLLVAKMKARYIPEREDVVLONEVPDDVMIIVSE@EVEI IGCEMEK. ILVAGTLKSGDM: GALECREVGALCC] FRYRTKT) DL  KTTALIEAMQTKPKBKLOML [FKQHHKKLRD 528
PpSPIK DSMYLROGVEIRDLLFQLVSEMKARY E [KEDVILONEAPTDLMI T@AVELILQORNGA. IPVVREAKTGDVVERIIGVICY........ MV TVIT QL INRTAFLNIVOANVGEGTIIMNMFLOYLKEIED 527
PpAKT1 DKMYLRHGVEINDLLFQLVSEMKARY F [KEDIILONEAPTDFHVLVT@VADLVVLKNGV . WVIGEVKAGDLI| IGVLEY. . . ILET TKRISSQL: INRTAFLNIVQANVGEGTVIMNRILLOHLKDQKD 502
PpGORK ESVPERKE EFINQIVIKLHERFELEGEVIME PGNVVDQLMF HEELEEVGIAEDG. TRETVSQLVPNSS ISILEN. . LIEeLYT ECRL DKQSFTSILDIYFYBGRKIL ILLEG. . .APR 527
PpSKOR KEMPERKE LGFIKQIATRIHERFELEPEVIIEQGQAVDQLII HEELEKLGRDEDNET@ELLERLQTYSS SFLEN........ TSP YA ROJECRV] DKQSFREILEMHFLIGRIILNBLIEGKDLNTR 54C
Consensus £ s e p v g e ge pq r 1 r d n
252 (O EMLQEIPFLTES..........ccu0.n LDELN. t it ittt iieeeinsneenneennnneannanens IEHIQANENTQYNELVNF 54C
PpKAT1 LGCEYPHTBPIEGCCSQAQCKDNS.......... HODPSMQEARN. ... .oivttinninnnnnnnnnn DLFTG...... PEATEKSEICKADILTRC 56C
PpAKT2 LKIGEILAESGD. .EEGDANMAFNLLTVASKGNAALLDELLKAKLDPDIGBSKGRTPLHVAASNGHEECVLVLLKYGCNIHVRL INGNTALWDAIASKHHSIFRILYYCAAISDPYTDGNLLCTAAKRNDMTLMEELLKH 66¢€
PpSPIK PLMQGILADIEHMLARGRMDLPLSLCFAAKRGDDLLLHHLLRRGSDPNETBDNGRTAMHI. LLLLEFGADPNTQL SEGNVPLWEAISGKHESLIKLLLNNGAHITSGNVGSFACAAVEQNNLQLLKDIAKH 667
PpAKT1 PIMEGVLLETENMLARGRMDLPLSLCFAASRGDDLLLHQLLRRGLDPI TALHI. VLLLLDFGADPNSKL TDGNSPLWEAILNGHEPIAKLLODNGADFNSGDVGQFACTAAEQSRVDLLKEIVGH 642
PpGORK IKQLES..DITFHIGKQEAELALKVNSAAYHGDLFQLKGLIRAGADPNKTDYDGRSPLHVAALRGHEDI TLFLIQEGVDINIKL TFGNTPLLEATKNGNDRVSSLLIKEGASLEMDNAGSFICTAITRGDSDFIKRLLSN 665
PpSKOR NKLLES..DIILYIGKHEMELIMKVNCAAYDGDYYRVKRLIGAGADPNKTBYDGRSPLLVAASKGYEDI IGFLIDQGANAEISLKFGNTPLLEAIKNGHDQVASLLVKAGASLTIDDAGEFLCITVARRSLNLLKRLLAN 678
Consensus
PpKC1 HGDTNMEETN....... Do =€ ) T 1 (Y 56€
PpKAT1 AMDVNIAAEDGQMALHSAASQGHKEMVKIEBLEGETNVNKPDTRGWTPKALAQQQGNKSINDLLRS FSEPETPESTRN NSKRHEGTQFFHSHERKKPMKSYSG 677
PpAKT2 ELNVDAKNHLGKTAVQIAMEENNADMVNLEVMNGADVANTHNFSFPSETLTEMLOKREVG. v vttt vteneeetereeennnnsnsasosessssnnsasnssssssssonnnnnns HRITVPDTTENEVPLMRNDD T4¢€
PpSPIK GGDVTLPKSNGTTALHTAVCEANVEIVKFELEKEADADKPDS YGWNPRGLAEHQGHEEI IELFQKKSEIKKPTIVSMAKDP. . VLPHHGKFRSEPALPPYARDSRPSGSE. . ISSTENTWRRAKNFRNSEFGIMSAANTG 803
PpAKT1 GGDVTRPKANGTTALHVAVSEDNVEIVKFELDQEADIDKPDLHGWTPRALADQQGHEDIKNLFHSRKEI SKFLSVTTPEHQONGTRFIGRFTSEPNIHPPSQDCSFAGADGGAWGRNRPRRRTNNFHNSEFGMMSAARHTG 782
PpGORK GIDPNSKDYDHRTPLHVAASEGLYMMAKLELE: VFESKI B LDEROMCENKN . . .o oo ccceteereceesecananassesosscsecasassasasossesecnsassasasccscsnnns EIKLLEEAKAT 734
PpSKOR DINPNAKNYDQRTALHVAASEGLYPMAEFELEAGSSVLSKI M LDERRIGENKK . « o oo coceecoococsocesscsosssosossssssscssssscsossssscssosssasassssosscne EIKLLEVARAS 747
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Ficure 1: Multiple sequence analysis of the peach shaker K* channel proteins.

functions in peach, the expression profiles of the shaker  flowers, PpKATI and PpGORK were predominantly

channel genes were analyzed via RT-qPCR in different tis-
sues or organs in 5-year-old peach trees. The results showed
that the shaker K™ channel genes exhibited distinct tissue-
specific characteristics in peach trees (Figure 4). In particu-
lar, PpSPIK was specifically expressed in the full-bloom

expressed in the leaves, while PpAKT1, PpKCI, and PpSKOR
were majorly expressed in the roots (Figure 4). Notably, the
expression of PPAKT2 was higher and relatively even in the
aboveground parts than in the roots, and the highest level
was observed in the phloem. The distinct tissue-specific
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FiGURE 2: Phylogenetic tree of the shaker K* channel proteins from different plants.

expression profiles may reflect different channel functions
that taken place in special parts of peach trees.

3.5. Response of the Peach Shaker K* Channel Genes under
Abiotic Stresses. We further examined the relative expression
levels of the peach shaker K* channel genes in peach seed-
lings in response to abiotic stresses, including K* deficiency,
NaCl, ABA, and PEG treatment, respectively. In general, the
RT-qPCR indicated that the shaker K* channel genes were
differentially regulated by these abiotic stresses in that K"

deficiency, and ABA treatment mainly increased the shaker
K" channel gene expression throughout the whole seedling,
whereas NaCl and PEG treatment reduced the shaker K*
channel gene expression, especially in the roots (Figure 5).
In particular, the K" deficiency decreased the expression of
5 genes (PpAKT1, PpAKT2, PpKC1, PpSKOR, and PpGORK)
in all the tested tissues, including leaves, stems, and roots,
and PpKATIin the aboveground parts and PpSPIK in the
leaves. ABA treatment significantly reduced the expression
of 3 genes (PpAKTI, PpKCl1, and PpSKOR) throughout the
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TasLE 2: Subcellular localization prediction of the peach shaker K channel proteins®.

Gone e Eam S gl Miabody N Mendis e et G
PpKATI 64.30% 14.28% — 7.14% 7.14% 7.14% — —
PpSPIK 64.30% 21.42% 7.14% — 7.14% — — —
PpAKT1 100% — — — — — — —
PpAKT2 57.16% 21.42% 14.28% — 7.14 — — —
PpKC1 78.58% 7.14% — 7.14% — 7.14% — —
PpSKOR 64.30% 21.42% 14.28% — — — — —
PpGORK 50% — 7.14% 7.14% — — 28.58% 7.14%

“Indicates no detection.

TaBLE 3: Cis-acting elements analysis in the promoter regions of the peach shaker K" channel genes”.

Cis-acting elements Proposed functions PpKATI  PpSPIK  PpAKTI  PpAKT2  PpKClI  PpSKOR  PpGORK
GT1-motif Light response 6 6 7 6 7 8 7
ARE Anaerobic induction 1 1 1 1 1 1 1
ABRE Abscisic acid responsive 1 1 1 1 1 1 1
TGACG-motif Methyl jasmonate 2 2 — — 3 2 2
AACA_motif Endosperm expression — 1 1 1 1 1 —
MBS Drought inducibility — 1 — 1 1 — 1
TATC-box Gibberellin responsive 1 1 — — — — 1
O2-site Zein metabolism 1 — 1 — — — 1
AuxRR-core Auxin responsive — — — 1 — — 3
TCA-element Salicylic acid responsive — — — 1 2 1 —
CAT-box Meristem expression 1 — 1 — — 1 —
TC-rich repeats Wound responsive — — 1 — — — —
MYB Flavonoid biosynthesis — 1 — — — — —
LTR Low temperature — 1 — — — — —
CARE Metabolism regulation — — — — — 1 —
TC-rich repeats Defence and stress — — — 1 — — —

“Indicates no detection.
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whole seedlings, 2 genes (PpKATI1 and PpGORK) in the
shoots, and PpAKT2 in the leaves. The expression of 4 genes
(PpAKTI, PpAKT2, PpKClI, and PpSKOR) were enhanced in
all the tested tissues and 2 genes (PpKAT1 and PpGORK) in

the roots under NaCl treatment, while 3 genes (PpAKTI,
PpKCl1, and PpSKOR) were increased throughout the whole
seedlings, 2 genes (PpKATI and PpGORK) in the leaves, and
PpGORK in the roots and PpAKT2 in the aboveground
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parts. Although the expression of PpSPIK was extremely low
throughout the whole peach seedling, its expression changed
little in all tested tissues under PEG treatment (Figure 5).

3.6. Electrophysiological Function of PpSKOR. Considering
that the overall expression amount of PpSKOR was relatively
higher than that of the other shaker K" channel genes, espe-
cially of the highest level in the roots, its expression was sensi-
tive to all tested treatments, including K" deficiency, NaCl,
ABA, and PEG treatment (Figures 4 and 5). We further deter-
mined the electrophysiological function of PpSKOR by patch
clamping system. The results revealed that cells expressing
pTracer-CMV3-SKOR possessed outward-rectifying currents
(Figure 6). Notably, the highest currents were recorded when
the extracellular K* concentration was 0 mmol-L!, and the
outward-rectifying currents decreased alongside with the
increase of the extracellular K™ concentration (Figure 6).
Moreover, the capacity of PpSKOR channel was activated
when the cell membrane voltage was set at -20mV, and the
intensity of the outward-rectifying currents were increased
when the voltage was more positive (Figure 6).

Recently, the electrophysiological function of SpuSKOR
[9] and VViSKOR [30] has been determined by patch clamp-
ing system. In this study, we further compared the intensity
of outward currents among SKOR homologs of peach, grape,
and purple osier willow. When the K™ concentration in the
extracellular fluid was set at 0 mmol-L ™" and the cell mem-
brane voltage was set at 100 mV, the outward current inten-
sity of peach PpSKOR was higher than that of grape
VviSKOR but lower than that of SpuSKOR from purple osier
willow (Figure 7).

4. Discussion

K" fertilizer plays a key role in tree growth, flowering, fruit
quality, and yield [23-25, 28]. However, molecular mecha-

nisms towards K" nutrition in fruit trees are largely unclear,
especially in peach.

In plants, the structures of the shaker K' channels,
including KAT, AKT, KC, SPIK, SKOR, and GORK types,
are highly conserved and similar to that of Drosophila [8,
11, 32]. In this present study, the amino acid sequences of
the shaker K" channel proteins from 6 plant species men-
tioned above shared an extremely high identity in the con-
served domains or regions (Supplemental Figure 1) and,
again, support the proposition that the shaker K* channel
domains are highly conserved during long-distance
evolution. According to the phylogenetic tree, the peach
shaker K" channels were classified into 5 subfamilies, I-V,
which is consistent with the classification of Arabidopsis
and pear shaker K" channel proteins [1, 8, 11, 32].
Notably, the peach shaker K channel proteins are tightly
clustered with pear homologs in the phylogenetic tree,
implying that peach and pear belonging to the same
Rosaceae may possess a closer evolution distance than the
other 4 annual plants, including Arabidopsis, rice,
sorghum, and maize (Figure 2).

Notably, tissue-/organ-specific expression patterns of the
shaker K* channel genes may reflect their precise functions
during plant growth and development [1, 8, 9, 32]. In this
study, PpSPIK was absolutely expressed in mature whole
flowers (Figure 4), including pollen, which was consistent
with the previous report that AtSPIK was majorly expressed
in pollen and mediated inward K" influx into the growing
tube [33, 34]. We speculate that PpSPIK may play similar
roles in peach tube development that needs further func-
tional determination. In Arabidopsis, AtKATI was mainly
expressed in leaf guard cells and functioned as an inward-
rectifying K channel [35], while AtGORK was mainly
expressed in the leaves and functioned as an outwardly-
rectifying K* channel of the guard cell membrane [36, 37].
Together, these two channels contribute to stoma movement
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and K" balance in Arabidopsis [35-37]. Consistently, both
PpKATI and PpGORK were dominantly expressed in peach
leaves, including young and mature leaves, implying that these
two channel genes may also be involved in stoma movement
in peach leaves. In addition, SKOR as outward-rectifying K*
channel was famous for the long-distance transportation of
K" ions through the xylem in plants [9, 38-41].

Similar expression profiles may reflect physiological
functions. In this present study, peach Pp)SKOR was mainly
expressed in the roots and also be observed in the leaves,
phloem, and flowers, which was in line with the previous
reports of SKOR homologous genes from muskmelon, osier
willow, and Z. xanthoxylum [9, 40, 42]. However, SKOR
was specifically expressed in the roots of Arabidopsis and
rice [38, 39]. Further patch clamping analysis revealed that
PpSKOR demonstrated K" efflux current and voltage-
dependent gated channel activity, which belong to the char-
acteristics of outward-rectifying K* channels (Figure 6).
These findings are in accordance with grape VviSKOR [30]
and purple osier willow SpuSKOR [9] that are being verified
by patch clamping systems via HEK 293-T cells but also in
line with Arabidopsis AtSKOR [38] and muskmelon
CmSKOR [40] that are being determined by Xenopus
oocytes and double electrode voltage clamp systems.
Although similar outward current characteristics of SKOR
homologs are being observed, the current intensity is differ-
ent among distinct plant species, and the channel activity of
PpSKOR was higher than that of grape VviSKOR but lower
than that of SpuSKOR from purple osier willow (Figure 7),
implying that the physiological function and regulatory
mechanisms of SKOR homologous channels are not only
specific but also complex, especially in woody plants. None-
theless, we consider that PpSKOR is an indispensable
outward-rectifying K* channel in peach trees.

Shaker K* channels play an important role in K" homeo-
stasis, osmotic regulation, and proton regulation and are
regulated by abiotic stresses [1, 9, 32, 38-42]. In this study,
all peach shaker K™ channel genes were sensitive to abiotic

stresses, whose expression level was changed in at least one
tested tissue, except for PpSPIK that changed little under
each treatment (Figure 5). Mainly expressed in the roots,
PpAKTI, PpKC1, and PpSKOR were the most sensitive
shaker K* channel genes in peach, whose expression was
prone to be regulated in all tested tissues under each treat-
ment. These findings were consistent with the previous stud-
ies in Arabidopsis [35-38], rice [39], Z. xanthoxylum [42],
muskmelon [40], and osier pillow [9].

Nonetheless, these 7 shaker K* channel genes may play
distinct and precise roles during peach tree growth and
development, which lays a molecular basis for further
functional studies of the shaker-type K* channel genes in
fruit trees.

5. Conclusion

The seven peach shaker-type K channel proteins were
tightly clustered with pear homologs in the phylogenetic
tree. The peach shaker K" channel genes were differentially
expressed in distinct tissues, and K" deficiency and ABA
treatment mainly increased their gene expression through-
out the whole seedling, whereas NaCl and PEG treatment
reduced their gene expression. PpSKOR is a typical
voltage-dependent outward-rectifying K* channel in peach.
This study lays a molecular basis for functional studies of
the shaker-type K" channels in peach.
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