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Abstract
Alfalfa  (Medicago  sativa),  a  high-quality  forage  crop  with  nitrogen-fixing  and  soil-improving  abilities,  is  vital  for  livestock  production.  Purple  acid

phosphatases  (PAPs),  metalloacid phosphatases  secreted by plants  to  the rhizosphere for  the hydrolysis  of  organic  phosphorus  and growth promotion,

remain largely unclear in alfalfa. To address this gap, a genomewide analysis of the MsPAP gene family was conducted to explore its evolution, molecular

characteristics, and potential roles in stress tolerance and phosphorus use efficiency. On the basis of the Medicago sativa cv. Zhongmu-1 genome, MsPAP
genes were identified and characterized through genomewide screening, phylogenetic analysis, gene structure and conserved motif analysis, chromosomal

localization, and collinearity analysis, combined with tissue-specific expression profiling and validation by quantitative real-time polymerase reaction (qRT-

PCR).  In  total,  30 MsPAP genes  were  identified  and  unevenly  distributed  across  eight  chromosomes.  These  proteins  showed  diverse  physicochemical

properties  (169–1,066  amino  acids;  isoelectric  point  =  4.87–9.96),  were  all  hydrophilic,  and  were  predicted  to  localize  to  chloroplasts,  vacuoles,  and  the

cytoplasm. Phylogenetic analysis grouped MsPAPs into six clades and revealed close evolutionary relationships with homologs from Arabidopsis thaliana
and Medicago  truncatula,  which  was  further  supported  by  collinearity  analysis.  Expression  analysis  demonstrated  tissue-specific  and  stress-responsive

patterns:  Several MsPAP genes  were  induced  by  salt,  drought,  cold,  and  alkaline  stresses,  whereas MsPAP23, MsPAP26,  and MsPAP20 were  strongly

upregulated  under  phosphorus  deficiency,  indicating  roles  in  the  remobilization  of  phosphorus  and  stress  adaptation.  This  study  provides  the  first

comprehensive characterization of the MsPAP gene family in alfalfa and identifies key candidate genes associated with stress tolerance and phosphorus

efficiency, offering valuable genetic resources for breeding improved alfalfa cultivars.
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 Introduction
Phosphorus  (P)  is  an  indispensable  macronutrient  for  plants'

growth and development, as it plays a central role in key physiologi-
cal  processes  such  as  carbohydrate  metabolism,  protein  metab-
olism, and lipid metabolism, and also significantly influences plants'
stress resistance and crop yield[1]. However, the availability of phos-
phorus  in  soils  is  generally  low;  most  phosphorus  exists  in  organic
forms  or  as  insoluble  calcium  phosphate,  iron  phosphate,  and
aluminum  phosphate,  which  are  difficult  for  plants  to  utilize
directly[2].  This  limitation  stems  from  the  uneven  distribution,  high
fixation rate, and slow diffusion of inorganic phosphate (Pi) in soils,
making  it  a  major  factor  restricting  crop  growth[3].  To  address  this
challenge of  low soil  P  availability,  plants  have evolved a variety of
adaptive  strategies  to  improve  their  phosphorus  use  efficiency,
including  modifying  the  root  architecture,  excreting  organic  acids,
and  inducing  the  secretion  of  acid  phosphatases[1].  The  expression
and  activity  of  acid  phosphatases,  which  are  hydrolases  catalyz-
ing  the  hydrolysis  of  orthophosphoric  monoesters  to  release  inor-
ganic  phosphorus,  are  significantly  enhanced  under  phosphorus
deficiency,  serving  as  a  key  adaptive  mechanism  for  plants  to
maintain  growth  and  optimize  phosphorus  uptake  and  utilization
efficiency[4,5].  Purple  acid  phosphatases  (PAPs),  key  metallophos-
phatases,  feature a  highly  conserved active center  with a  binuclear

metal  ion  pair  (typically  Fe3+–Zn2+ or  Fe3+–Mn2+ in  plants)  and  five
motifs  comprising  seven  metal-binding  residues  that  are  essential
for  catalysis[6].  Under  acidic  conditions  (pH  4.0–7.0),  PAPs  exhibit
broad  substrate  specificity  and  can  hydrolyze  various  phospho-
esters  (e.g.,  adenosine  triphosphate,  sugar  phosphates,  phytic
acid)  and  are  strongly  induced  under  phosphorus-deficient  condi-
tions  in  plants,  promoting  the  mineralization  and  reuse  of  organic
phosphorus[7].  They  play  a  key  role  in  phosphorus  acquisition  and
recycling under phosphorus starvation[8].

To  date,  the PAP gene  family  has  been  identified  in  a  variety  of
plants,  including  29  members  in Arabidopsis  thaliana[9],  26  in  rice
(Oryza  sativa)[10],  38  in  soybean  (Glycine  max)[11],  33  in  maize  (Zea
mays)[12], 105 in wheat (Triticum aestivum)[13], 25 in tomato (Solanum
lycopersicum)[14],  19  in  tea  plant  (Camellia  sinensis)[15],  31  in  apple
(Malus pumila)[16],  17 in moso bamboo (Phyllostachys edulis)[17],  and
29  in  potato  (Solanum  tuberosum)[18].  According  to  their  structure
and  function,  most  plant PAPs can  be  divided  into  three  major
subfamilies:  Subfamily  Ia  (secretory,  e.g., AtPAP12 and AtPAP26,
involved in extracellular hydrolysis of organic phosphorus), Subfam-
ily  Ib  (phytase  activity,  e.g., GmPAP14 and OsPAP15,  decomposing
phytic acid to release phosphorus), and Subfamily IIIb (low molecu-
lar  weight,  with  unclear  functions)[9,11].  Studies  have  shown  that
PAPs respond  to  phosphorus  starvation,  for  instance, AtPAP10
promotes  root  phosphorus  uptake,  whereas AtPAP26 regulates
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phosphorus  remobilization in  senescent  leaves[19].  Some PAPs (e.g.,
SlPAP1 in  tomato)  exhibit  tissue-specific  expression,  which  also
suggests  their  regulatory  roles  at  different  plant  developmental
stages[20].

Furthermore,  studies  have  highlighted  the  role  of PAP genes
in  responding  to  various  abiotic  stresses  such  as  salt,  alkalinity,
drought,  and  cold[5,19,21].  Specifically,  under  salt  stress,  the  overex-
pression of AtPAP genes (e.g., AtPAP10, AtPAP17, AtPAP26) enhances
tolerance  in A.  thaliana by  improving  phosphorus  metabolism  and
reinforcing  antioxidant  defenses  and  ion  homeostasis[9,22].  Under
alkaline  stress,  rice OsPPa6,  a PAP family  homolog,  is  markedly
upregulated,  and  its  mutation  leads  to  decreased  proline  con-
tent  and  an  increased  Na+/K+ ratio,  significantly  impairing  alkaline
tolerance[23].  Under  drought  stress,  the  expression  of ZmPAP26b
in  maize  decreases,  exhibiting  a  negative  regulatory  pattern[24],
although most PAP genes in apple leaves and roots are significantly
upregulated[16].  Under  cold  stress,  studies  on  wheat  (TaPAPs)  and
potato  (StPAPs)  have  highlighted  the  critical  role  of PAP genes  in
cold stress  responses,  with the potato study specifically  identifying
StPAP12 and  abscisic  acid  as  key  regulators[13].  Collectively,  these
findings underscore the pivotal role of PAP genes in plants' adapta-
tion to diverse abiotic stresses.

Alfalfa  (Medicago  sativa),  a  perennial  leguminous  crop  native  to
the Mediterranean region and southwestern Asia, is currently widely
cultivated  worldwide  and  is  known  as  the  "king  of  forages"[25].  As
an  important  forage  crop,  alfalfa  has  high  nutritional  value  and
significant  economic  benefits,  and also  possesses  multiple  ecologi-
cal  functions  such  as  nitrogen  fixation,  soil  improvement,  and  salt
reduction,  occupying  a  crucial  position  in  animal  husbandry  and
sustainable  agriculture[26].  Under  phosphorus-deficient  conditions,
alfalfa  exhibits  abnormal  root  development  and  reduced  nodule
nitrogen-fixing  capacity.  PAPs  are  the  core  enzymes  involved  in  its
organic  phosphorus  utilization[27].  Studies  have  confirmed  that
under phosphorus deficiency stress,  the PAP activity in alfalfa roots
increases  significantly[28].  Although PAP genes  have  been  exten-
sively studied in model plant species or crops such as A. thaliana and
rice, research on PAPs in alfalfa remains scarce.

This study aimed to elucidate the genetic evolution and molecu-
lar  specificity  of  the MsPAP gene  family  and  to  provide  genetic
resources  for  improving  stress  tolerance  and  phosphorus  use  effi-
ciency  in  alfalfa.  Through  a  comprehensive  genomic  analysis,  we
identified  30 MsPAP genes  and  systematically  characterized  their
chromosomal  locations,  physicochemical  properties,  phylogenetic
relationships,  and  expression  profiles  across  various  tissues  as  well
as abiotic stresses. These findings establish an important theoretical
foundation for future functional study of PAP genes in alfalfa, which
lays a basis for the molecular breeding of stress-tolerant alfalfa and
other plant species.

 Materials and methods

 Plant materials and treatments
The  plant  material  used  for  transcriptional  expression  analysis

in  this  study  was  alfalfa  (M.  sativa cv.  Zhongmu-4),  preserved  by
the  Forage  Breeding  and  Cultivation  Innovation  Team,  Institute  of
Animal  Sciences,  Chinese  Academy  of  Agricultural  Sciences.  Seeds
were  sterilized  with  75%  ethanol  for  5  min,  rinsed  five  times  with
distilled water, and spread on Petri dishes lined with three layers of
moist filter paper. After vernalization at 4 °C for 2 d, the seeds were

transferred  to  an  artificial  climate  chamber  for  germination.  The
culture conditions were set as follows: A light/dark cycle of 16/8 h, a
day/night temperature of 26/22 °C, a relative humidity of 60%, and a
light  intensity  of  80%.  After  seven  days,  the  seedlings  were  trans-
ferred to a half-strength Hoagland nutrient solution for hydroponic
cultivation,  and  the  solution  was  replaced  every  four  days.  Four-
week-old  alfalfa  seedlings  with  uniform  growth  were  selected
for  the  experiment.  The  group  supplied  with  a  modified  low-P
Hoagland solution (50 μmol·L−1 KH2PO4)  was set as the low-P treat-
ment,  whereas  the  group  supplied  with  a  half-strength  Hoagland
nutrient  solution  (500 μmol·L−1 KH2PO4)  was  set  as  the  control.
Leaf  tissues  of  both  the  control  and  treatment  group  were  col-
lected at  0  and 1 h,  and 1,  3,  5,  and 7 d after  the start  of  the treat-
ment, with each sample weighing 0.1 g and including three biologi-
cal replicates. These time points were selected to capture both early
signaling  events  (1  h)  and  mid-to-late  physiological  adaptations
(1–7  d)  in  response  to  phosphate  starvation).  All  samples  were
quickly  frozen  in  liquid  nitrogen  and  stored  at −80  °C  for  subse-
quent use.

 Identification of MsPAP gene family members in
alfalfa

The  reference  sequences  of  AtPAP  proteins  from A.  thaliana[9]

and  MtPAP  proteins  from M.  truncatula[29] were  used  to  identify
candidate  members  of  the MsPAP family  in  the  genome  of  alfalfa
cv.  Zhongmu-1[27] using  the  local  BLAST  program  of  TBtools
(v1.098722)[30] with an E-value threshold set to 1.0 × 10−5. The candi-
date members were screened further on the basis of the characteris-
tic  domain  of  PAP  proteins.  To  avoid  missing  any  members,  candi-
date genes obtained in the preliminary screening were further vali-
dated  using  the  Pfam  (http://pfam.xfam.org)  and  SMART
(http://smart.embl-heidelberg.de)  databases  to  confirm  the  pres-
ence  of  a  complete  PF00149  (PAP)  domain.  ClustalW  multiple
sequence alignment was performed to examine whether the candi-
date  proteins  contained  the  characteristic  five  conserved  metal-
binding motifs of the PAP family (i.e., D-X-G, G-D-X-X-Y, G-N-H-(D/E),
V-X-X-H, and G-H-X-H), which constitute the core functional sites for
phosphoester hydrolysis catalyzed by PAPs. In these motifs, D, G, Y,
N,  H,  E,  and V represent  aspartic  acid,  glycine,  tyrosine,  asparagine,
histidine,  glutamic  acid,  and  valine,  respectively;  X  represents  any
amino  acid  residue,  and  D/E  indicates  either  aspartic  acid  or
glutamic acid.

 Chromosomal localization and gene structure
analysis of MsPAP genes in alfalfa

On  the  basis  of  the  genome  annotation  file  (GFF3  format)  of
alfalfa,  the  chromosomal  location  of  each  family  member  and  the
full-length information of the chromosomes were extracted. TBtools
(v1.098722)  software  was  used  to  perform  chromosomal  localiza-
tion analysis and the associated mapping, as well as for gene struc-
ture  analysis  and  drawing  the  structural  map.  For  chromosomal
localization, the "Gene Location Visualize from GFF" function within
TBtools (v1.098722) was used to map the physical positions of all 30
MsPAP genes onto the alfalfa chromosomes. The output image was
then manually edited to clearly indicate the chromosome numbers
and  the  scale  bar  (in  Mb).  For  gene  structure  analysis,  the  "Gene
Structure  View  (Advanced)"  function  in  TBtools  (v1.098722)  was
used.  By  uploading  the  GFF3  annotation  file  and  the  coding
sequence  (CDS)  for  each MsPAP gene,  the  software  automatically
generated  a  comparative  schematic  diagram  illustrating  the
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exon–intron  organization  (exons  are  shown  as  filled  green  boxes,
introns  as  black  lines)  and  untranslated  regions  (UTRs,  shown  as
yellow boxes) for each MsPAP family member.

 Prediction of the physicochemical properties,
subcellular localization, and phylogenetic
analysis of MsPAP proteins in alfalfa

The  protein  sequences  corresponding  to  each  MsPAP  family
member  were  extracted  on  the  basis  of  their  IDs  (Supplementary
Table S1). The EXPASY online tool (www.expasy.org)[31] was used to
analyze  the  physicochemical  properties  of  the  proteins,  including
the  number  of  amino  acids,  the  isoelectric  point  (pI),  molecular
weight,  instability  index,  aliphatic  index,  and  hydrophilicity/hydro-
phobicity.  The  Plant-mPLoc  tool  on  the  Cello  website  (www.csbio.
sjtu.edu.cn/bioinf/plant-multi)[32] was  used  to  predict  the  subcellu-
lar  localization  of  the  proteins.  Multiple  sequence  alignment  of
MsPAP  and  outgroup  proteins  was  performed  using  MUSCLE  with
the default parameters. The best-fit substitution model was selected
using ModelTest-NG under the Bayesian information criterion (BIC).
Maximum  likelihood  phylogenetic  reconstruction  was  conducted
using  RAxML  v8.2.12  with  the  General  Time  Reversible  model  with
gamma-distributed  rate  heterogeneity  and  invariant  sites  (GTR  +
G  +  I)  model,  and  node  support  was  assessed  via  1,000  bootstrap
replicates. The AtPAP protein sequences were used as an outgroup
for rooting the tree.

 Phylogenetic and collinearity analysis of MsPAP
genes in alfalfa

PAP  protein  sequences  of A.  thaliana were  obtained  from  the
TAIR  database  (www.arabidopsis.org).  These  were  combined  with
the  PAP  sequences  of M.  truncatula and  alfalfa,  and  MEGA11
(v11.0.13)[33] software  was  used  for  sequence  alignment  and  con-
struction of  the  phylogenetic  tree  construction.  The  phylogenetic
tree  was  visualized  and  optimized  using  the  iTOL  (v6)  online  tool
(https://itol.embl.de)[34].  MCScanX  (v2.0)[35] software  was  used  to
analyze  the  duplication  events  of MsPAP genes  and  the  collinear
relationships  among the PAP families  of  alfalfa, A.  thaliana,  and M.
truncatula.  Information  on  gene  functions  and  chromosomal  loca-
tions was obtained using TBtools (v1.098722) software.

On the basis of the MCScanX collinearity results, gene duplication
events  were  further  inferred.  When  two  or  more MsPAP genes  are
located  in  close  proximity  on  the  same  chromosome  (separated
by ≤10 intervening genes),  they are defined as tandem duplication
(TD)  events.  When MsPAP gene pairs  are  located on different  chro-
mosomes  or  nonadjacent  regions  of  the  same  chromosome  but
within syntenic chromosomal blocks, they are defined as segmental
duplication (SD) events.

 Prediction of MsPAP protein domains in alfalfa
Conserved  motifs  of  MsPAP  proteins  were  extracted  using  the

MEME  (v5.5.5)  online  program  (http://meme.nbcr.net/meme/intro.
html),  with the parameter settings as follows:  Motif  width = 6−200;
maximum number of motifs = 10. The 2,000-bp sequence upstream
of each MsPAP gene was selected as the promoter region for predic-
tion analysis.

 Acquisition and analysis of MsPAP genes'
transcriptome data in alfalfa

Transcriptome  data  of MsPAP genes  from  six  tissues  (flower,
leaf,  elongated  stem,  unelongated  stem,  root  nodule,  and  root)

were  obtained  from  the  NCBI  database  (accession  number:
SRP055547)[36].  Adapter  sequences  and  low-quality  reads  were
removed  using  Trimmomatic  (v0.39).  The  cleaned  reads  were
aligned to the "Zhongmu-1" reference genome using HISAT2 (v2.2.1).
Gene  expression  levels  were  quantified  and  normalized  to  frag-
ments  per  kilobase  million  (FPKM)  using  featureCounts  (v2.0.1).
Heatmaps were generated using TBtools (v1.098722). The transcrip-
tome  data  of MsPAP genes  under  three  stress  treatments
(salt,  drought,  cold)  were  obtained  from  the  NCBI  database  (acces-
sion  numbers:  SRR7091780–SRR7091794  and  SRR7160313–
SRR7160357)[37]. The alkaline stress experiment and the subsequent
transcriptome  data  were  derived  from  a  previous  study[38].  Specifi-
cally,  28-day-old  alfalfa  seedlings  were  subjected  to  an  alkaline
stress treatment with 50 mmol·L−1 NaHCO3, and root tissue samples
collected at 0, 4, 8, 12, and 24 h after the stress treatment were used.
TBtools (v1.098722) software was used to generate and analyze the
gene expression heatmap.

 Expression analysis of MsPAP genes in alfalfa
under low-phosphorus stress

Alfalfa  samples  treated  with  low-P  and  stored  at −80  °C  were
placed in grinding tubes and ground into powder under liquid nitro-
gen.  Total  RNA  was  extracted  according  to  the  instructions  of  the
RNA extraction kit (Promega Biotechnology Co., Ltd., Beijing, China).
Total RNA was reverse-transcribed into cDNA using HiScript IV All-in-
One  Ultra  RT  SuperMix  for  quantitative  polymerase  chain  reaction
(catalog  number:  R433-01,  Vazyme,  Nanjing,  China).  The  reverse
transcription  reaction  was  performed  following  the  kit  instructions
and  the  obtained  cDNA  was  stored  at −20  °C  for  subsequent  use.
Quantitative  real-time  polymerase  chain  reaction  (RT-qPCR)  was
performed using Taq Pro  Universal  SYBR qPCR Master  Mix  (catalog
number:  Q712-02,  Vazyme,  Nanjing,  China).  Primers  were  designed
for the target genes (members of the MsPAP family: MsPAP2, -9, -20,
-23, -25,  and -26)  and  the  reference  gene  (MsActin)  (Table  1)  using
Primer3 (v4.1.0) software. The RT-qPCR assay was performed using a
Bio-Rad  CFX96  system,  and  the  cycle  threshold  (Ct)  values  were
obtained  and  extracted.  Melting-curve  profiles  for  qPCR  amplifica-
tion  of  six  MsPAP  gene  family  members  under  low-P  stress  were
shown  in Supplementary  File  1.  The  relative  expression  levels  of
genes were analyzed in accordance with the 2−ΔΔCᴛ method[39].

 Statistical analysis
Microsoft  Excel  was  used  for  preliminary  data  calculation  and

analysis,  and  GraphPad  Prism  10  software  was  used  for  statistical
analysis  and  graphing.  Two-way  analysis  of  variance  (ANOVA)  was
applied  to  analyze  the  combined  effects  of  bivariate  factors  (low-P
treatment  ×  control)  on  the  parameters.  The  significance  of  diffe-
rences  between  groups  was  determined  using  Tukey's  multiple
comparison  test.  A p-value  of  <  0.05  was  considered  to  be  statisti-
cally  significant,  and  the  results  were  denoted  by  asterisks  as
follows:  *,  0.01  < p ≤ 0.05;  **,  0.001  <  p ≤ 0.01;  ***,  p ≤ 0.001;  ****,
p ≤ 0.000, extremely significant.

 Results

 Identification of MsPAP genes and analysis of
the protein characteristics of the MsPAP family
in alfalfa

To identify the MsPAP gene family members in alfalfa and system-
atically  analyze  the  characteristics  and  subcellular  localization  of
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their  encoded  proteins,  a  series  of  bioinformatics  analyses  were
performed on the alfalfa genome database. In total, 30 MsPAP gene
family members were confirmed and identified (named MsPAP1–30),
as shown in Table 2. The properties of these proteins were predicted
using  EXPASY  software,  and  the  results  showed  that  the  precur-
sor proteins of MsPAP had amino acid (aa) lengths of 169−1066 aa,
relative molecular weights of 18.7−120.1 kDa, pIs of 4.87−9.96, insta-
bility  indices  of  31.07−47.35,  and  aliphatic  indices  of  60.18−91.34.
Their  grand  average  of  hydropathicity  (GRAVY)  values  ranged
from −0.829  to −0.085,  indicating  that  all  MsPAP  proteins  are
hydrophilic.  The  subcellular  localization  of  MsPAP  proteins  were
predicted to be mainly localized in the nucleus, chloroplast, vacuole,
and  cytoplasm.  The  specific  distribution  is  detailed  as  follows:  11
proteins were localized to the nucleus, 2 to the chloroplast, 6 to the
vacuole,  and  5  to  the  cytoplasm;  3  proteins  were  dual-localized  to
both  the  nucleus  and  chloroplast,  1  to  both  the  vacuole  and  cyto-
plasm,  1  to  both  the  nucleus  and  cytoskeleton,  and  1  to  both  the
nucleus and cytoplasm.

 Chromosomal localization analysis of the MsPAP
gene family in alfalfa

To  clarify  the  distribution  of  the  positions  of MsPAP gene  family
members  on  the  alfalfa  chromosomes,  a  schematic  diagram  of  the
chromosomal  locations  of MsPAP gene  family  members  was  con-
structed (Fig. 1). Chromosomal localization analysis showed that the
30  genes  were  distributed  on  8  chromosomes.  The  30  genes  were
named MsPAP1 to MsPAP30 according  to  their  distribution  on  the
chromosomes.  Among  them, MsPAP19 and -20, MsPAP22 and -23,
and MsPAP24 and -25 were  paired  on  chromosomes  6,  7,  and  8,
respectively. MsPAP4-6, MsPAP7-10, MsPAP11-13, MsPAP14-16,  and
MsPAP27-30 were  clustered  with  intervals  between  the  genes  (e.g.,
the distance between MsPAP6 and MsPAP7).

The  chromosome  localization  is  based  on  the  physical  location
(the scale bar represents the length of alfalfa chromosomes in Mb),
with the chromosome number depicted at the top of each chromo-
some.  The names of  the corresponding MsPAP genes are shown to
the right of each chromosome. The bars on the chromosomes indi-
cate the positions of the MsPAP genes.

 

Table 1.  Primer sequences used for RT-qPCR analysis.

Gene name Gene ID Forward primer (5'→3') Reverse primer (5'→3')

MsActin MS.gene75631 CAAAAGATGGCAGATGCTGAGGAT CATGCACCAGTATGACGAGGTCG
MsPAP25 MsG0880042857.01.T01 TGACTTCTGCGGCAAGCTAA AGATGCTGATCATCGAGGCG
MsPAP9 MsG0380016120.01.T01 AAAAGCTTCCGTGGAAACGC ACTCTTGGGGCCTGAAACTG
MsPAP2 MsG0180006046.01.T01 CAGCCTGCTCCAGAGAACAA TCCAGAGAACGCAATCCACC
MsPAP26 MsG0880044980.01.T01 TGCCCAGCTGAAAACAGACT CGCCCCCATTCAACAAAAGG
MsPAP20 MsG0680034704.01.T02 GACTGGGGAAGGAGAGGTGA CTGCCCCACTAACCAGGAAC
MsPAP23 MsG0780041115.01.T01 ACTGCCACATTCCAACCACT CCATGAGAGCCAAACGGAGT

 

Table 2.  The physicochemical characteristics of 30 members in the alfalfa MsPAP gene family.

Gene ID Gene name No. of amino acids pI Molecular weight (kDa) Instability index Aliphatic index GRAVY Subcellular localization

MsG0180003365.01.T01 MsPAP1 378 5.54 43.48 38.71 70.16 −0.604 Nucleus
MsG0180006046.01.T01 MsPAP2 768 6.09 89.91 45.96 60.18 −0.829 Nucleus
MsG0280008275.01.T01 MsPAP3 613 5.87 70.21 47.21 81.45 −0.521 Nucleus
MsG0380014130.01.T01 MsPAP4 875 6.29 99.50 40.31 79.22 −0.432 Cytoplasm
MsG0380014132.01.T02 MsPAP5 394 5.71 44.54 37.1 72.94 −0.469 Chloroplast, nucleus
MsG0380014132.01.T01 MsPAP6 394 5.71 44.54 37.1 72.94 −0.469 chloroplast, nucleus
MsG0380015680.01.T01 MsPAP7 588 6.32 66.70 31.07 66.85 −0.445 Vacuole
MsG0380015682.01.T01 MsPAP8 620 6.42 69.64 35.58 67.02 −0.416 Nucleus
MsG0380016120.01.T01 MsPAP9 543 5.3 61.13 38.53 74.07 −0.31 Extracellular space
MsG0380016121.01.T01 MsPAP10 194 5.87 22.35 47.35 91.34 −0.287 Cytoplasm
MsG0480019730.01.T01 MsPAP11 293 9.96 34.38 46.2 85.8 −0.324 Chloroplast
MsG0480019732.01.T01 MsPAP12 931 7.18 106.78 33.67 81.46 −0.25 Nucleus, cytoplasm
MsG0480019733.01.T01 MsPAP13 459 6.31 53.09 35.65 67.65 −0.441 Cytoplasm, vacuole
MsG0480022236.01.T01 MsPAP14 727 5.39 81.34 36.25 72.85 −0.45 Nucleus
MsG0480022238.01.T01 MsPAP15 456 9.17 51.70 32.09 83.99 −0.335 Cytoplasm
MsG0480022891.01.T01 MsPAP16 409 4.87 46.74 35.7 90.49 −0.179 Cytoplasm
MsG0580026511.01.T01 MsPAP17 317 5.27 36.15 40.86 66.47 −0.416 Nucleus
MsG0680030857.01.T01 MsPAP18 548 5.79 61.07 44.46 71.35 −0.21 Vacuole
MsG0680034704.01.T01 MsPAP19 331 5.36 37.47 37.2 80.94 −0.236 Extracellular space
MsG0680034704.01.T02 MsPAP20 379 5.81 42.91 35.44 82.77 −0.194 Cytoplasm
MsG0780038493.01.T01 MsPAP21 506 5.03 57.51 44.81 72.59 −0.293 Chloroplast, nucleus
MsG0780041108.01.T01 MsPAP22 341 6.38 38.03 37.88 87.42 −0.085 Vacuole
MsG0780041115.01.T01 MsPAP23 427 5.73 47.88 44.24 73.68 −0.371 Peroxisome
MsG0880042856.01.T01 MsPAP24 1,066 6.32 120.13 39.49 86.41 −0.264 Plasma membrane
MsG0880042857.01.T01 MsPAP25 449 7.16 49.54 36.85 77.75 −0.262 Mitochondria
MsG0880044980.01.T01 MsPAP26 615 6.26 69.24 33.97 74.21 −0.342 Chloroplast
MsG0880046225.01.T01 MsPAP27 555 6.98 62.13 32.36 75.17 −0.245 vacuole
MsG0880046835.01.T01 MsPAP28 169 5.4 18.70 34.77 73.2 −0.322 Nucleus, cytoskeleton
MsG0880046836.01.T01 MsPAP29 479 6.68 55.38 39.9 71.19 −0.405 vacuole
MsG0880046836.01.T02 MsPAP30 479 6.68 55.38 39.9 71.19 −0.405 Vacuole
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 Analysis of gene structure and conserved protein
motifs of the MsPAP gene family in alfalfa

To  characterize  the  structures  of MsPAP genes,  gene  structure

analysis  was  performed.  The  results  showed  that  the  exons  of  the

MsPAP gene family  ranged from 3 to 14.  The exon number,  length,
and  arrangement  varied  among  the MsPAP gene  family  members,
reflecting  the  diversity  in  their  exon  distribution  and  structure
(Fig.  2).  Prediction  and  analysis  of  the  conserved  motifs  was
conducted.  In  the  results,  10  conserved  motifs  were  identified  and

 

Fig. 1  The distribution of the MsPAP gene family on alfalfa chromosomes.

 

Fig.  2  Structures  of MsPAP genes  in  alfalfa.  (a)  Phylogenetic  tree  of  MsPAP  proteins.  (b)  Schematic  diagram  of  gene  structure.  Green  boxes  represent
exons (CDS),  black lines  represent  introns,  and yellow boxes represent  untranslated regions (UTRs).  The lengths of  exons and introns of  each gene are
displayed proportionally.
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named  Motifs  1−10  ranging  from  21  amino  acids  (Motif  8/Motif  9)
to  50  amino  acids  (Motif  5)  (Fig.  3).  The  three  most  frequently
occurring  conserved  motifs  were  Motifs  1,  2,  and  9,  which  are
present  in  24,  23,  and  21 MsPAP genes,  respectively.  These  three
motifs  are  highly  conserved  among MsPAP members,  whereas
Motifs 5, 6, and 7 are specifically distributed in 12, 14, and 5 MsPAP
genes, respectively, reflecting the conservation and specificity of the
motifs' distribution among MsPAP family members.

Ten  distinct  motifs  (Motif  1−10)  are  represented  by  colored
boxes.  The  table  details  the  amino  acid  sequence,  length  (width),

number  of  occurrences  (sites),  and  statistical  significance  (E-value)
for each motif.

 Evolutionary relationship and collinearity
analysis of MsPAP family members in alfalfa

To  understand  the  evolutionary  relationships  among PAP gene
family members in alfalfa, the amino acid sequences of PAP proteins
from A.  thaliana, M.  truncatula,  and  alfalfa  were  aligned  and
analyzed,  and  a  phylogenetic  tree  of  the  three  was  constructed.  In
total,  29 PAP members from A.  thaliana,  15 from M. truncatula,  and

 

Fig. 3  Conserved protein motifs of the MsPAP gene family in alfalfa.
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30 from alfalfa were divided into six groups (I, II, III, IV, V, VI) (Fig. 4).
Group  VI  contained  the  most PAP genes,  including  10 MsPAPs,  10
AtPAPs,  and  6 MtPAPs.  Group  I  had  only  one MsPAP10.  Group  II
contained three MsPAPs, Group III contained three MsPAPs, and both
Group IV and Group V contained six MsPAP members each.

By  comparing  the  results  with  functionally  characterized  PAP
proteins  from A.  thaliana,  this  study  further  established  the  corre-
spondence  between  the  phylogenetic  grouping  and  classical
functional subfamilies. Group VI corresponds to Subfamily Ia (secre-
tory  PAPs),  given  that  AtPAP12  and  AtPAP26  (both  reported  as
secretory PAPs) cluster within Group VI, and the MsPAP members in
this  group  (e.g.,  MsPAP20  and  MsPAP26)  exhibit  induction  expres-
sion  patterns  under  low-P  stress,  consistent  with  secretory  PAPs.
Group  IV  and  Group  V  correspond  to  Subfamily  Ib  (phytase-active
PAPs),  according  to  the  fact  that  GmPAP14  (confirmed  to  have
phytase  activity)  clusters  within  this  branch,  and  MsPAP23  shows
strong  expression  induced  by  low  phosphorus  (over  sevenfold
upregulation at Day 5).  Groups I,  II,  and III  correspond to Subfamily
IIIb (low-molecular-weight PAPs), according to the fact that AtPAP17

(a  representative  member  of  low-molecular-weight  PAPs)  clusters
within  Group  II,  and  MsPAP  members  in  these  groups  predomi-
nantly show downregulation or no significant response under low-P
stress.

The proportion of PAP gene family members between alfalfa and
A.  thaliana was  consistent,  suggesting  that  the PAP gene  family
has maintained high homology during the evolution of alfalfa.  This
grouping–function  correspondence  provides  an  important  refer-
ence for subsequent functional studies based on subfamily-specific
characteristics.

Phylogenetic analysis was performed on 30 MsPAP proteins from
alfalfa  (yellow  squares),  29  AtPAP  proteins  from A.  thaliana (purple
circles),  and  15  MtPAP  proteins  from M.  truncatula (green  penta-
grams) using the maximum likelihood method. These proteins were
divided  into  six  groups  according  to  their  genetic  relationships.
Group  I  (yellow),  Group  II  (pink),  Group  III  (red),  Group  IV  (blue),
Group  V  (purple),  and  Group  VI  (green)  contained  1,  10,  8,  13,  16,
and 26 PAP proteins, respectively.

 

Fig. 4  Phylogenetic analysis of PAP proteins from A. thaliana, M. truncatula, and alfalfa.
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The  correspondence  between  the  phylogenetic  grouping  and
classical  functional  subfamilies  is  indicated  by  the  branches'  colors
and annotations. Group VI (green branch) corresponds to Subfamily
Ia  (secretory  PAPs).  Representative  members  include  AtPAP12  and
AtPAP26  (A.  thaliana)  and  MsPAP20  and  MsPAP26  (alfalfa),  which
are  involved  in  extracellular  hydrolysis  of  organic  phosphorus
and recycling.  Group IV (blue branch) and Group V (purple branch)
correspond  to  Subfamily  Ib  (phytase-active  PAPs).  Representative
members include GmPAP14 (soybean) and MsPAP23 (alfalfa), which
function in degrading phytic acid for releasing phosphorus. Group I
(yellow  branch),  Group  II  (pink  branch),  and  Group  III  (red  branch)
correspond  to  Subfamily  IIIb  (low-molecular-weight  PAPs).  Repre-
sentative  members  include  AtPAP17  (A.  thaliana)  and  the  corre-
sponding  MsPAP  members,  whose  functions  remain  to  be  further
characterized.

Values  at  the  nodes  indicate  bootstrap  support  percentages
(≥ 50%). The scale bar represents genetic distance.

 Collinearity analysis of MsPAP family members in
alfalfa

To further explore the evolutionary relationships of PAP members
in  alfalfa, M.  truncatula, and A.  thaliana,  collinearity  analysis  was
performed (Fig. 5). The results showed that 12 and 22 MsPAP genes
exhibited collinearity  with A.  thaliana and M.  truncatula PAP genes,
respectively,  and the genes involved in duplication events differed.
Between A.  thaliana and  alfalfa,  the  duplication  events  mainly
occurred on chromosomes 1, 2, 3, 4, 7, and 8. Between M. truncatula
and  alfalfa,  the  duplication  events  occurred  on  all  chromosomes
(1−8),  with the most  frequent events  (five genes each)  on chromo-
somes  3  and  8.  In  total,  six  TD  events  and  eight  SD  events  were
identified within the MsPAP gene family.

 Tissue-specific expression of the MsPAP gene
family in alfalfa

To clarify the tissue-specific expression patterns of the MsPAP gene
family in alfalfa, a heatmap was generated using transcriptome data
from six tissues: Roots, leaves, elongated stems, unelongated stems,
flowers,  and  root  nodules  (Fig.  6).  According  to  the  expression
peaks, MsPAP members were classified into four functional groups.

In  the  root  and unelongated stem group,  genes  such as MsPAP9
showed  significantly  higher  expression  in  roots  and  unelongated
stems  than  in  other  tissues  (Fig.  6e).  Given  the  roles  of  roots  and
unelongated stems in nutrient uptake and transport, this group may

be involved in  phosphorus  acquisition and initial  xylem loading.  In
the  leaf-preferential  group, MsPAP7, MsPAP20,  and MsPAP26 exhib-
ited expression peaks in functional leaves (Fig. 6c). PAPs are known
to remobilize internal phosphorus under low-P conditions. The leaf-
enriched expression of these genes suggests their potential roles in
the  remobilization  of  P  from  senescing  or  mature  leaves,  thereby
supporting  new  growth.  In  the  reproductive  tissue-preferential
group, MsPAP7, MsPAP26, MsPAP29,  and MsPAP30 were significantly
upregulated  in  the  flowers  (petals)  (Fig.  6f).  Reproductive  tissues
often  act  as  strong  P  sinks;  therefore,  these  MsPAPs  may  facilitate
the  redistribution  of  P  from  vegetative  organs  to  floral  tissues,
ensuring  successful  reproduction.  In  the  ubiquitously  expressed
group, MsPAP2 was detected in all six tissues, with the highest rela-
tive  expression  in  root  nodules,  elongating  stems,  and  flowers
(Fig.  6a–f).  Regarding  the  nonexpressed  genes,  five MsPAP genes
(MsPAP-10, -11, -14, -21,  and -24)  showed  no  detectable  expression
levels  in  any  of  the  six  tissues  examined  (Fig.  6).  They  may  be
expressed  in  other  unexamined  tissues  (e.g.,  seeds,  senescing
organs)  or  be  specifically  induced  under  stress  conditions  such  as
low-P stress.

In  summary,  the  tissue-specific  expression  patterns  of MsPAP
genes  provide  functional  clues  linking  distinct  members  to  root  P
uptake,  leaf  P  remobilization,  reproductive  P  allocation,  and  possi-
bly nodule-associated P metabolism. These results lay a foundation
for  the  functional  characterization  of  individual MsPAP genes  in
alfalfa.

 Expression analysis of MsPAP genes under
drought, salt, cold, and alkaline stresses

To  further  understand  the  response  of  the  alfalfa  PAP  family
to  different  abiotic  stresses,  transcriptomic  data  of  alfalfa  under
drought, salt, cold, and alkaline stresses at different time points were
analyzed in this study (Fig. 7). Under drought stress, 26 MsPAP genes
exhibited  distinct  expression  responses:  Most  reached  their  maxi-
mum  expression  at  specific  time  points  after  the  stress,  followed
by  a  gradual  decline.  For  instance,  the  expression  of MsPAP19
decreased progressively with extended drought treatment (Fig. 7a).
In  total,  25,  26,  and  27 MsPAP genes  responded  to  salt,  cold,  and
alkaline  stresses,  respectively  (Figs.  7b−d).  Notably,  most MsPAP
genes responded to all four stresses at different time points. Specifi-
cally, MsPAP15, -21,  and -22 were responsive to both cold and alka-
line  stresses,  with  expression  peaks  at  24  and  48  h. MsPAP9
responded  to  both  drought  and  salt  stresses,  with  the  highest
expression  at  24  h  under  both  conditions.  The MsPAP gene  family

 

a

b

Fig. 5  Syntenic relationships of the PAP gene family in A. thaliana, M. truncatula,  and alfalfa. (a) Syntenic relationships of MsPAP and AtPAP;  (b) syntenic
relationships of MsPAP and MtPAP.
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shows  extensive  and  differential  responses  to  drought,  salt,  cold,
and  alkaline  stresses,  with  most  genes  participating  in  multiple
stress  responses,  and specific  members exhibiting stress-specific  or
stress-shared response patterns.

 Expression analysis of MsPAP genes under low-P
stress in alfalfa

To  further  analyze  the  differential  responses  of MsPAP genes  to
low-P  stress,  six  representative MsPAP members  from  different

phylogenetic groups according to the previous phylogenetic analy-
sis (Group II: MsPAP25; Group III: MsPAP9; Group IV: MsPAP23; Group
V: MsPAP2;  Group  VI: MsPAP20, MsPAP26),  as  shown  in Fig.  4 were
selected  to  test  their  relative  expression  levels  under  low-P  stress
(Fig.  8).  Compared  with  the  control  group, MsPAP25 (Group  II)
showed  a  significant  decline  in  expression  on  Days  3  and  7  after
the  stress  treatment,  with  an  overall  downward  trend.  On  Day  3,
the expression level of the control group was more than twice that
of  the  low-phosphorus  treatment  group. MsPAP2 (Group  V)  was

 

Fig.  6  Analysis  of MsPAP genes'  expression in different tissues of  alfalfa.  Hierarchical  clustering heatmap of  the transcriptional  expression levels  of  the
MsPAP gene family in the tissues of (a) elongated stems, (b) nodules, (c) leaves, (d) roots, (e) unelongated stems, and (f) flowers in alfalfa. The genes are
arranged  according  to  the  results  of  the  cluster  analysis;  the  color  gradient  represents  the  relative  expression  levels  (green  indicates  high  expression,
white indicates low expression), and the color scale on the right shows the range of expression values using FPKM-normalized values.
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significantly downregulated on Days 3,  5,  and 7 after stress,  and all
of  them  were  more  than  onefold  higher.  The  expression  levels
of MsPAP9 (Group  III)  exhibited  an  "increase–decrease–increase"
trend,  with  the  most  significant  difference  from  the  control  group
observed  on  Day  3.  At  this  time  point,  the  expression  level  of  the
control  group  was  about  twice  that  of  the  low-P  treatment  group.
MsPAP23 (Group  IV)  showed  a  significant  increase  in  expression
after  stress,  reaching  a  peak  on  Day  5  (expression  was  more  than
sevenfold higher), and then the expression level gradually decreased.
MsPAP26 (Group  VI)  had  significantly  increased  expression  at  1  h,
Day 3, and Day 5 after stress, but was rapidly downregulated on Day

7.  This  suggests  that  its  expression  is  induced  by  low-P  stress  and

decreases as the plants adapt to the stress. MsPAP20 (Group VI) was

significantly  downregulated  on  Day  3  of  stress,  but  significantly

increased to four times the control level on Day 7, indicating that it

may play an important role in the response of alfalfa to low-P stress.

In  conclusion,  representative MsPAP genes  from  different  clades

exhibit  differential  response  patterns  to  low-P  stress,  and  the

expression dynamics of some genes (e.g., MsPAP20, -26, and -23) are

closely  associated  with  low-P  stress  induction  and  plants'  adapta-

tion processes.

 

Fig. 7  Expression of MsPAP genes in alfalfa under cold, drought, alkali,  and salt stress. Hierarchical clustering heatmap of the transcriptional expression
levels of the MsPAP gene family in the stress under (a) drought, (b) salt, (c) cold, and (d) alkali. The color gradient represents the level of gene expression,
where red typically indicates high expression and blue typically indicates low expression. The color scale represents log2(FPKM + 1).
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 Discussion
The  synthesis  and  secretion  of  PAPs  are  critical  physiological

processes  in  plants'  responses  to  low-P  stress[40].  As  an  important
perennial leguminous forage crop, alfalfa has high nutritional value
and  strong  adaptability.  Phosphorus  utilization  efficiency  and  abi-
otic  stress  tolerance  are  key  factors  affecting  its  yield  and  quality.
Therefore,  a  systematic  analysis  of  the  genomewide  identification
and abiotic stress functions of PAP proteins in alfalfa provides useful
insights.  In  this  study,  we  identified  and  analyzed PAP genes  in
alfalfa,  their  genomic  distribution,  and  structural  characteristics,
alongside  the  proteins'  physicochemical  properties  and  evolution-
ary  relationships,  tissue-specific  expression  patterns,  and  abiotic
stress  responses.  Clade-specific  expression  dynamics  of MsPAPs
under low-P stress were discussed as well.

In  this  study,  the  30  identified MsPAP genes  were  nonrandomly
distributed  across  8  chromosomes,  with  paired  and  clustered
arrangements suggesting the role of gene duplication in the family's

expansion.  Such  clustered  distributions,  often  resulting  from  TDs,
are  frequently  associated  with  functional  divergence  and  adap-
tive  evolution,  as  documented  in  other  plant  gene  families[41].
Substantial  structural  diversity  was  observed  among MsPAP genes,
particularly  in  terms  of  exon–intron  organization,  with  exon  num-
bers  ranging  from  3  to  14.  This  variation  is  a  recognized  marker  of
functional  differentiation[42].  Although  most  members  contained
conserved  core  motifs  (e.g.,  Motifs  1,  2,  and  9),  certain  motifs  (e.g.,
Motifs 5, 6, and 7) showed sparse distribution, potentially conferring
functional  specialization,  analogous  to  findings  in  the  soybean
WRKY family[43].

Analysis  of  the  protein  properties  confirmed  that  all  MsPAPs  are
hydrophilic, which supports their potential involvement in aqueous
intracellular processes such as metabolism and signaling[44]. Consis-
tent  with  this,  their  predicted  subcellular  localizations  indicated
a  broad  distribution  across  multiple  compartments,  including  the
nucleus,  chloroplast,  vacuole,  and  cytoplasm,  —implying  diverse

 

Fig.  8  Analysis  of  the  relative  expression  levels  of MsPAP family  members  under  low-P  stress.  The  abscissa  represents  different  sampling  time  points:
0 and 1 h,  and 1,  3,  5,  and 7 d;  the ordinate represents the relative expression level  of  each gene. Pink bars represent the 50-μmol·L−1 low-P treatment
group (50 μmol·L−1 KH2PO4),  and green bars  represent  the control  group.  The data are  presented as  the mean ± SD, n =  3.  Significance of  differences:
*, 0.01 < p ≤ 0.05; **, 0.001 < p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001, extremely significant. The y-axis shows relative expression (2−ΔΔCᴛ). Data are mean ±
SD (n = 3), with the control (0 h) set to 1.
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functional  roles  tailored  to  specific  organelles[45].  For  instance,
chloroplast-localized  PAPs  could  participate  in  phosphorus  metab-
olism  linked  to  photosynthesis[5, 16].  Collinearity  analysis  further
revealed  species-specific  duplication  patterns  and  chromosomal
rearrangements,  highlighting  the  unique  evolutionary  trajectory  of
the MsPAP family following speciation[46]. When compared with PAP
families  in  other  legumes  such  as  soybean  and M.  truncatula,  the
MsPAP family  exhibits  both  conserved  features  (e.g.,  similar  motif
composition and exon–intron structures in orthologous genes) and
lineage-specific  characteristics  (e.g.,  differences  in  gene  number
and  chromosomal  distribution  patterns),  reflecting  the  interplay  of
shared ancestry and species-specific adaptation during evolution[47].
This  cross-species  comparative  analysis  not  only  helps  clarify  the
evolutionary origin of the PAP gene family but also provides impor-
tant references for elucidating the functional evolution trajectory of
MsPAP genes.

The  tissue-specific  expression  of MsPAP genes,  particularly  their
elevated levels in root nodules and leaves, suggests specialized roles
in  organ-specific  phosphorus  metabolism,  potentially  related  to
nitrogen  fixation  and  photosynthesis,  respectively[40, 48].  The
absence  of  expression  for  five  genes  in  all  tested  tissues  implies
regulatory  complexity  and  potential  induction  under  unexamined
conditions  or  stresses[49].  Furthermore,  most MsPAP genes
responded  to  abiotic  stresses,  but  with  distinct  response  patterns
and dynamics. Genes such as MsPAP15, -21,  and -22,  which showed
sharp  induction  peaks  at  specific  time  points  under  cold  and  alka-
line  stress,  likely  function  as  key  rapid  responders[50].  In  contrast,
MsPAP9,  which  was  upregulated  under  both  drought  and  salt
stresses,  may  represent  a  core  component  of  a  broader  defense
pathway[51]. This functional diversification in expression enables the
MsPAP gene  family  to  coordinate  alfalfa's  adaptation  to  adverse
environments[52,53].

The  differences  in  the  expression  patterns  of MsPAP genes  from
different clades under low-P stress further reflect functional differen-
tiation  and  coordinated  regulatory  mechanisms  in  response  to
phosphorus deficiency[16]. Notably, the sustained downregulation of
MsPAP25 (Group  II)  and MsPAP2 (Group  V)  suggests  their  primary
role in maintaining basal phosphorus metabolism under phosphate-
sufficient  conditions[54].  Under  low-P  stress,  their  suppression  may
facilitate  metabolic  resource  reallocation,  a  mechanism  analogous
to  that  observed  for ZmPAP16 in  maize[12],  thereby  freeing  regula-
tory  space  for  highly  responsive  genes.  In  contrast,  the  expression
dynamics  of MsPAP9, MsPAP23,  and MsPAP26 align  closely  with
the "perception–response–adaptation" model of plants' low-P stress
response,  a  pattern  conserved  in  legumes  such  as GmPAP23 in
soybean[40].  Specifically,  the  rapid  upregulation  of MsPAP26 likely
contributes to early extracellular remobilization of organic phospho-
rus;  however,  this  functional  inference  requires  direct  biochemical
and localization evidence.  In chickpea (Cicer  arietinum), CaPAP7 has
been  shown  to  possess  phytase  activity,  and  it  was  shown  to
promote growth and Pi accumulation in A. thaliana when phytate is
supplied as the sole P source[55]. Moreover, the delayed induction of
MsPAP20 (Group  VI),  which  exhibited  a  fourfold  increase  in  expres-
sion in later stages, may represent a long-term adaptive mechanism
for  sustaining  phosphorus  uptake,  similar  to  the  role  of MdPAP10
in  apple  that  potentiates  root  P  transporters'  activity[16].  These
findings  collectively  underscore  an  evolutionarily  conserved  yet
functionally  specialized  framework  of  PAP-mediated  low-P  stress
adaptation  in  alfalfa[56].  The  distinct  temporal  and  group-specific
expression patterns highlight sophisticated regulatory logic govern-
ing  the  activation,  translocation,  and  metabolic  allocation  of  phos-
phorus,  providing theoretical  targets for molecular breeding aimed
at enhancing phosphorus use efficiency in alfalfa[40].

 Conclusions
Thirty  members  of  the MsPAP gene  family  were  identified  from

the genome of alfalfa, and these members were distributed in pairs
or clusters across eight chromosomes. Most family members exhib-
ited relatively high conservation, whereas a small subset of noncon-
served members might be associated with functional specificity. The
precursor proteins of MsPAP ranged in length from 169 to 1,066 aa.
They  displayed  well-defined  ranges  of  molecular  weight  and  pI,
and all were characterized as hydrophilic proteins. Subcellular local-
ization  predictions  showed  that  MsPAP  proteins  were  primarily
localized to the nucleus and other compartments, with some mem-
bers  exhibiting  cross-compartment  localization.  Expression  profil-
ing  revealed  that MsPAP family  genes  had  distinct  tissue-specific
expression patterns.  Following exposure to  abiotic  stresses  such as
low-P,  their  expression  levels  changed  significantly,  and  they  also
showed  time-specific  expression  dynamics.  This  study  represents
the first  comprehensive and systematic analysis  of  the MsPAP gene
family,  encompassing  its  identification,  evolutionary  relationships,
structural  features,  and  expression  profiles  across  different  tissues
and  in  response  to  multiple  abiotic  stresses.  Future  studies  could
further  explore  the  molecular  roles  of MsPAP genes  in  stress  resis-
tance and phosphorus use efficiency in alfalfa or other plants, which
would provide theoretical support and genetic resources for breed-
ing stress-tolerant alfalfa cultivars.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
conceived and designed the study: Li M, Liu T; performed the identi-
fication and analysis of the MsPAP gene family, conducted the low-P
stress  experiments,  collected  samples,  processed  data,  and  drafted
the  manuscript:  Yang  Y;  assisted  in  the  low-P  stress  treatment,
sample  collection,  and  data  processing:  Zhang  J;  collaboratively
prepared  and  revised  the  figures  and  tables:  Wu  Q,  Zeng  X;
contributed  to  data  analysis  and  interpretation:  Kang  J;  provided
funding: Liang W, Long R, Li M; revised and finalized the manuscript:
Yang  Y,  Li  M,  Liu  T.  All  authors  reviewed  the  results  and  approved
the final version of the manuscript.

 Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article.

 Acknowledgments

This work was supported by Central Public-interest Scientific Insti-
tution  Basal  Research  Fund  (No.  2026-YWF-ZYSQ-04,  Y2026YC15),
the  2025  Regional  Autonomous  Region  Fundamental  Research
Funds  Project  for  Public  Welfare  Research  Institutes  (KY2025031),
and  the  Hohhot  Science  and  Technology  Plan  Project  (2024-
Unveiled and Leading-agriculture-2-2).

 Conflict of interest

The authors declare that they have no conflict of interest.

 Supplementary  information This  accompanies  this  paper
online at https://doi.org/10.48130/grares-0026-0020.

  https://doi.org/10.48130/grares-0026-0020

Page 12 of 14   Yang et al. Grass Research 2026, 6: e028

https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020


Dates

Received  18  March  2026; Revised  10  June  2026; Accepted  8  July
2026; Published online 29 September 2026

References 

 Malhotra H, Vandana, Sharma S, Pandey R. 2018. Phosphorus nutrition:
plant  growth  in  response  to  deficiency  and  excess.  In Plant  Nutrients
and  Abiotic  Stress  Tolerance,  eds.  Hasanuzzaman  M,  Fujita  M,  Oku  H,
Nahar  K,  Hawrylak-Nowak  B.  Singapore:  Springer  Singapore.  pp.
171−190 doi: 10.1007/978-981-10-9044-8_7

[1]

 Singh  B,  Satyanarayana  T. 2011. Microbial  phytases  in  phosphorus
acquisition  and  plant  growth  promotion. Physiology  and  Molecular
Biology of Plants 17:93−103

[2]

 Shen J, Yuan L, Zhang J, Li H, Bai Z, et al. 2011. Phosphorus dynamics:
from soil to plant. Plant Physiology 156:997−1005

[3]

 Tran HT, Hurley BA, Plaxton WC. 2010. Feeding hungry plants: the role
of  purple  acid  phosphatases  in  phosphate  nutrition. Plant  Science
179:14−27

[4]

 Bhadouria  J,  Giri  J. 2022. Purple  acid  phosphatases:  roles  in
phosphate  utilization  and  new  emerging  functions. Plant  Cell  Reports
41:33−51

[5]

 Schenk  G,  Mitić N,  Hanson  GR,  Comba  P. 2013. Purple  acid  phos-
phatase:  a  journey  into  the  function  and  mechanism  of  a  colorful
enzyme. Coordination Chemistry Reviews 257:473−482

[6]

 Mehra P, Giri J. 2020. Purple acid phosphatases (PAPs): molecular regu-
lation and diverse physiological roles in plants. In Protein Phosphatases
and  Stress  Management  in  Plants:  Functional  Genomic  Perspective,  ed.
Pandey  GK.  Cham:  Springer  International  Publishing.  pp.  29−51  doi:
10.1007/978-3-030-48733-1_3

[7]

 Wang  L,  Liu  D. 2018. Functions  and  regulation  of  phosphate  starva-
tion-induced  secreted  acid  phosphatases  in  higher  plants. Plant
Science 271:108−116

[8]

 Li  D,  Zhu  H,  Liu  K,  Liu  X,  Leggewie  G,  et  al. 2002. Purple  acid  phos-
phatases  of Arabidopsis  thaliana. Journal  of  Biological  Chemistry
277:27772−27781

[9]

 Zhang  Q,  Wang  C,  Tian  J,  Li  K,  Shou  H. 2011. Identification  of  rice
purple  acid  phosphatases  related  to  posphate  starvation  signalling.
Plant Biology 13:7−15

[10]

 Zhu  S,  Chen  M,  Liang  C,  Xue  Y,  Lin  S,  et  al. 2020. Characterization
of  purple  acid  phosphatase  family  and  functional  analysis  of
GmPAP7a/7b involved in extracellular ATP utilization in soybean. Fron-
tiers in Plant Science 11:661

[11]

 González-Muñoz  E,  Avendaño-Vázquez  AO,  Montes  RAC,  de  Folter  S,
Andrés-Hernández  L,  et  al. 2015. The  maize  (Zea  mays ssp. mays var.
B73)  genome  encodes  33  members  of  the  purple  acid  phosphatase
family. Frontiers in Plant Science 6:341

[12]

 Hou  L,  Zhang  D,  Wu  Q,  Gao  X,  Wang  J. 2025. Analysis  and  profiling
of  the  purple  acid  phosphatase  gene  family  in  wheat  (Triticum
aestivum L). Protoplasma 262:73−86

[13]

 Pang  X,  Cheng  Y,  Ruan  M,  Ye  Q,  Wang  R,  et  al. 2022. The  PAP  gene
family  in  tomato:  comprehensive  comparative  analysis,  phylogenetic
relationships and expression profiles. Plants 11:563

[14]

 Yin  C,  Wang  F,  Fan  H,  Fang  Y,  Li  W. 2019. Identification  of  tea  plant
purple  acid  phosphatase  genes  and  their  expression  responses  to
excess iron. International Journal of Molecular Sciences 20:1954

[15]

 Liu HC, Rao L, Meng JH, Zuo WT, Sun TT. 2025. Genome-wide analysis,
identification,  and  transcriptional  profile  of  the  response  to  abiotic
stress of the purple acid phosphatases (PAP) gene family in apple. Inter-
national Journal of Molecular Sciences 26:1011

[16]

 Zhou  M,  Chen  W,  Zhao  M,  Li  Y,  Li  M,  et  al. 2021. Genome-wide
characterization  and  evolutionary  analyses  of  purple  acid  phos-
phatase (PAP) gene family with their expression profiles in response to
low  phosphorus  stresses  in  Moso  bamboo  (Phyllostachys  edulis).
Forests 12:326

[17]

 Li C, Liu J, Liao Y, Luo H, Wang L, et al. 2024. Genome-wide identifica-
tion of the PAP gene family in potatoes and its expression response to

[18]

phosphorus-solubilizing  bacteria,  freezing  stresses,  and  phytohor-
monal regulation. Agronomy 14:2735
 Abbasi  Vineh  MA,  Sabet  MS,  Karimzadeh  G. 2021. Effect  of AtPAP17
and AtPAP26 genes  overexpression  on  yield  and  yield  components
under salt stress in Arabidopsis thaliana plant. Environmental Stresses in
Crop Sciences 14:449−460

[19]

 Tarafdar  S,  Chowdhary  G. 2025. Abiotic  stress-inducible  purple  acid
phosphatase from Solanum lycopersicum is targeted to peroxisome via
non-canonical  peroxisome  targeting  signal  type  1. Acta  Physiologiae
Plantarum 47:57

[20]

 O'Gallagher B, Ghahremani M, Stigter K, Walker EJL, Pyc M, Liu AY, et al.
2022. Arabidopsis  PAP17  is  a  dual-localized  purple  acid  phosphatase
up-regulated  during  phosphate  deprivation,  senescence,  and  oxida-
tive stress. Journal of Experimental Botany 73:382−399

[21]

 Ali  Abbasi-Vineh M, Sabet MS, Karimzadeh G. 2021. Identification and
functional  analysis  of  two  purple  acid  phosphatases AtPAP17 and
AtPAP26 involved in  salt  tolerance in Arabidopsis  thaliana plant. Fron-
tiers in Plant Science 11:618716

[22]

 Wang B, Xie G, Liu Z, He R, Han J, et al. 2019. Mutagenesis reveals that
the OsPPa6 gene  is  required  for  enhancing  the  alkaline  tolerance  in
rice. Frontiers in Plant Science 10:759

[23]

 Guo ZY, Yin YH, Liu Y,  Xie YT,  Pei  YH, et al. 2024. Cloning and expres-
sion pattern analysis of ZmPAP26b gene in maize under drought stress.
Acta Agriculturae Boreali-Sinica 39:10−19

[24]

 El-Ramady  H,  Abdalla  N,  Kovacs  S,  Domokos-Szabolcsy  E,  Bákonyi  N,
et al. 2020. Sustainable biorefinery and production of alfalfa (Medicago
sativa L): a review. Egyptian Journal of Botany 60:621−639

[25]

 Undersander  D.  2021.  Economic  importance,  practical  limitations  to
production, management, and breeding targets of alfalfa. In The Alfalfa
Genome,  eds.  Yu  LX,  Kole  C.  Cham:  Springer  International  Publishing.
pp. 1−11 doi: 10.1007/978-3-030-74466-3_1

[26]

 Shen C, Du H, Chen Z, Lu H, Zhu F, et al. 2020. The chromosome-level
genome  sequence  of  the  autotetraploid  alfalfa  and  resequencing  of
core  germplasms  provide  genomic  resources  for  alfalfa  research.
Molecular Plant 13:1250−1261

[27]

 Hu Y, Qian C, Zhao X, Li J,  Wang L, et al. 2024. Effects of nitrogen and
phosphorus  limitation  on  the  growth  and  phosphorus  allocation  of
alfalfa  (Medicago  sativa L). Journal  of  Soil  Science  and  Plant  Nutrition
24:343−353

[28]

 Xiao K,  Harrison M,  Wang ZY. 2006. Cloning and characterization of  a
novel purple acid phosphatase gene (MtPAP1) from Medicago truncat-
ula barrel medic. Journal of Integrative Plant Biology 48:204−211

[29]

 Chen C,  Chen H,  Zhang Y,  Thomas HR,  Frank MH, et  al. 2020. TBtools:
an integrative toolkit developed for interactive analyses of big biologi-
cal data. Molecular Plant 13:1194−1202

[30]

 Duvaud  S,  Gabella  C,  Lisacek  F,  Stockinger  H,  Ioannidis  V,  et  al. 2021.
Expasy,  the  Swiss  Bioinformatics  Resource  Portal,  as  designed  by  its
users. Nucleic Acids Research 49:W216−W227

[31]

 Chou  KC,  Shen  HB. 2010. Plant-mPLoc:  a  top-down  strategy  to
augment  the  power  for  predicting  plant  protein  subcellular  localiza-
tion. PLoS One 5:e11335

[32]

 Tamura K,  Stecher  G,  Kumar S. 2021. MEGA11 molecular  evolutionary
genetics  analysis  version  11. Molecular  Biology  and  Evolution
38:3022−3027

[33]

 Letunic I, Bork P. 2024. Interactive Tree of Life (iTOL) v6: recent updates
to  the  phylogenetic  tree  display  and  annotation  tool. Nucleic  Acids
Research 52:W78−W82

[34]

 Lescot  M,  Déhais  P,  Thijs  G,  Marchal  K,  Moreau  Y,  et  al. 2002. Plant-
CARE, a database of plant cis-acting regulatory elements and a portal
to  tools  for in  silico analysis  of  promoter  sequences. Nucleic  Acids
Research 30:325−327

[35]

 O'Rourke  JA,  Fu  F,  Bucciarelli  B,  Yang  SS,  Samac  DA,  et  al. 2015. The
Medicago  sativa gene  index  1.2:  a  web-accessible  gene  expression
atlas for investigating expression differences between Medicago sativa
subspecies. BMC Genomics 16:502

[36]

 Dong X, Deng H, Ma W, Zhou Q, Liu Z. 2021. Genome-wide identifica-
tion  of  the  MADS-box  transcription  factor  family  in  autotetraploid
cultivated  alfalfa  (Medicago  sativa L)  and  expression  analysis  under
abiotic stress. Bmc Genomics 22:603

[37]

https://doi.org/10.48130/grares-0026-0020  

Yang et al. Grass Research 2026, 6: e028   Page 13 of 14

https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/s12298-011-0062-x
https://doi.org/10.1007/s12298-011-0062-x
https://doi.org/10.1104/pp.111.175232
https://doi.org/10.1016/j.plantsci.2010.04.005
https://doi.org/10.1007/s00299-021-02773-7
https://doi.org/10.1016/j.ccr.2012.03.020
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1007/978-3-030-48733-1_3
https://doi.org/10.1016/j.plantsci.2018.03.013
https://doi.org/10.1016/j.plantsci.2018.03.013
https://doi.org/10.1074/jbc.M204183200
https://doi.org/10.1111/j.1438-8677.2010.00346.x
https://doi.org/10.3389/fpls.2020.00661
https://doi.org/10.3389/fpls.2020.00661
https://doi.org/10.3389/fpls.2015.00341
https://doi.org/10.1007/s00709-024-01983-6
https://doi.org/10.3390/plants11040563
https://doi.org/10.3390/ijms20081954
https://doi.org/10.3390/ijms26031011
https://doi.org/10.3390/ijms26031011
https://doi.org/10.3390/f12030326
https://doi.org/10.3390/agronomy14112735
https://doi.org/10.22077/escs.2020.2788.1725
https://doi.org/10.22077/escs.2020.2788.1725
https://doi.org/10.1007/s11738-025-03800-w
https://doi.org/10.1007/s11738-025-03800-w
https://doi.org/10.1093/jxb/erab409
https://doi.org/10.3389/fpls.2020.618716
https://doi.org/10.3389/fpls.2020.618716
https://doi.org/10.3389/fpls.2019.00759
https://doi.org/10.7668/hbnxb.20194777
https://doi.org/10.7668/hbnxb.20194777
https://doi.org/10.7668/hbnxb.20194777
https://doi.org/10.21608/ejbo.2020.37749.1532
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1007/978-3-030-74466-3_1
https://doi.org/10.1016/j.molp.2020.07.003
https://doi.org/10.1007/s42729-023-01541-8
https://doi.org/10.1111/j.1744-7909.2006.00204.x
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1371/journal.pone.0011335
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1186/s12864-015-1718-7
https://doi.org/10.1186/s12864-021-07911-9
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020


 Liu H, Li XY, He F, Wang X, Li MN, et al. 2024. Genome-wide identifica-
tion  of  the SAUR gene  family  in  medicago  sativa  and  analysis  of  its
expression  pattern  under  abiotic  stresses. Acta  Prataculturae  Sinica
33:135−153 (in Chinese)

[38]

 Schmittgen  TD,  Livak  KJ. 2008. Analyzing  real-time  PCR  data  by  the
comparative CT method. Nature Protocols 3:1101−1108

[39]

 Guo Q, Zhu S,  Lai  T,  Tian C,  Hu M, et al. 2026. A phosphate-starvation
enhanced purple  acid  phosphatase, GmPAP23 mediates  intracellular
phosphorus  recycling  and  yield  in  soybean. Plant,  Cell  &  Environment
49:3871−3888

[40]

 Zeng XC, Yang YN, Li RY, Jiang XQ, Jiang X, et al. 2024. Identification of
Alfalfa  (Medicago  sativa) MsCEP genes  and  functional  analysis  of  its
regulation in root growth and development. Scientia Agricultura Sinica
57:4839−4853 (in Chinese)

[41]

 Xu G, Guo C, Shan H, Kong H. 2012. Divergence of duplicate genes in
exon–intron structure. Proceedings of the National Academy of Sciences
of the United States of America 109:1187−1192

[42]

 Yang  Y,  Zhou  Y,  Chi  Y,  Fan  B,  Chen  Z. 2017. Characterization  of
soybean WRKY gene family and identification of soybean WRKY genes
that  promote  resistance  to  soybean  cyst  nematode. Scientific  Reports
7:17804

[43]

 Durell  SR,  Ben-Naim  A. 2017. Hydrophobic-hydrophilic  forces  in
protein folding. Biopolymers 107:e23020

[44]

 Barberis  E,  Marengo  E,  Manfredi  M.  2021.  Protein  subcellular  localiza-
tion prediction.  In Proteomics  Data  Analysis,  ed.  Cecconi  D.  New York,
NY: Springer US. pp. 197−212 doi: 10.1007/978-1-0716-1641-3_12

[45]

 Masonbrink  RE,  Severin  AJ,  Seetharam  AS.  2017.  Comparative
genomics of soybean and other legumes. In The Soybean Genome, eds.
Nguyen  HT,  Bhattacharyya  MK.  Cham:  Springer  International  Publish-
ing. pp. 83−93 doi: 10.1007/978-3-319-64198-0_6

[46]

 Li  C,  Gui  S,  Yang  T,  Walk  T,  Wang  X,  et  al. 2012. Identification  of
soybean  purple  acid  phosphatase  genes  and  their  expression
responses  to  phosphorus  availability  and  symbiosis. Annals  of  Botany
109:275−285

[47]

 Müller LM. 2021. Mapping membranes: lipid imaging reveals phospho-
rus-dependent  membrane  dynamics  in Medicago  truncatula nodules.
Plant Physiology 185:1473−1475

[48]

 Du  PX,  Liu  H,  Hu  DX,  Chen  XP,  Hong  YB,  et  al. 2022. Genome-wide
identification  and  expression  analysis  of  purple  acid  phosphatase
(PAP)  gene  family  in  peanut. Chinese  Journal  of  Oil  Crop  Sciences
44:522−531 (in Chinese)

[49]

 Dong S, Pang W, Liu Z, Li H, Zhang K, et al. 2022. Transcriptome analy-
sis  of  leaf  senescence  regulation  under  alkaline  stress  in Medicago
truncatula. Frontiers in Plant Science 13:881456

[50]

 Liao H, Wong FL, Phang TH, Cheung MY, Li WYF, et al. 2003. GmPAP3, a
novel purple acid phosphatase-like gene in soybean induced by NaCl
stress but not phosphorus deficiency. Gene 318:103−111

[51]

 Deng L,  Chen F,  Jiang L,  Lam HM, Xiao G. 2014. Ectopic expression of
GmPAP3 enhances  salt  tolerance  in  rice  by  alleviating  oxidative
damage. Plant Breeding 133:348−355

[52]

 Reddy CS, Kim KM, James D, Varakumar P, Reddy MK. 2017. PgPAP18, a
heat-inducible novel purple acid phosphatase 18-like gene (PgPAP18-
like) from Pennisetum glaucum, may play a crucial role in environmen-
tal stress adaptation. Acta Physiologiae Plantarum 39:54

[53]

 Xu H, Zhang H, Fan Y, Wang R, Cui R, et al. 2022. The purple acid phos-
phatase  GmPAP17  predominantly  enhances  phosphorus  use  effi-
ciency in soybean. Plant Science 320:111283

[54]

 Bhadouria  J,  Singh  AP,  Mehra  P,  Verma  L,  Srivastawa  R,  et  al. 2017.
Identification  of  purple  acid  phosphatases  in  chickpea  and  potential
roles  of CaPAP7 in  seed  phytate  accumulation. Scientific  Reports
7:11012

[55]

 Wang  L,  Lu  S,  Zhang  Y,  Li  Z,  Du  X,  et  al. 2014. Comparative  genetic
analysis  of Arabidopsis purple  acid  phosphatases  AtPAP10,  AtPAP12,
and  AtPAP26  provides  new  insights  into  their  roles  in  plant  adapta-
tion  to  phosphate  deprivation. Journal  of  Integrative  Plant  Biology
56:299−314

[56]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

  https://doi.org/10.48130/grares-0026-0020

Page 14 of 14   Yang et al. Grass Research 2026, 6: e028

https://doi.org/10.11686/cyxb2023235
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1111/pce.15400
https://doi.org/10.3864/j.issn.0578-1752.2024.24.002
https://doi.org/10.1073/pnas.1109047109
https://doi.org/10.1073/pnas.1109047109
https://doi.org/10.1038/s41598-017-18235-8
https://doi.org/10.1002/bip.23020
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-1-0716-1641-3_12
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1007/978-3-319-64198-0_6
https://doi.org/10.1093/aob/mcr246
https://doi.org/10.1093/plphys/kiab039
https://doi.org/10.19802/j.issn.1007-9084.2021093
https://doi.org/10.3389/fpls.2022.881456
https://doi.org/10.1016/S0378-1119(03)00764-9
https://doi.org/10.1111/pbr.12171
https://doi.org/10.1007/s11738-017-2348-2
https://doi.org/10.1016/j.plantsci.2022.111283
https://doi.org/10.1038/s41598-017-11490-9
https://doi.org/10.1111/jipb.12184
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020
https://doi.org/10.48130/grares-0026-0020

	Introduction
	Materials and methods
	Plant materials and treatments
	Identification of MsPAP gene family members in alfalfa
	Chromosomal localization and gene structure analysis of MsPAP genes in alfalfa
	Prediction of the physicochemical properties, subcellular localization, and phylogenetic analysis of MsPAP proteins in alfalfa
	Phylogenetic and collinearity analysis of MsPAP genes in alfalfa
	Prediction of MsPAP protein domains in alfalfa
	Acquisition and analysis of MsPAP genes' transcriptome data in alfalfa
	Expression analysis of MsPAP genes in alfalfa under low-phosphorus stress
	Statistical analysis

	Results
	Identification of MsPAP genes and analysis of the protein characteristics of the MsPAP family in alfalfa
	Chromosomal localization analysis of the MsPAP gene family in alfalfa
	Analysis of gene structure and conserved protein motifs of the MsPAP gene family in alfalfa
	Evolutionary relationship and collinearity analysis of MsPAP family members in alfalfa
	Collinearity analysis of MsPAP family members in alfalfa
	Tissue-specific expression of the MsPAP gene family in alfalfa
	Expression analysis of MsPAP genes under drought, salt, cold, and alkaline stresses
	Expression analysis of MsPAP genes under low-P stress in alfalfa

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

