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Abstract

Inorganic phosphate (Pi) starvation severely affects the normal growth and development of plants. In this study, MdSAT1, a Pi-responsive bHLH
transcription factor, was isolated from apples. Ectopic expression of MdAST1 in Arabidopsis increased the number of lateral roots and root tips, as
well as the transcript levels of genes related to Pi uptake and transport; thus, improving Pi utilization in response to a Pi deficiency. Ectopic
expression of MdSATT significantly accelerated flowering and leaf senescence in Arabidopsis under a Pi deficiency. Taken together, the present
study provides a basis for an in-depth investigation of the mechanisms of MdSATT on apple Pi uptake and utilization as well as plant growth and

development.
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Introduction

Inorganic phosphate (Pi) is involved in the metabolism of
many substrates and activities in plantst'l, Pi is directly involved
in all aspects of photosynthesis, and the metabolism and trans-
port of carbohydrates in plants!'2l. Applications of phosphate
fertilizer during production play an important role in maintain-
ing plant growth and development, as well as the high yields of
fruit treesB.

The P in soil that can be taken up by plants is mainly inor-
ganic phosphate (H,POj; or HPO?{). However, Pi is strongly
bound or immobilized in the soil“, and only a very low Pi
concentration can be directly absorbed by plants, typically
about 6% (1.5%-11%)59L, Pi deficiency has become an impor-
tant limiting factor in agricultural production worldwidel”.
When plants are stressed by Pi deficiency, cell division is
hindered, primary root growth is inhibited, stem diameter is
smaller, plant tillering decreases, the plants are relatively short,
and growth is retarded or stagnant(8l,

To maintain growth and development under Pi deficiency,
plants have developed complex physiological and morpholo-
gical adaptations and molecular regulatory mechanisms to
ensure that they can obtain more Pi from the soil and remobi-
lize and redistribute the Pi in vivo to maintain Pi balance, i.e.,
the phosphorus starvation response (PSR)['l, Roots are highly
responsive to PSRs, and the main strategy is an adaptive
change in root structure that promotes root access to soil Pil'"l,
Lateral roots enhance adaptation to a Pi deficiency. The
increase in the number of lateral roots, in addition to increas-
ing the volume of the root system in contact with the soil,
creates more root tip area to sense and absorb more exoge-
nous Pil'2131, Plants also respond to the phosphate starvation
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by increasing the uptake of Pi from the soil through the root
system and translocating it to aboveground partsl’#. The
PHOSPHATE TRANSPORTER (PHT) protein family plays an
important role in the acquisition of Pi from the soil and the
transport of Pi within cells. PHT proteins have been divided into
four subfamilies, including PHT1/2/3/405161. PHT1 is a high-
affinity phosphorus transporter protein localized on the cyto-
plasmic membrane of the root cortex where it plays a major
role in Pi uptake and intracellular Pi homeostasis!'”l. The SPX
domain is called the SYG1/Pho81/XPR1 protein domain, which
is present in the N-terminal peptides of yeast SYG1 and PHO81,
as well as human XPR1 proteins!'8-21], Genes containing the
SPX functional domain play an important role in plant Pi signal-
ing and Pi homeostasis. PHOSPHATE1 (PHO1) proteins contain
the SPX and EXS (ERD1, XPR1, and SYG1) structural domains,
which are responsible for the upward transport of Pi absorbed
by roots to above ground tissues. Another class of SPX proteins
contains only the SPX domain, which is essential for maintain-
ing Pi homeostasis in vivo when the PSR occurs22],
Transcriptional regulation is a very important regulatory
node in the plant PSR regulatory network and is an early event
during gene expression. A variety of transcription factors in-
volved in the fine regulation of PSRs in plants[23], The important
TF families involved in PSRs are the v-myb avian myeloblastosis
viral oncogene homolog (MYB) family, the basic helix-loop-
helix (bHLH) family, and the WRKY family('?l, PHOSPHATE STAR-
VATION RESPONSE 1 (PHR1), which belongs to the MYB-CC
subfamily of the MYB family, is the first Pi starvation-induced
(PSI) transcription factor identified in plants and a central
transcriptional regulator of the Pi signaling pathway?4. Addi-
tionally, MYB1, MYB2, and MYB62 have been identified, and
their expression are induced by low Pil25-271 In the WRKY
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transcription factor family, WRKY75 is induced by low Pi and
regulates PSlI gene expression and root developmentl28l,
Among the bHLH transcription factor family, bHLH32 is
induced by Pi deficiency but is involved as a negative regulator
of root hair development under the PSRI2?. Other types of
transcription factors, such as zinc finger transcription factor 6
(ZAT6), auxin response factor 16 (ARF16), and SQUAMOSA
promoter binding protein-like 3 (SPL3), are also involved in the
PSR and regulate Pi homeostasis in vivo3031],

Recent studies have identified a membrane-localized bHLH
transcription factor, called Glycine max symbiotic ammonium
transporter 1 (GmSATT). The G. max sat1 mutant has a loss of
sensitivity to Pi supply compared to the wild-type. SAT1 regu-
lates PSI genes, such as PHT1;1, RNS2, HAD1, MGD2, and SPX2
at the transcriptional level, thereby regulating root Pi
homeostasisi?l. Our laboratory has researched MdSATI, the
homologous transcription factor in apples. The findings
revealed a role for MdSAT1 in abiotic stress, in particular to
saline and drought stress. MdSAT1 functions in regulating plant
growth and development, particularly root architecture and the
accumulation of reactive oxygen speciesi33. They also explored
the function of MdSAT1 in regulating nutrient absorption,
particularly the absorption and accumulation of ammonium-
nitrogen!33], These data have laid the cornerstone for further
research on the function of MdSAT1.

Pi deficiency in the soil environment seriously affects the
development and yield of apples. In this study, MdSAT1
encoded a transcription factor that was responsive to Pi.
MdSAT1 regulated root architecture and increased gene
expression and enzyme activity related to Pi uptake, and ulti-
mately promoted Pi utilization by the plants. Additionally,
MdSATT1 also affects the flowering and senescence states in the
later stages of plant development. Overall, the present study
provides a framework for further research on the molecular
mechanisms of MdSAT1 during the PSR.

Results

MdSATT1 is a Pi-responsive gene

qRT-PCR was used to examine the expression of MdSATT in
response to the Pi concentration. Under different concentra-
tions of phosphate (0, 1.25, 25, 625, and 1250 uM K,HPO,),
MdSAT1 expression was inhibited with increasing Pi concentra-
tions in the roots and shoots and was more pronounced in the
roots (Fig. 1a, b). Then, 1.25 uM K,HPO, and 1,250 uM K,HPO,
were selected as the low Pi (LP) and high Pi (HP) treatments,
respectively (Fig. 1¢), to detect MdSAT1 expression: Under LP
treatment, the expression of MdSATT first increased and then
decreased with the prolongation of treatment time; while
under HP treatment, it decreased with the prolongation of
treatment time. In addition to showing that MdSAT1 is a gene
induced by LP, the proMdSAT1:GUS transgenic Arabidopsis
plant was treated with different Pi concentrations, and the
results suggest that GUS activity increases and then decreases
with increasing Pi content (Supplemental Fig. S1). These results
confirm that MdSAT1 is a Pi-responsive gene induced by Pi defi-
ciency.

MdSAT1 regulates the root architecture

We treated MdSAT1-OE and Col seedlings in 1/2 MS medium
with LP or HP for 7 d to investigate the effect of the MdSAT1
gene on root growth. Under LP treatment, no significant

Page 2 of 9

MdSAT1 enhanced Pi uptake and utilization

difference was observed in the lateral root length between
transgenic plants and Col seedlings, while under HP conditions,
there was a significant difference (Fig. 2e). The primary root
length, the total number of root tips, and the number of lateral
roots increased significantly in the MdSAT1-OE lines compared
with the Col (Fig. 2¢, d &), and this difference in root configura-
tion was more pronounced under the LP treatment (Fig. 2a, b).
These results suggest that overexpression of MdSAT1 enhances
the adaptability of root development to Pi deficiency.

Overexpressing MdSAT1 promotes Pi assimilation and
utilization in response to Pi deficiency

Since overexpressing MdSAT1 promoted the lateral root
development under LP conditions (Fig. 2), we next asked
whether MdSAT1 was involved in Pi assimilation and utilization.
MdSAT1-OE and Col were treated in Hoagland's nutrient
containing LP or HP for 3 weeks. The results showed that
seedling growth was promoted in the MdSATI-OE lines
compared to Col, as evidenced by the significant increase in
fresh weight and Pi content (Fig. 3a—c). This effect of MdSAT1
was more pronounced under the LP than the HP treatment (Fig.
3). Further experiments revealed that overexpressing MdSAT1
promoted Acid phosphatase (APase) activity in the roots (Fig.
3d), thereby facilitating Pi assimilation in vivo. These results
indicate that MdSATT1 promotes Pi assimilation and utilization,
thereby maintaining stronger growth under Pi deficiency.

Overexpression of MdSAT1 affects the expression of PS/
genes

To further evaluate the role of MdSAT1 in Pi uptake and
transport in plants, the effect of MdSATT on the expression of
PSI genes was analyzed. The expression of genes for Pi translo-
cation to the ground (AtPHT1;2, AtPHTI1;8), marker genes
induced by Pi-starvation (AtPHT1,4, AtPHR1 and AtPTI), and
genes regulating Pi dynamic balance (AtSPX2) were signifi-
cantly induced in MdSAT1-OE plants (Fig. 4). MdSATT was a
stronger inducer of these PS/ genes under the LP treatment
than the HP treatment (Fig. 4). For example, the difference in
the upregulated multiple of AtPHTI1,2, AtPHTI1;8 and AtSPX2
expression between MdSAT1-OE and Col was smaller under the
HP than the LP treatment (Fig. 4a, b & e). These data indicate
that MdSAT1 regulates a series of PS/ genes that are more
pronounced under Pi deficiency.

MdSAT1 promotes early flowering

The results show that the MdSATT1-OE lines grew faster and
accumulated more Pi in vivo under Pi deficient conditions (Fig.
3a—c), and Pi had a flower-promoting effect!*4. MdSAT1-OE
lines germinates 3-4 hours earlier than Col seedlings (Fig. 5b).
The initiation of rosette leaves and flowering was significantly
earlier in the MdSATI1-OE lines than in Col, and was more
pronounced under the LP than the HP treatment (Fig. 5a, c & d).
The MdSAT1-OE lines had significantly more rosette leaves than
Col under the LP treatment (13.86/13.65/14.09:9.56), but no
difference was detected under the HP treatment (23.98/22.58/
22.09:20.98) (Fig. 5e). These indicate that overexpression of
MdSAT1 advances the life process of Arabidopsis, including
increasing the number of rosette leaves and early flowering,
especially under Pi deficiency conditions. It is well known that
flowering is regulated by flowering-related genes. The qRT-PCR
analysis showed that the MdSATT1-OE lines had higher expres-
sion levels of flowering-promoting genes (AP1, FT, FUL, CO, and
CAL) than Col, while the expression of the flowering-inhibiting
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Fig. 1

MdSAT1 gene expression analysis in response to phosphate. (a) Root and (b) shoot MdSATT expression levels under different phosphate

concentrations (the different Pi concentrations the apple seedlings were treated with were 0, 1.25, 25, 625, and 1,250 uM K,HPO, for 15 d,
supplemented with 2,500 uM K* using the corresponding concentration of K,SO,). The seedlings treated with 0 uM K,HPO, (1.25 mM K,SO,)
were used as a negative control. (c) MdSAT1 expression levels under the 1.25 pM K,HPO, (LP) and 1.25 mM K,HPO, (HP) conditions. Plants
grown at 23 °C/21 °C for day/night with 16L/8D, with an irradiance of 150 pmol-m=2s~" and relative humidity of 60%—70%. The seedlings
treated with LP (0 h) were used as the negative control. Md18S was used as the reference gene. Error bars represent standard deviations (n = 3).
Different letters above the bars indicate significantly different values (p < 0.05).

gene FLC was lower than that in Col (Fig. 5f). Thus, we hypothe-
sized that increased expression of the flowering-promoting
genes in the MdSAT1-OE lines promotes flowering.

MdSAT1 promotes Pi deficiency-induced leaf
senescence

An important feature of senescence is the intensive transfer
of nutrients (including Pi) from the vegetative organs to the
developing seedsB*35l. Consequently, the senescence process
of the MdSAT1-OE lines was faster than that of the Col, particu-
larly in the LP treatment (Fig. 6a, b). Chlorophyll degradation
leading to leaf chlorosis and increased ion leakage due to cell
membrane fragmentation are important indicators of leaf
senescencel3637], Taken together the results suggest total
chlorophyll content, Fv/Fm ratio, and ion leakage rate were
consistent (Fig. 6c—e). These results suggest that MdSAT1 acts
as a positive regulator of leaf senescence to maintain late
reproductive growth in plants, particularly in response to Pi
deficiency.

Discussion

Soluble phosphate is low in soil, which greatly limits its
utilization by plants, and affects their growth and
development3839], Plants have evolved a set of responses to
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maintain Pi homeostasis, collectively known as PSRs!'0. Many
transcription factors involved in PSRs have been identified after
analyzing the Pi deficiency transcriptome, identifying low phos-
phate mutants, and comparing sequences between species?”.,
The transcription factors involved in the response to Pi starva-
tion have been experimentally confirmed and include PHR1[4%,
MYB62125], ZAT6[30, bHLH32[29T, and WRKY75[28], Most PSR tran-
scription factors are induced by Pi deficiency, such as the
expression of ZAT6, WRKY75, and bHLH32 is induced by Pi defi-
ciency in all parts of the plant; OsPTF1 expression is induced by
Pi deficiency only in roots[28-30411 |In the present study, we
determined that the bHLH transcription factor MdSAT1 was
involved in the PSRs in apples, and MdSATT expression was
significantly induced in roots by Pi deficiency (Fig. 1). Adaptive
changes in root architecture are a major form of PSR occurring
in plants. The root system of crops generally exhibits shorter
primary roots and clustered roots to meet the nutritional needs
of the ground under Pi deficiency. The roots stimulate lateral
root vitality to promote the increase and lengthening of lateral
roots, which take up more P¥2. Our results show that the
MdSAT1-OE lines produced longer primary roots and more
lateral roots in response to Pi deficiency when compared to Col
(Fig. 2). This change in root architecture caused by MdSAT1
increased the contact area of the root system with the soil and
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Fig. 2 MdSATT regulates root architecture. MdSAT1-OE and Col plants were grown for 7 d under LP (1.25 puM K,HPO,, 1.5% sucrose and 0.8%
agar powder, pH 5.9) or HP (1.25 mM K,HPO,, 1.5% sucrose and 0.8% agar powder, pH 5.9) conditions. Plants grown at 23 °C/21 °C for day/night
with 16L/8D, with an irradiance of 150 umol-m~2-s~" and relative humidity of 60%-70%. (a), (b) Morphological changes, (c) primary root length,
(d) the total number of root tips, (e) lateral root length, and (f) lateral root number are presented. Error bars represent standard deviations (n =
3). Different letters above the bars indicate significantly different values (p < 0.05).
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Fig. 3 MdSATT promotes phosphate uptake and regulates plant growth. MdSAT1-OE and Col plants were grown for 3 weeks under LP (1.25
uM K,HPO,) or HP (1.25 mM K,HPO,) conditions. Plants grown at 23 °C/21 °C for day/night with 16L/8D, with an irradiance of 150 pmol-m=2s~"
and relative humidity of 60%—70%. (a) Morphological changes, (b) fresh weight, (c) phosphate content, and (d) APase activity are presented.
Error bars represent standard deviations (n 2 3). Different letters above the bars indicate significantly different values (p < 0.05).

increased the number of root tips. The root tip is an important
P-uptake region that locally perceives exogenous Pil'3421, All
nutrient deficiencies stimulate the production of root hairs®l,
yet MdSAT1 failed to produce root hairs under Pi deficiency
(Supplemental Fig. S2). We hypothesized that MdSAT1 regu-
lates root architecture to increase Pi uptake and allow the
plants to be more adaptive under Pi deficiency. The regulation
of root architecture by MdSAT1 was investigated in our previ-
ous work. MdSAT1 improves plant salt tolerance and reduces
drought sensitivity by forming longer primary roots, but it is
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unable to respond to Cd, Cu, or ETH treatments by regulating
the growth of primary rootsl“3l. MdSAT1 is expressed at the
highest level at the beginning of the Arabidopsis lateral root
primordial stage and promoted lateral root genesis and
growth33]. MdSAT1 also regulates the development of root
hairs by regulating the transcript levels of root hair-related
genes in an ammonium dosage-dependent manner33l, These
findings, together with the present results, show that MdSAT1
helps in adaptation to changes in the external environment by
improving root architecture.
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Fig.4 MdSAT1 regulates the expression of Pi-responsive genes. MdSAT1-OE and Col Arabidopsis plants were grown for 3 weeks under LP (1.25
uM K,HPO,) or HP (1.25 mM K,HPO,) conditions. Plants grown at 23 °C/21 °C for day/night with 16L/8D, with an irradiance of 150 pmol-m=2:s~"
and relative humidity of 60%-70%. (a)-(f) Transcript levels of AtPHT1; 2, AtPHT1; 8, AtPHT1; 4, AtPHR1, AtSPX2, and AtPT1 in MdSAT1-OE and Col
plants under LP conditions. Error bars represent standard deviations (n = 3). Different letters above the bars indicate significantly different

values (p < 0.05).

APase is an adaptable enzyme whose activity is influenced by
the P supply status of the plant*4. When the plant obtains a P
starvation-induced signal, the root system secretes large quan-
tities of APase into the inter-root zone to hydrolyze organic
phosphorus in the growth medium to release PO?[, and main-
tain plant growth by consuming as little P as possiblel*]. We
observed that overexpressing MdSAT1 significantly increased
APase activity under Pi-deficient conditions (Fig. 3d), which
may have increased phosphorus utilization in the MdSAT1-OE
lines in vivo, resulting in greater biomass. These results suggest
that MdSAT1 is a positive regulator of Pi deficiency, which acts
similar to WRKY75[28], Pi-responsive transcription factors regu-
late the expression of PSI. Overexpressing MdSATT resulted in a
significant increase in the expression of PSI genes. For example,
AtPHT1;4, AtPHT1,2 and AtPHT1,8 of PHT1 family!“®l; AtPHRT as a
central regulator of Pi-starvation signaling[?¥; AtSPX2 plays an
important role in P signaling and P dynamic balance in
plantsi22, Mazurkiewicz (2013) reported that soybean GmSATI;
1, which is homologous to MdSATT1, causes a 39-fold increase in
the expression of the high-affinity phosphorus transporter
protein gene PHO84 in yeast, and two homologs of PHO84 in
Arabidopsis are AtPT1 and AtPT2U747), Interestingly, we observ-
ed that MdSAT1 significantly upregulated AtPT2 expression
(Fig. 4f), which deserves further investigation.

Phosphorus fertilizer, also known as flower fertilizer, pro-
motes the development of reproductive organs late in the
growth cycleB4. The flowering time of the MdSAT1-OE lines was
earlier than that of Col and more pronounced in the Pi defi-
cient environment (Fig. 5a—e). Flowering time is regulated by
multiple pathways, which are ultimately controlled by flower-
ing-related genes!“8l, The expression levels of genes that
promote flowering (AP1, FLC, FT, CO, and CAL) were significantly
higher in the MdSAT1-OE lines compared with Col; the
expression levels of gene that inhibit flowering (FUL) were
significantly lower (Fig. 549 Therefore, we hypothesized that
MdSAT1 might affect the expression of flowering-related genes
at the transcriptional level, thereby promoting flowering. Leaf

Li et al. Fruit Research 2023, 3:26

nutrients are remobilized and relocated from dying leaves to
seeds or other storage tissues during senescence, thereby
contributing to the fitness and survival of the plantl3550-52, | eaf
chlorosis due to the degradation of chlorophyll is a characte-
ristic of leaf senescencel3®l. Pi plays a very important role in
photosynthesis and chlorophyll synthesis>3], Here, the results
show that MdSAT1 in a Pi-deficient environment promoted
senescence in old leaves, showing decreases in chlorophyll
content and the Fv/Fm ratio (Fig. 6a—d). Plants are susceptible
to rupture of cell membranes under unfavorable conditions,
such as nutrient stress, resulting in an increase in ion leakage
due to extravasation of the cytosolB7). The MdSAT1-OE lines had
the highest ion leakage rates under the LP treatment, indicat-
ing that the long-term Pi-deficient environment severely
damaged the cell membranes of the MdSATI-OE lines. In
conclusion, we speculate that MdSAT1 shortens the plant
growth period by reactivating nutrients in aging leaves to
transfer to storage organs, such as seeds.

In summary, this study shows that the transcription factor
MdSAT1 positively regulates Pi deficiency resistance and root
architecture and is involved in the flowering and senescence
processes of plants. The results of this study strengthen our
understanding of transcriptional regulation in response to Pi
deficiency in apples and provide a basis for future studies on
the mechanisms by which MdSAT1 responds to other nutrient
stressors.

Materials and methods

Plant materials and growth conditions

In vitro shoot cultures of the 'Royal Gala' (Malus x domestica
'Gala’) cultivar were subcultured at 1-month intervals on MS
medium containing 0.1 mg-L~" of gibberellin (GA), 0.5 mg-L~" 6-
benzylaminopurine (6-BA), and 0.2 mg-L~! 1-naphthalene acetic
acid (NAA), and rooted in MS medium containing 0.15 mg-L~!
NAA at 24 °C under a long-day photoperiod (16L : 8D)(4,
Uniformly growing apple seedlings were selected for Pi
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starvation under hydroponic conditions with ddH,O for 1 week  using the corresponding concentration of K,SO,. The different
and subjected to different Pi treatments. The different Pi  seedling treatment times were treated with 1.25 pM (low P, LP)
concentrations the seedlings were treated with 0, 1.25, 25,625,  and 1.25 mM K,HPO, (high P, HP, represents the P concentra-
and 1,250 uM K,HPO, for 15 d, supplemented with 2,500 uM K*  tion in MS medium) for 0, 1, 3,and 6 h and 1, 6, and 15 d. The LP
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concentration treatment group was supplemented with 2,500
uM K+ using the corresponding concentration of K,SO,. The
sample were collected at day phase. Then, RNA was extracted
from the apple seedlings with different Pi concentrations and
treatment times, and detected by real-time-polymerase chain
reaction (RT-PCR) analysis.

Arabidopsis seeds were disinfected in 75% alcohol and 2.8%
sodium hypochlorite and sown on 1/2 MS medium solid culture
plates (containing 1.5% sucrose and 0.8% agar powder, pH 5.9)
at 4 °C in the dark for 4-d of stratification. The seeds were
germinated and grown at 23 °C/21 °C for day/night with
16L/8D, with an irradiance of 150 pmol-m=2s-! and relative
humidity of 60%—70%.

Two or three days after germination, the different genotypes
of Arabidopsis (MdSAT1-OE, Col) seedlings were transplanted
and grown on LP or HP modified basic nutrient solution
(containing 1.0 mM CaCl,, 1.0 mM NaH,PO, (LP: 1.25 uM; HP: 1.25
mM), 1.0 mM MgSO,, 0.1 mM FeNa,EDTA, 50 uM MnSO,4-H,0,
50 uM H3BO;, 0.05 uM CuSO,4-5H,0, 0.5 uM Na,Mo0,-2H,0, 15
uM ZnSO,-7H,0, 2.5 uM Kl, and 0.05 uM CoCl-6H,0, organic
matter (2 uM C¢H;,042H,0, 0.02 uM NC;H,COOH, 0.001 uM
Cy,H17CIN,OSHCL, 001 pM CgH,yOsN-HCI, 0.1 pM NH,CN,:
COOH, 1.5% sucrose and 0.8% agar powder, pH 5.9). The final
K* concentration was adjusted to be the same in both solu-
tions by adding K,SO,. The root hairs were observed after 3 d
on the treatment media, and the primary root and lateral root
were observed after 7 d on the treatment media. The inorganic
salts used in this article are provided by Tianjin Kaitong Chemi-
cal Reagent Co., Ltd.

The different types of Arabidopsis [MdSAT1-OE, Columbia
(Col)] seedlings were transplanted to vermiculite 7 d after
germination, irrigated with dH,O water, and watered weekly
with a modified Hoagland's nutrient solution with either LP or
HP, pH 5.9. The final K* concentration was adjusted to be the
same in both solutions by adding K,SO,. The details of the
growing periods for the phenotypic observations, the gene
expression analysis, and the physiological statistics are shown
in the figure legends.

Transgenic materials

The MdSAT1 (NCBI ID: XM_029109715.1) open reading frame
was cloned, and a 2 kb promoter fragment (NCBI ID: OU744551.
1) was inserted upstream of the MdSAT1 transcription start site
in the pRI-101 vector (Takara, Dalian, China) and the pCAMBIA
1300 (Takara, Dalian, China) vector with the GUS reporter gene,
respectively. Then transgenic Arabidopsis MdSAT1-OE (Supple-
mental Fig. S3) and ProMdSAT1::GUS were generated through
Agrobacterium-mediated genetic transformation354351, The
nutrient culture for screening homozygous lines is 1/2 MS
medium solid culture plates (containing 50 mg/L kanamycin,
1.5% sucrose and 0.8% agar powder, pH 5.9), and the growth
conditions is at 23 °C/21 °C for day/night with 16L/8D, with an
irradiance of 150 pmol'm=2s=' and relative humidity of
60%—70%. After germination, the Arabidopsis seedlings were
transplanted and grown in vermiculite with Hoagland's nutri-
ent, homozygous transgenic Arabidopsis plants were obtained
at the third generation (T3) (Shandong Agricultural University,
China).

RNA extraction

The Omni Plant RNA Kit (tDNase 1) was used to extract the
plant RNA (Tiangen, Beijing, China). The extracted RNA was
stored in tissue RNA preservation solution (RNAfollow M6100
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New Cell & Molecular Biotech) for protection and stored in an
ultra-low temperature refrigerator for gene expression analysis.

Quantitative RT-PCR analysis of gene expression

The cDNA required for quantitative PCR was synthesized
using the PrimeScript First Chain ¢cDNA Synthesis Kit (Takara,
Dalian, China). The synthesized products were used as tem-
plates for quantitative RT-PCR to detect the expression levels of
selected genes. Each template contained three biological repli-
cates and executed the program of pre-denaturation at 95 °C
for 10 min, denaturation at 95 °C for 15 s, annealing at 56 °C for
15 s, extension at 65 °C for 10 s, and 40 cycles with a StepOne
Plus Real-Time PCR System[>¢], Apple 78S rRNA (AT1G13180, F:
CGTGACCTTACTGATTAC; R: TTCTCCTTGATGTCTCTT) and
Arabidopsis actin rRNA (DQ341382, F: ACACGGGGAGGTAGTGA
CAA; R: CCTCCAATGGATCCTCGTTA) were used as the loading
controls. The PCR analysis was performed using the specific
primer sequences listed in Supplemental Table S1, and relative
gene expression was calculated using the 2-2ACT method!571,

Physiological measurements

Pi content

The Pi content was extracted from MdSATI-OE and Col
Arabidopsis after treatment in LP or HP vermiculite for 3 weeks,
using a method described previouslyl>8l, The pre-weighed fresh
samples were dissolved in 1 mL of 1% concentration and
repeatedly frozen and thawed. Next, 100 pL of the extract was
mixed with 200 pL of ultrapure water and 700 pL of mix buffer
[0.42% NH4Mo00,, 2.86% (v/v) H,SO,4 and 10% (w/v) ascorbic
acid in a 6:1 ratio, pH 3.1] at 37 °C for 1 h. Then, Pi content was
determined at Ag,, according to a standard curvel>8],

Acid phosphatase (APase) activity assay

All of the extraction steps were carried out on ice. Root
samples of MdSAT1-OE and Col Arabidopsis were powdered in
liquid nitrogen and transferred to an extraction buffer (10
mmol-L~" sodium acetate, pH 5.6). The homogenized samples
were centrifuged twice at 12,000 x g and 4 °C for 30 min, and
the supernatants of each time were used to measure APase
enzyme activity. The enzyme activity measurements were
performed at 37 °C for 30 min in 100 mmol-L-! sodium acetate
buffer (pH 5.6) containing 5 mmol-L~" of p-nitrophenyl phos-
phate (oNPP). To determine the enzyme activity, we construct-
ed a standard curve using known concentrations of PO;". We
defined each unit of APase activity as 1T pumol of Pi released per
min(28],

Quantification of chlorophyll content, the Fv/Fm ratio,
and ion leakage rate

The following experimental materials were extracted from
MdSAT1-OE and Col Arabidopsis after treatment in LP or HP
vermiculite for 7 weeks.

Total chlorophyll content was measured as described by
Fitter et all>l.

Fv/Fm ratios were analyzed according to the manufacturer's
instructions (OS-30p instrument, OptiSciences) as described
previously!©0l,

lon leakage rates were measured as described previously(®'l,

GUS staining

Arabidopsis (ProMdSAT1:GUS) seedlings [10 d old after grow-
ing on 1/2 MS medium (containing 1.5% sucrose and 0.8% agar
powder, pH 5.9)] solid culture plates) were watered with ddH,0
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for 3 d, then treated for 1 h with 0, 1.25, 25, 625, and 1,250 uM
K,HPO,, supplemented K* to 2.5 mM with the corresponding
concentration of K,SO, and pH adjusted to 5.9, immersed in
GUS staining solution for 1 h in the dark, and photographed.

The GUS staining buffer was prepared according to Feng et
al.le2l,

Root system analysis

The primary roots of Arabidopsis were photographed and
observed using a body vision microscope. The number and
length of the root hairs in the 4-mm area 2 mm above the root
tip were counted using Digimizer software.

Statistical analysis

Three biological replicates with three parallel experiments
were used to analysis the data in this study. All data were statis-
tically analyzed by two-way analysis of variance and Tukey's
multi-comparison test in SAS software version 8.1 (SAS Insti-
tute, Cary, NC, USA). A p-value < 0.05 was considered signifi-
cant. The results are expressed as means with corresponding
standard errors.
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