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Abstract: The SPX domain-encoding proteins are believed to play important roles in phosphorus (Pi)
homeostasis and signal transduction in plants. However, the overall information and responses of
SPXs to phosphorus deficiency in pines, remain undefined. In this study, we screened the transcrip-
tome data of Pinus massoniana in response to phosphorus deprivation. Ten SPX domain-containing
genes were identified. Based on the conserved domains, the P. massoniana SPX genes were divided
into four different subfamilies: SPX, SPX-MFS, SPX-EXS, and SPX-RING. RNA-seq analysis revealed
that PmSPX genes were differentially expressed in response to phosphorus deprivation. Further-
more, real-time quantitative PCR (RT-qPCR) showed that PmSPX1 and PmSPX4 showed different
expression patterns in different tissues under phosphorus stress. The promoter sequence of 2284 bp
upstream of PmSPX1 was obtained by the genome walking method. A cis-element analysis indicated
that there were several phosphorus stress response-related elements (e.g., two P1BS elements, a PHO
element, and a W-box) in the promoter of PmSPX1. In addition, the previously obtained PmSPX2
promoter sequence contained a W-box, and it was shown that PmWRKY75 could directly bind to
the PmSPX2 promoter using yeast one-hybrid analysis in this study. These results presented here
revealed the foundational functions of PmSPXs in maintaining plant phosphorus homeostasis.

Keywords: Pinus massoniana; SPX domain; transcriptome; phosphorus deficiency; expression profile;
cis-element

1. Introduction

Phosphorus (P) is one of the major nutrients required by plants, indispensable in
plant growth and development [1]. It is usually absorbed and utilized in the form of
inorganic phosphate (Pi) [2]. However, soil inorganic phosphorus content is low, and
not easy to diffuse in the soil, as a result, P is difficult to be absorbed by plant roots [3].
Therefore, in the natural environment, plants often encounter phosphorus deficiency in
the soil and overcome this problem by applying large amounts of phosphorus fertilizer.
Nevertheless, this approach can cause not only overexploitation of phosphate ore but
also water eutrophication [4]. Thus, it is crucial to improve the adaptability of plants to a
phosphorus-deficient environment.

Plants have developed intricate regulatory mechanisms to survive in Pi deficient
conditions [5–7]. Unveiling the molecular mechanism of plants’ adaptation to phosphorus
starvation would be pivotal for breeding phosphorus efficient species. In previous studies,
the phosphorus starvation signaling pathway in plants has been well revealed, and more
and more research has confirmed that SPX-domain proteins play a vital role in phosphorus
homeostasis and signal transduction [8–11]. So far, the SPX members have been identified
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and characterized in many plants, including Arabidopsis [12], rice [13], common bean [14],
rapeseed [15], wheat [16].

The SPX domain (Pfam: F03105) is named after the first discovered acronym containing
the three proteins of the domain: yeast SYG1 and PHO81, and human XPR1 protein [17].
The SPX conserved hydrophilic domain is usually located at the N-terminal. According
to the different C-terminal domains, proteins containing the SPX domain in plants can be
divided into four subfamilies: SPX, SPX-MFS, SPX-EXS, and SPX-RING [18]. The members
of the SPX genes family are gradually being discovered as playing a vital role in the growth
and metabolism of disease resistance, hypoxia response, light signaling, and nutrient stress
response [19]. The SPX-MFS protein, also specified as the PHOSPHATE TRANSPORTER
5 family, has a vacuolar Pi transport function [20]. The inorganic phosphates stored in
plant vacuoles play a vital role in maintaining cell phosphorus homeostasis. AtPHT5;1 is
an SPX-MFS protein that acts as a vacuolar phosphorus transporter, mediating the transfer
of phosphorus from the cytoplasm into vacuoles [21]. OsSPX-MFS1 mediates Pi inward
flow into vacuoles, while OsSPX-MFS3 mediates phosphorus transport from vacuoles
to the cytoplasm [22,23]. Members of the PHO family, which contain both the SPX and
EXS domains, have been confirmed to mediate the transport of phosphorus from root to
shoot [17,24]. In Arabidopsis, there are 11 PHO1 family members, including AtPHO1 and
AtPHO1;H1 which have been shown to involve in phosphorus homeostasis by transporting
Pi from root xylem to shoot [25]. According to the report, OsPHO1;2 also mediated the
transfer of phosphorus from root to stem in rice [26]. A characteristic member of the
SPX-RING family, also known as nitrogen limiting adaptation (NLA), was firstly identified
in anti-nitrogen starvation, meanwhile, mutation of OsNLA1 led to excessive accumulation
of Pi in roots and shoots under Pi-sufficient conditions [27]. Similarly, members of the SPX
subfamily play a vital role in the regulation of P signal networks. Previous documents
revealed that all SPX genes excepting AtSPX4 and OsSPX4 were Pi starvation-induced
genes [28,29]. Further evidence proved that SPX protein was a negative regulator of Pi
signal transduction, and maintained phosphorus homeostasis in plants by counteracting
overexpression of PHR [30,31].

Pinus massoniana is a coniferous gymnosperm native to tropical and subtropical areas
of southern China. This species has become an important economic species because of its
excellent characteristics of fast growth and high yield [32]. However, P. massoniana may be
critically endangered in some areas due to poor growing conditions and excessive logging
harvesting, and the plant was classified as “Least Concern” in the IUCN Red List of Threat-
ened Species (2013) [33]. Therefore, it is particularly important to study the adaptability of
P. massoniana in adapting to the growing environment and improving its growth ability.
The main production area of P. massoniana is seriously short of phosphorus. Whereas,
in the long-term evolution process, P. massoniana obtained a great ability of resistance to
phosphorus deficiency conditions, and showed differences in gene expression level [34,35].
These molecular changes played a vital role in plants in adaptation to low phosphorus
stress. Therefore, P. massoniana is an ideal specimen for studying the response mechanism
of woody plants to phosphorus stress. However, the role of SPX family genes in P. massoni-
ana was unknown. In this study, we performed a comprehensive transcriptome analysis
of SPX family genes in phosphorus stress, conducted gene identification, phylogenetic,
conserved domain, and sequential physicochemical properties analysis. In addition, we
also investigated the expression profiles of PmSPX1 and PmSPX4 in different tissue (root,
stem, and leaf) under phosphorus stress treatments by RT-qPCR. The upstream promoter
sequence of PmSPX1 was obtained by chromosome stepping method and its cis-elements
were analyzed. The binding of PmWRKY75 to the PmSPX2 promoter was verified by a
yeast one-hybrid experiment. These results lay a theoretical basis for further functional
analysis of PmSPXs in P. massoniana.
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2. Materials and Methods
2.1. Identification of SPX Genes in P. massoniana

The SPX gene data for P. massoniana were obtained from the previously determined
Pi deficiency Transcriptome (PRJNA641031) [36]. The Hidden Markov Model (HMM)
configuration file of the SPX domain (PF03105) was downloaded from the Pfam database
(http://pfam.xfam.org/, accessed on 15 July 2020). HMMER3 was used to classify the
P. massoniana SPX protein sequences (E-value ≤ 10−3). Protein domains were predicted
using the Pfam (http://pfam.xfam.org/, accessed on 15 September 2020) and the structure
of P. massoniana SPX domain protein sequences screening by CD-search (https://www.
ncbi.nlm.nih.gov/cdd/, accessed on 10 April 2021). Finally, 10 sequences with complete
SPX domains were identified (Supplementary Materials Table S1). DOG2.0 software was
used to draw the distribution of conserved domains according to the starting position and
length [37]. The physicochemical parameters including the number of amino acids (aa),
molecular weights (MW,) and isoelectric points (pI) of PmSPX proteins, were calculated by
the ExPASy program (http://www.expasy.org/tools/, accessed on 10 April 2021). Subcel-
lular location prediction was conducted using PSORT (https://psort.hgc.jp/, accessed on
25 April 2021) and CELLO (http://cello.life.nctu.edu.tw/, accessed on 10 April 2021).

2.2. Multiple Sequence Alignment, Phylogenetic Analysis, and Conserved Motif Analysis

The SPX protein sequences of Arabidopsis and rice were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/, accessed on 10 April 2021). Clustal W software (https:
//www.genome.jp/tools-bin/clustalw, accessed on 10 April 2021) was used to conduct
multiple sequence alignment of 10 PmSPXs proteins sequences, 20 AtSPXs proteins se-
quences, and 15 OsSPXs proteins sequences. A phylogenetic tree of the 45 full-length
SPX protein sequences was performed by MEGA 6 with neighbor-joining (NJ) criteria
and 1000 bootstrap replicates [38], and then beautified using Evolview (https://www.
evolgenius.info/evolview/#login, accessed on 10 April 2021). MEME tool (Version 5.3.3)
(https://meme-suite.org/meme/tools/meme, accessed on 10 April 2021) was used to
analyze the amino acid motifs of PmSPXs proteins, with setting 6 motifs, and all other
default parameter values. The sketch map of conserved motifs for PmSPX proteins was
drawn by Tbtools software [39].

2.3. Plant Material and Pi Stress Treatments

P. massoniana materials and Pi stress treatments were similar to previous research [36].
The plants were grown in perlite in an illuminated incubator with a cycle of 14 h/25 ◦C
days and 10 h/22 ◦C nights, and light intensity of 250 µmol·m−2·s−1. In addition to the
Pi, the complete basal nutrient solution contained: 5.0 mM KNO3, 2.0 mM MgSO4·7H2O,
4.5 mM Ca(NO3)2·4H2O, 46 µM H3BO3, 0.8 µM ZnSO4·7H2O, 10 µM MnCl2·4H2O, 0.4 µM
H2MoO4·4H2O, 0.56 µM CuSO4·5H2O and 25 µM Fe-NaEDTA [40]. The phosphorus con-
centration in the treated nutrient solution was adjusted by KH2PO4. Three treatments with
different phosphorous levels: a control treatment (0.5 mM), two experimental treatments
P1 (0.01 mM) and P2 (0.06 mM). KCl was added to Pi-deficient solutions to ensure the same
potassium concentration. 30 days after emergence, the nutrient solutions with different
Pi concentrations were added every 2 days, the treatment lasted for 60 days. During the
Stress treatment for 12, 24, 36, 48, and 60 days, roots, stems, and leaves were harvested,
immediately frozen in liquid nitrogen, and stored at −80 ◦C. In this study, three biological
replicates were set up for each sample.

2.4. RNA-Seq Data Analysis of PmSPX Genes

The following is the information on Pi deficiency treatment for Illumina RNA-seq
of P. massoniana. P. massoniana seedlings were grown in perlite medium under 0.5 mM Pi
(normal Pi, CK) for 30 days, then half the seedlings were treated with 0.01 mM Pi (low
Pi, P1) stress and the remaining seedlings were kept under normal Pi conditions as a
control. The aboveground and underground parts of every seedling were harvested at 24,
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36, and 48 days after the phosphorus processing. To measure the expression level of the
P. massoniana SPX gene, fragments per kilobase of exon model per million reads mapped
(FPKM) values were calculated to reckon the abundance of transcripts. Tbtools software
was used to generate a heat map of PmSPXs gene expression d based on log2 (FPKM
+0.01) value.

2.5. RNA Extraction, cDNA Synthesis, and RT-qPCR

Total RNA was isolated from plant tissues using RNAprep Pure Plant Kit (Tiangen,
Beijing, China) according to the manufacturer’s protocols. RNA concentration and purity
were measured with IMPLEN GMBH (NanoPhotometer N60 Touch, Germany), and then
the integrity of RNA was identified by gel electrophoresis. The first-strand cDNA was
synthesized using the FastKing gDNA Dispelling RT SuperMix (Trangen, Beijing, China).
The specific primers used in this study were designed based on the P. massoniana SPX
genes sequences using Primer Primer 5.0 software and synthesized by Sangon Biotech
Company (Shanghai, China) (Table S3). RT-qPCR was executed on a CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) with the SYBR Green system (Tiangen,
Beijing, China). The P. massoniana UBC gene was employed as a control. In this study, three
independent biological replicates and three technical replicates for each biological replicate
were examined. The relative expression levels of PmSPX genes were calculated by the
2−∆∆CT method [41].

2.6. Subcellular Localization Analysis

The coding regions without stop codon of PmSPX1 and PmSPX4 were cloned into
the transient expression vector (pCAMBIA-EGFP) for subcellular localization analysis
and fused with the N-terminus of GFP in the vector pCAMBIA to generate 35S-PmSPXs-
GFP vectors. The ORF and primer sequence information was listed in Tables S4 and
S5. For subcellular localization of PmSPXs in leaf epidermal cells of N. benthamiana, the
35S-PmSPXs-GFP were transformed into Agrobacterium tumefaciens GV3101 strain. The
transformed strains were cultured to a density of OD600 = 0.5, and then harvested and
resuspended in osmotic buffer (0.2 mM AS and 10 mM MgCl2) to the same concentration.
After transformation, the plants were grown under the dark treatment for 48 h, and the
GFP fluorescence was observed by a confocal laser scanning microscope (TCS SP8, Leica).
All fluorescence experiments were independently repeated three times.

2.7. Isolation and Cis-Element Analysis of the PmSPX1 Promoter

The PmSPX1 promoter sequence was isolated using a Genome Walking Kit (TaKaRa,
Beijing, China). The full-length DNA of PmSPX1 was verified by combining it with the tran-
scriptome data (PRJNA641031). Specific primers (SP1, SP2, and SP3) with high annealing
temperature were designed using validated DNA sequences (Tables S4 and S5), combining
degenerate primers (AP) provided in the kit and the manufacturer’s instructions, finally,
the upstream 5’ sequence of PmSPX1 gene was obtained. Using the same way, by specific
primers SP4/5/6 and SP7/8/9, the second and third upstream promoter sequences could
be cloned (Table S5). The PmSPX1 upstream promoter sequences were analyzed to deter-
mine the cis-regulatory elements using cis-element online analysis software PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 4 January
2021) [42].

2.8. Yeast One-Hybrid Assay

Based on the previously obtained PmSPX2 promoter sequence, W-box cis-acting ele-
ment was the binding site for WRKY transcription factors under phosphorus stress [43–45].
To detect the interaction between PmWRKY75 and the W-box element of the PmSPX2
gene, we cloned the ORF of PmWRKY75 into pGADT7 (Clontech, Dalian, China) and
constructed an effector vector (pGADT7-PmWRKY75). The PmSPX2 promoter fragment
(790 bp) containing the W-box element was cloned and connected to the pAbAi vector

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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(pAbAi-proSPX2). Library Construction & Screening Kits (Clontech, Cat. No. 630490) were
used to screen yeast-hybrid libraries according to the manufacturer’s instructions. The
growth ability of co-transformed yeast cells was tested by adding variously concentrated
AbAr in SD/−Leu/−Ura medium. The yeast one-hybrid assay was repeated four times.
The specific primers for the yeast one-hybrid experiment are shown in Table S5.

2.9. Statistical Analysis

Graphpad Prism (Version 8.3.0) was used for analyses of the RT-qPCR data. Analyses
of variance (ANOVA) for sets of data were subjected to Duncan’s test. p < 0.05 and p < 0.01
were determined significant and extremely significant, respectively.

3. Results
3.1. Transcriptome-Wide Identification of SPX Members in P. massoniana

Genes containing SPX domains were identified in the transcriptome of P. massoniana
by gene models and CD-search program, and 10 SPX genes (PmSPXs) were confirmed
in the transcriptome of P. massoniana (Table 1). These SPX genes were divided into four
subfamilies: SPX, SPX-MFS, SPX-EXS, and SPX-RING. The confirmed coding sequences of
PmSPX genes were listed in Table S1. The PmSPX proteins consist of 267~820 amino acids
(aa), and the corresponding molecular weights range from 30.413 to 93.081 kDa. Among
the 10 PmSPX proteins, PmNLA1 was the smallest, and PmPHO1 was the largest. The
isoelectric point (pI) value of these PmSPX proteins ranged from 5.07 (PmSPX4) to 9.40
(PmPHO1), and most proteins in the same subfamily have similar parameters. CELLO and
PSORT were used to forecast the subcellular location of the 10 PmSPX proteins, including
the nucleus and plasma membrane. All proteins in the SPX-MFS and SPX-EXS subfamilies
were located in the plasma membrane, and all the members in the SPX and SPX-RING were
located in the nucleus. The predicted results for these proteins were shown in (Table 1).
The diversity in subcellular locations implies different SPX subfamilies may have different
functions. To verify the prediction results of subcellular localization, PmSPX1 and PmSPX4
fused with GFP were instantaneously transformed into N. benthamiana and their localization
was analyzed. Based on the location of the green fluorescence signal, the results showed
that PmSPX1 and PmSPX4 were localized in the nucleus (Figure 1).

Table 1. Basic information for 10 identified PmSPX members.

Gene Gene ID a cDNA Length aa MW (kDa) pI Domain
Subfamilies b

Subcellular
Localization c

PmSPX1 Unigene0025956 1256 290 33.642 5.27 SPX Nuclear

PmSPX2 Unigene0055609 1740 349 39.626 5.58 SPX Nuclear

PmSPX4 Unigene004869 1904 366 41.013 5.07 SPX Nuclear

PmSPX-MFS1 Unigene0002810 1949 530 60.389 8.34 SPX-MFS Plasma
Membrane

PmSPX-MFS2 Unigene0019666 2660 702 78.396 6.14 SPX-MFS Plasma
Membrane

PmPHO1 Unigene0054294 2988 820 93.081 9.40 SPX-EXS Plasma
Membrane

PmPHO1;H1 Unigene0004203 3130 802 93.057 9.24 SPX-EXS Plasma
Membrane

PmNLA1 Unigene0027297 1998 267 30.413 7.53 SPX-RING Nuclear

PmNLA2 Unigene0000965 1371 355 40.391 8.18 SPX-RING Nuclear

PmNLA3 Unigene0063200 2560 353 40.235 8.97 SPX-RING Nuclear
a The gene ID was obtained from the transcriptome data of P. massoniana Pi stress transcriptome (PRJNA641031). b The domain subfamilies
were classified based on CD-search (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 10 April 2021) search for the conserved domain of
PmSPX proteins. c Subcellular localization of the PmSPX proteins is projected using CELLO (http://cello.life.nctu.edu.tw/, accessed on 10
April 2021) and PSORT (https://psort.hgc.jp/, accessed on 10 April 2021).

https://www.ncbi.nlm.nih.gov/cdd/
http://cello.life.nctu.edu.tw/
https://psort.hgc.jp/
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Figure 1. Subcellular localization of PmSPX1 and PmSPX4 in N. benthamiana. Scale bars = 25 µm.

3.2. Phylogenetic Relationships and Conserved Domain Analysis of PmSPX Proteins

To examine the phylogenetic relationships and classification of the PmSPX family
members, we constructed a phylogenetic tree of 10 PmSPXs, 20 AtSPXs, and 15 OsSPXs
proteins (Figure 2A). The phylogenetic tree confirmed that PmSPXs could be divided into
four different subfamilies (SPX, SPX-MFS, SPX-EXS, and SPX-RING subfamilies). In addi-
tion, the numbers of SPX subfamily proteins in the three species were highly asymmetrical.
For example, two PmSPXs and 11 AtSPXs were classified in SPX-EXS subfamilies, and
3 PmSPXs, 2 AtSPXs, and 2 OsSPXs were included in SPX-RING subfamilies. Phyloge-
netic analysis showed that the SPX genes family was highly conserved and diverse in
different plants.

The N-terminus of these four subfamily proteins all contain the SPX domain, and
different subfamily proteins have different C-terminus domains (Figure 2B). Conserved
motif prediction showed 6 motifs within P. massoniana SPX proteins. The length of amino
acids of the six motifs ranges from 21 to 50. The mode of the conserved motifs was
displayed in Figure 2C and illustrated in Table 2. Motif 1 was identified in all PmSPX
proteins, while only PmNLA1 did not appear motif 2. As shown in Figure 2C, the PmSPX
proteins clustered in the same subfamily usually have similar motif patterns. For instance,
all members of the SPX subfamily contained motifs 1, 2, and 4, and all of the SPXs in the
SPX-RING subfamily contained motifs 1, 3, 5, and 6. In addition, all SPX members included
motif 1, 2, and 4 in the SPX, SPX-EXS, and SPX-MFS subfamily, while all SPX members
included motif 1, 3, 5, and 6 in the SPX-RING subfamily.
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Figure 2. (A) Phylogenetic analysis of the SPX proteins of P. massoniana, rice, and Arabidopsis. Different subfamilies are
represented by different color branches and stripes. The blue background represents Arabidopsis, the green background
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Table 2. Information of conserved motifs from PmSPX proteins.

Motif Length Sequence

1 29 RELVLLENYSSLNATAIRKILKKYDKRTG
2 21 YPEWKDKFLNYKLLKKKLKKI
3 50 TCPICLDTVFDPVALGCGHIFCNNCACTGASIPTIEGVKAANPRARCPJC
4 47 KDRRAAEKDFIKLLDAZLEKFNLFFLEKEEEYIIRLEELKERIERLK
5 50 KSPWLIELIAFQINTRDPEHGHIGEIFPECSCDFTGSDPVJTCTLPDSVK
6 50 RQMGVYADSVHLPELGLLVKKRCRGYWEERLHTERAERVKQAKEHWDLQS

3.3. Analysis of the Transcriptional Profiles of PmSPX Genes

To explore PmSPX genes that may be involved in phosphorus starvation signals, we
analyzed the expression profiles of all SPX genes in P. massoniana under phosphorus stress
using RNA-seq analysis. The 10 PmSPXs expression data were clustered and displayed in a
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heat map (Figure 3 and Table S2). The result showed that some genes exhibited significant
trends during treatment with Pi stress. For instance, PmSPX4 was induced and expressed
in the aboveground and underground parts of P. massoniana seedlings at all stages of low
Pi stress; the expression of PmSPX1 and PmSPX2 was induced except for aboveground
parts on 24 days; the expression of PmPHO1 and PmPHO1;H1 was inhibited except for
up-regulation in aboveground parts on 24 days. In addition, the expression levels of some
genes changed at different stress times and tissues. These results suggested that these
genes could be regulated by Pi stress.
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We found that under Pi stress (P1, P2), the root structure of P. massoniana seedlings
changed significantly compared with normal Pi concentration (Control) (Figure 4A), and the
more developed root structure was conducive to the uptake of Pi by plants [46]. To further
understand the expression pattern of PmSPX1 and PmSPX4 in response to phosphorus
stress, RT-qPCR was performed using specific primes for PmSPX1 and PmSPX4 of the SPX
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subfamily (Table S3). Under phosphorus stress, PmSPX1 and PmSPX4 were differentially
expressed in different tissue parts and at different treatment times (Figure 4B, Table S6). It
is noteworthy that the expression of PmSPX1 was significantly higher than that of PmSPX4
under phosphorus deficiency conditions, and the gene expression in the root, stem, and leaf
tissues of P. massoniana seedlings was in dynamic change. In addition, with the extension of
phosphorus stress time, the relative expression of PmSPX1 gradually increased in the roots
of P. massoniana seedlings, while that in the leaves of P. massoniana seedlings decreased
gradually. Under severe low Pi treatment (P1), the expression of PmSPX4 increased as a
whole. However, the expression of PmSPX4 was inhibited under moderate low Pi treatment
(P2) for 48 days, and the relative expression of PmSPX4 in P. massoniana seedling leaves
gradually decreased with the increase of stress time. These results showed that PmSPX1
and PmSPX4 could play vital roles in the response to phosphorus stress in different tissues.

3.4. Isolation and Cis-Acting Element Analysis of PmSPX1 Promoter

As the P. massoniana genome sequence has not been obtained, the PmSPX1 promoter
sequence was cloned using a genome walking assay. Based on specific primers (SP)
and degenerative primers (AP), the upstream 892 bp sequence of the initiation codon
was obtained by the first round of genome walking, 491 bp unknown sequence was
isolated in the second round, and 901 bp unknown sequence was isolated in the third
round. (Figure 5A,B). Finally, the PmSPX1 promoter sequence of 2284 bp was obtained
(Figure 5A,C).

Cis-acting elements play vital roles in the overall regulation of gene expression. Cis-
element analysis of 2284 bp nucleotide sequences upstream of the initiation codon was
performed using online software PlantCARE, and a total of 36 types of cis-acting elements
were identified (Figure 5C). These cis-acting elements are mainly composed of core pro-
moter elements (e.g., CAAT-box and TATA-box), light response-related elements (e.g.,
AE-box, Box 4, G-Box, GATA-motif, GATA-motif, Gap-box, MRE, TCCC-motif, and TCT-
motif), hormone-responsive elements (e.g., ABRE, ABRE3a, ABRE4, P-box, TCA, ARE
and ERE), stress response-related elements (e.g., TC-rich repeats, WUN-motif and MBS.),
metabolism-related element (e.g., Box III and O2-site.) and transcription factor binding site
(e.g., MYB, MYC, and W-box). P1BS (GNATATNC) was a well-established Pi-starvation-
responsive element [47] and based on their sequence characteristics, we identified two
P1BS elements [678 bp (−)/1541 bp (−)]. PHO element (CACGT(G/C)), which has also
been suggested to be related to Pi signaling [48], was found in the PmSPX1 promoter [648
bp (−)]. Lots of cis-acting elements in the promoter sequence suggested that PmSPX1 may
be involved in a complex regulatory network.
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Figure 4. (A) Morphology of P. massoniana seedlings treated with different phosphorus concentrations and three biological
replicates were set up. P1 (severe low phosphorus: 0.01 mM Pi), P2 (moderate-low phosphorus: 0.01 mM Pi) and Control
(normal phosphorus: 0.5 mM Pi). R, S, and L respectively represent the root, stem, and leaf of P. massoniana seedlings.
(B) Expression patterns of PmSPX1 and PmSPX4 in different tissues under different phosphorus deficiency conditions. The
relative expression of PmSPX1 and PmSPX4 was analyzed by RT-qPCR in root, stem, and leaf. Error bars ± SEM (standard
error). Asterisks represent significant differences of gene expression in different tissue parts of P. massoniana seedlings
between different Pi deficiency and normal phosphorus in t-tests. * p < 0.05, ** p < 0.01.
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Figure 5. Information of the PmSPX1 promoter. (A) The PmSPX1 promoter cloning model is based on genome walking.
(B) Analysis of three rounds of genome walking by gel electrophoresis. The position of the red rectangle represents the
PmSPX1 promoter that was cloned in each round. (C) Nucleotide sequence and predicted cis-acting elements of the PmSPX1
promoter. On the right, different colors indicate different cis-acting elements. On the left, rectangles of different colors show
the sequence and position of each cis-acting element, for example, the W-box (CCAGTT) is shown in magenta between
−1724 bp and −1794 bp. The location of each specific primer was indicated by the arrows.

3.5. PmWRKY75 Can Bind Directly to PmSPX2 Promoter

In this study, we analyzed the cis-acting elements of the PmSPX2 promoter sequence,
and multiple types of cis-acting elements were identified in the PmSPX2 promoter region
(i.e., stress response, metabolism, hormonal response, and photoreaction related elements)
(Figure 6D). Previously study revealed that the expression levels of PmSPX2 in different
tissue parts of P. massoniana seedlings were differentially expressed under phosphorus
stress [45]. In addition, PmSPX2 contained a W-box structure, and PmWRKY75 protein
contained a complete WRKY domain (Figure 6B). Yeast single hybridization (Y1H) assay
was used to evaluate whether PmWRKY75 is directly bound to the promoter of PmSPX2.
The cells co-transformed with pAbAi-proSPX2 and the pGADT7-PmWRKY75 vectors could
grow well on SD/−Leu/−Ura/AbAr plates (Figure 6A), and proportionately diluted yeast
also grow normally (Figure 6C). The results suggested that PmWRKY75 could directly bind
to the promoters of PmSPX2.
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Figure 6. (A, C) Y1H assay to dissect the binding regions of PmWRKY75 in the promoter regions of PmSPX2. 0.1, 0.01, and 
0.001 indicate yeast dilution 10 times, 100 times, and 1000 times, respectively. pAbAi- & pGADT7 and pAbAi-proSPX2 & 
pGADT7 as two negative controls, and pAbAi-p53 & pGADT7-rec53 as a positive control. (B) The conserved domain of 

Figure 6. (A,C) Y1H assay to dissect the binding regions of PmWRKY75 in the promoter regions of PmSPX2. 0.1, 0.01, and
0.001 indicate yeast dilution 10 times, 100 times, and 1000 times, respectively. pAbAi- & pGADT7 and pAbAi-proSPX2 &
pGADT7 as two negative controls, and pAbAi-p53 & pGADT7-rec53 as a positive control. (B) The conserved domain of
PmWKY75 proteins. The location and size of WRKY domains are indicated in bright blue. (D) Nucleotide sequence and
predicted cis-acting elements of the PmSPX2 promoter. On the left, different colors indicate different cis-acting elements. On
the right, rectangles of different colors show the sequence and position of each cis-acting element, for example, the W-box
(CCAGTT) is shown in bright blue between −601 bp and −671 bp. The sequence contained in parentheses (790 bp) was
connected to the bait vector.

4. Discussion

SPX subfamily genes have always been the focus of studies on maintaining phospho-
rus homeostasis in plants [19,49]. The SPX genes have been well identified and classified
in Arabidopsis, rice, rapeseed, and beans [14,18,50]. Since the genome information of P.
massoniana is not available, transcriptome data was often used to identify gene families,
and 10 SPX genes were identified in our study (Table 1). Compared with these number of
SPX members, 20 SPX genes were found in Arabidopsis, 15 in rice, 69 in rapeseed, and 46



Forests 2021, 12, 1627 13 of 17

in wheat [16], which may be related to genome duplications, or evolutionary differences
of these plants. P. massoniana SPXs genes were classified into four subfamilies based on
the conservative domain and phylogenetic analysis (Figure 2A,B), which is highly consis-
tent with the results of rice and Arabidopsis [51]. According to phylogenetic analysis, we
found that the SPX-EXS subfamily of Arabidopsis was the largest subfamily with 11 mem-
bers, while only 3 and 2 members were identified in rice and P. massoniana, respectively
(Figure 2A). In addition, PmSPX1 appeared in the same branch of PmSPX4, AtSPX4, and
OsSPX4. These results suggested that the PmSPXs genes family has partial differentiation
in the long-term evolution process compared with Arabidopsis and may be closer to the
evolution process of rice SPX genes. In this study, we analyzed the conserved domain and
motifs of PmSPX proteins (Figure 2B,C). These results indicated that there were similar
structures within members of the same subfamily, indicating that a subset of PmSPX genes
was convergent in the evolutionary process.

Proteins containing the SPX domains are widely involved in phosphate homeostasis
and phosphate deficiency responses in plants [18]. It was found that SPX-EXS and SPX-MFS
play a role of phosphorus transporter in phosphorus absorption and translocation [52].
SPX-EXS proteins mediate the transport of phosphorus from root to shoot, whereas SPX-
MFS proteins act as vacuolar Pi transporter [21,25]. In our research, we found that SPX-EXS
and SPX-MFS proteins were located in the plasma membrane (Table 1). Previously studied
showed that SPX-EXS subfamily members, such as AtPHO1, AtPHO1;H1 and OsPHO1;2,
were located in the plasma membrane, and had known to participate in the transfer of
phosphate from root to shoot [53,54]. Two of the confirmed P. massoniana SPX-EXS proteins
were clustered into the same branch with AtPHO1, AtPHO1;H1 and OsPHO1;2, and they
were differentially expressed under phosphorus stress (Figures 1A and 3), which suggests a
similar function in regulating phosphorus homeostasis in P. massoniana Similarly, SPX-MFS
protein in P. massoniana is in the same branch as AtSPX-MFS1~3 and OsSPX-MFS1~3,
and SPX-MSF family has been proven as tonoplast Pi transporters in Arabidopsis and
rice [55]. Thus, we hypothesized that P. massoniana SPX-EXS proteins may also function
as vacuolar phosphorus transporters. The RING domain is located in the C-terminus of
the SPX-RING subfamily and is related to the activity of ubiquitin E3 ligase [56]. NLA
(Nitrogen-Limited Adaptation) genes were identified as SPX-RING genes in Arabidopsis,
rice, and soybean, which were usually located in the nucleus and could sense changes in
phosphorus concentration [57]. SPX-RING proteins of P. massoniana have similar structures
with Arabidopsis and rice and are predicted to be located in the nucleus, which suggests
that may also have the ability to sense phosphorus concentration in P. massoniana.

In this study, we analyzed the gene expression patterns of PmSPXs in responding to Pi
stress by RNA-seq data, and results showed that PmSPXs in the SPX subfamily generally
was up-regulated in low-Pi conditions (Figure 3). Previous studies found that all SPX
genes except SPX4 belonged to phosphorus-starvation induced expression genes [12,29]. In
addition, AtSPX4 and OsSPX4 were located in the nucleus and cytoplasm [28,58]. However,
in this study, PmSPX4 was slightly induced, and the subcellular localization of PmSPX4
was in the nucleus. We used RT-qPCR to analyze the expression patterns in different
tissue parts of P. massoniana seedlings under phosphorus stress and found that the relative
expression levels of PmSPX4 in roots, stems, and leaves were in dynamic change. Therefore,
we speculated that PmSPX4 may have different modes of action in response to low Pi stress.
In our study, the relative expression of PmSPX1 in leaves was the highest at the beginning
under severe low phosphorus (P1) stress and gradually decreased with the extension
of stress time. On the contrary, it was gradually induced in roots with the increase of
stress time (Figure 4B). In rice and Arabidopsis, SPX1 played a role in roots and shoots in
response to phosphorus deficiency [59,60]. In addition, overexpressed AtSPX1 accelerated
leaf senescence and regulated the transport of phosphorus from senescing leaves to other
vigorous parts of the plant [61]. It was speculated that PmSPX1 could affect the transport
of phosphorus in the leaves and roots of P. massoniana seedlings under phosphorus stress
and thus maintain phosphorus homeostasis.
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Analysis of promoter sequence and cis-regulatory elements provide a theoretical basis
for studying the physiological functions [62]. In our study, the PmSPX1 gene promoter con-
tained multiple types of cis-acting elements (Figure 5C), especially light-response elements,
indicating that the PmSPX1 gene participates in a complex regulatory network in plants.
In Arabidopsis, SPX protein was proven to play a vital role in modulating phytochrome-
mediated light signals [63,64]. Some studies had shown that the concentration of root
tip phosphate could affect the changes of root morphology, and a variety of hormones
were involved [65]. In our study, some hormonal response elements were identified in
the PmSPX1 promoter sequence. We hypothesized that PmSPX1 may be regulated by
hormones to maintain phosphorus homeostasis. It is remarkable that PmSPX1 also con-
tained some phosphorus response key elements such as P1BS and PHO elements. Previous
studies showed that a large part of Pi starvation-induced (PSI) genes was regulated by
phosphorus-responsive central regulatory gene (PHR), however, SPX protein could affect
PHR expression [66]. Recent studies had shown that InsP8 regulated phosphorus homeosta-
sis in plants by controlling PHR binding state and influencing the binding ability of PHR to
SPX promoter [49]. Meanwhile, studies had shown that MYB, WRKY, and MYC proteins
participate in the regulation of plant Pi signaling [67–69]. In our study, binding sites of a
large number of transcription factors were also identified in the PmSPX1 promoter region.
Thus, these results suggested that PmSPX1 may be regulated by multiple transcription
factors in response to phosphorus deficiency.

To date, more and more WRKY transcription factors have been found to respond
to phosphorus deficiency in plants [70,71]. Meanwhile, it has been found that WRKY
protein could bind to the W-box element of the target gene [69]. Fan et al. [72] found that
WRKY transcription factors may play a vital role in the phosphorus deficiency response
of P. massoniana. In poplars, WRKY75 was located in the nucleus and could bind to the
W-box [73]. Similarly, it was found in rapeseed that WRKY75 could bind to BnPht1;4
promoters through W-box under phosphorus stress [74]. In this study, we found that the
PmSPX2 promoter contained a W-box element, and yeast one-hybrid analysis showed that
PmWRKY75 could directly bind to the PmSPX2 promoter (Figure 6A,C). These results
suggested that PmSPX2 may be controlled by PmWRKY75 transcription factors in response
to low Pi stress.

5. Conclusions

In this study, we identified 10 SPX genes from the P. massoniana transcriptome and
analyzed the phylogenetic relationships, conserved motif, physicochemical properties of
proteins, and subcellular localization of these genes, providing a theoretical framework for
further study of this gene family. We analyzed the expression patterns of the PmSPXs gene
in different tissues of P. massoniana seedlings under phosphorus stress, providing a basis for
studying its regulatory role in response to low phosphorus stress. In addition, we observed
PmSPX1 and PmSPX4 localization in tobacco cells and found that they were located in
the nucleus. Isolation of PmSPX1 promoter and bioinformatics analysis showed that the
PmSPX1 gene contained various cis-acting elements, which supported the diversity of its
regulatory functions. Furthermore, yeast one-hybrid assay demonstrated that PmWRKY75
could bind directly to the PmSPX2 promoter. Thus, functional identification of the PmSPXs
gene laid a necessary foundation for further analysis of its role in response to phosphorus
stress in P. massoniana.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12121627/s1, Table S1. Ten Pinus massoniana SPX proteins sequences, Table S2. Differentially
expressed data of SPX genes family, Table S3. Primers for RT-qPCR, Table S4. DNA sequence
information, Table S5. Sequence cloning primer. Table S6. The relative expression level of PmSPX1
and PmSPX4.

https://www.mdpi.com/article/10.3390/f12121627/s1
https://www.mdpi.com/article/10.3390/f12121627/s1


Forests 2021, 12, 1627 15 of 17

Author Contributions: C.W. designed, performed the experiments, and wrote the paper; F.F. con-
ducted the experiments and revised the manuscript; X.S., Z.Z., and G.D. collected and analyzed the
data. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financed by the Post-National Key Research and Development Project,
China (20185261), the National Natural Science Foundation of China (31660185), the Science and
Technology Foundation of Guizhou, China (20175788), and the First-class Discipline Construction
Project of Guizhou Province, China (GNYL [2017] 007).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, F.; Deng, M.; Xu, J.; Zhu, X.; Mao, C. Molecular mechanisms of phosphate transport and signaling in higher plants. Semin.

Cell Dev. Biol. 2018, 74, 114–122. [CrossRef] [PubMed]
2. Richardson, A.E.; Simpson, R.J. Soil microorganisms mediating phosphorus availability update on microbial phosphorus. Plant

Physiol. 2011, 156, 989–996. [CrossRef]
3. Raghothama, K.G. Phosphate acquisition. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 665–693. [CrossRef]
4. Cho, H.; Bouain, N.; Zheng, L.; Rouached, H. Plant resilience to phosphate limitation: Current knowledge and future challenges.

Crit. Rev. Biotechnol. 2021, 41, 63–71. [CrossRef] [PubMed]
5. Vance, C.P.; Uhde-Stone, C.; Allan, D.L. Phosphorus acquisition and use: Critical adaptations by plants for securing a nonrenew-

able resource. New Phytol. 2003, 157, 423–447. [CrossRef] [PubMed]
6. Ham, B.K.; Chen, J.; Yan, Y.; Lucas, W.J. Insights into plant phosphate sensing and signaling. Curr. Opin. Biotechnol. 2018, 49, 1–9.

[CrossRef]
7. Chang, M.X.; Gu, M.; Xia, Y.W.; Dai, X.L.; Dai, C.R.; Zhang, J.; Wang, S.C.; Qu, H.Y.; Yamaji, N.; Ma, J.F.; et al. OsPHT1;3 mediates

uptake, translocation, and remobilization of phosphate under extremely low phosphate regimes. Plant Physiol. 2019, 179, 656–670.
[CrossRef] [PubMed]

8. Qi, W.; Baldwin, S.A.; Muench, S.P.; Baker, A. Pi sensing and signalling: From prokaryotic to eukaryotic cells. Biochem. Soc. Trans.
2016, 44, 766–773. [CrossRef] [PubMed]

9. Vogiatzaki, E.; Baroux, C.; Jung, J.Y.; Poirier, Y. PHO1 exports phosphate from the chalazal seed coat to the embryo in developing
Arabidopsis seeds. Curr. Biol. 2017, 27, 2893–2900.e3. [CrossRef] [PubMed]

10. Huang, Y.; Xu, P.H.; Hou, B.Z.; Shen, Y.Y. Strawberry tonoplast transporter, FaVPT1, controls phosphate accumulation and fruit
quality. Plant Cell Environ. 2019, 42, 2715–2729. [CrossRef] [PubMed]

11. Torres-Rodríguez, J.V.; Salazar-Vidal, M.N.; Montes, R.A.C.; Massange-Sánchez, J.A.; Gillmor, C.S.; Sawers, R.J.H. Low nitrogen
availability inhibits the phosphorus starvation response in maize (Zea mays ssp. mays L.). BMC Plant Biol. 2021, 21, 259. [CrossRef]
[PubMed]

12. Duan, K.; Yi, K.; Dang, L.; Huang, H.; Wu, W.; Wu, P. Characterization of a sub-family of Arabidopsis genes with the SPX domain
reveals their diverse functions in plant tolerance to phosphorus starvation. Plant J. 2008, 54, 965–975. [CrossRef] [PubMed]

13. Wang, C.; Ying, S.; Huang, H.; Li, K.; Wu, P.; Shou, H. Involvement of OsSPX1 in phosphate homeostasis in rice. Plant J. 2009, 57,
895–904. [CrossRef] [PubMed]

14. Yao, Z.F.; Liang, C.Y.; Zhang, Q.; Chen, Z.J.; Xiao, B.X.; Tian, J.; Liao, H. SPX1 is an important component in the phosphorus
signalling network of common bean regulating root growth and phosphorus homeostasis. J. Exp. Bot. 2014, 65, 3299–3310.
[CrossRef] [PubMed]

15. Du, H.; Yang, C.; Ding, G.; Shi, L.; Xu, F. Genome-wide identification and characterization of SPX domain-containing members
and their responses to phosphate deficiency in Brassica napus. Front. Plant Sci. 2017, 8, 35. [CrossRef]

16. Kumar, A.; Sharma, M.; Gahlaut, V.; Nagaraju, M.; Chaudhary, S.; Kumar, A.; Tyagi, P.; Gajula, M.N.V.P.; Singh, K.P. Genome-wide
identification, characterization, and expression profiling of SPX gene family in wheat. Int. J. Biol. Macromol. 2019, 140, 17–32.
[CrossRef]

17. Wang, Y.; Ribot, C.; Rezzonico, E.; Poirier, Y. Structure and expression profile of the Arabidopsis PHO1 gene family indicates a
broad role in inorganic phosphate homeostasis. Plant Physiol. 2004, 135, 400–411. [CrossRef] [PubMed]

18. Secco, D.; Wang, C.; Arpat, B.A.; Wang, Z.; Poirier, Y.; Tyerman, S.D.; Wu, P.; Shou, H.; Whelan, J. The emerging importance of the
SPX domain-containing proteins in phosphate homeostasis. New Phytol. 2012, 193, 842–851. [CrossRef] [PubMed]

19. Liu, N.; Shang, W.; Li, C.; Jia, L.; Wang, X.; Xing, G.; Zheng, W. Evolution of the SPX gene family in plants and its role in the
response mechanism to phosphorus stress. Open Biol. 2018, 8, 170231. [CrossRef]

20. Liu, T.Y.; Huang, T.K.; Yang, S.Y.; Hong, Y.T.; Huang, S.M.; Wang, F.N.; Chiang, S.F.; Tsai, S.Y.; Lu, W.C.; Chiou, T.J. Identification
of plant vacuolar transporters mediating phosphate storage. Nat. Commun. 2016, 7, 11095. [CrossRef] [PubMed]

21. Yang, S.Y.; Huang, T.K.; Kuo, H.F.; Chiou, T.J. Role of vacuoles in phosphorus storage and remobilization. J. Exp. Bot. 2017, 68,
3045–3055. [CrossRef]

http://doi.org/10.1016/j.semcdb.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28648582
http://doi.org/10.1104/pp.111.175448
http://doi.org/10.1146/annurev.arplant.50.1.665
http://doi.org/10.1080/07388551.2020.1825321
http://www.ncbi.nlm.nih.gov/pubmed/33028118
http://doi.org/10.1046/j.1469-8137.2003.00695.x
http://www.ncbi.nlm.nih.gov/pubmed/33873400
http://doi.org/10.1016/j.copbio.2017.07.005
http://doi.org/10.1104/pp.18.01097
http://www.ncbi.nlm.nih.gov/pubmed/30567970
http://doi.org/10.1042/BST20160026
http://www.ncbi.nlm.nih.gov/pubmed/27284040
http://doi.org/10.1016/j.cub.2017.08.026
http://www.ncbi.nlm.nih.gov/pubmed/28943092
http://doi.org/10.1111/pce.13598
http://www.ncbi.nlm.nih.gov/pubmed/31151133
http://doi.org/10.1186/s12870-021-02997-5
http://www.ncbi.nlm.nih.gov/pubmed/34090337
http://doi.org/10.1111/j.1365-313X.2008.03460.x
http://www.ncbi.nlm.nih.gov/pubmed/18315545
http://doi.org/10.1111/j.1365-313X.2008.03734.x
http://www.ncbi.nlm.nih.gov/pubmed/19000161
http://doi.org/10.1093/jxb/eru183
http://www.ncbi.nlm.nih.gov/pubmed/24790114
http://doi.org/10.3389/fpls.2017.00035
http://doi.org/10.1016/j.ijbiomac.2019.08.105
http://doi.org/10.1104/pp.103.037945
http://www.ncbi.nlm.nih.gov/pubmed/15122012
http://doi.org/10.1111/j.1469-8137.2011.04002.x
http://www.ncbi.nlm.nih.gov/pubmed/22403821
http://doi.org/10.1098/rsob.170231
http://doi.org/10.1038/ncomms11095
http://www.ncbi.nlm.nih.gov/pubmed/27029856
http://doi.org/10.1093/jxb/erw481


Forests 2021, 12, 1627 16 of 17

22. Wang, C.; Huang, W.; Ying, Y.; Li, S.; Secco, D.; Tyerman, S.; Whelan, J.; Shou, H. Functional characterization of the rice SPX-MFS
family reveals a key role of OsSPX-MFS1 in controlling phosphate homeostasis in leaves. New Phytol. 2012, 196, 139–148.
[CrossRef] [PubMed]

23. Wang, C.; Yue, W.; Ying, Y.; Wang, S.; Secco, D.; Liu, Y.; Whelan, J.; Tyerman, S.D.; Shou, H. Rice SPX-Major facility superfamily3,
a vacuolar phosphate efflux transporter, is involved in maintaining phosphate homeostasis in rice. Plant Physiol. 2015, 169,
2822–2831. [CrossRef] [PubMed]

24. Chiou, T.J. The diverse roles of rice PHO1 in phosphate transport: From root to node to grain. Plant Cell Physiol. 2020, 61,
1384–1386. [CrossRef]

25. Wege, S.; Khan, G.A.; Jung, J.Y.; Vogiatzaki, E.; Pradervand, S.; Aller, I.; Meyer, A.J.; Poirier, Y. The EXS Domain of PHO1
participates in the response of shoots to phosphate deficiency via a root-to-shoot signal. Plant Physiol. 2016, 170, 385–400.
[CrossRef] [PubMed]

26. Chaiwong, N.; Prom-u-thai, C.; Bouain, N.; Lacombe, B.; Rouached, H. Individual versus combinatorial effects of silicon,
phosphate, and iron deficiency on the growth of lowland and upland rice varieties. Int. J. Mol. Sci. 2018, 19, 899. [CrossRef]
[PubMed]

27. Yang, J.; Wang, L.; Mao, C.; Lin, H. Characterization of the rice NLA family reveals a key role for OsNLA1 in phosphate
homeostasis. Rice 2017, 10, 52. [CrossRef] [PubMed]

28. Wang, Z.; Hu, H.; Huang, H.; Duan, K.; Wu, Z.; Wu, P. Regulation of OsSPX1 and OsSPX3 on expression of OsSPX domain genes
and Pi-starvation signaling in rice. J. Integr. Plant Biol. 2009, 51, 663–674. [CrossRef] [PubMed]

29. Zhou, Z.; Wang, Z.; Lv, Q.; Shi, J.; Zhong, Y.; Wu, P.; Mao, C. SPX proteins regulate Pi homeostasis and signaling in different
subcellular level. Plant Signal. Behav. 2015, 10, e1061163. [CrossRef] [PubMed]

30. Qi, W.; Manfield, I.W.; Muench, S.P.; Baker, A. AtSPX1 affects the AtPHR1-DNA-binding equilibrium by binding monomeric
AtPHR1 in solution. Biochem. J. 2017, 474, 3675–3687. [CrossRef] [PubMed]

31. Zhong, Y.; Wang, Y.; Guo, J.; Zhu, X.; Shi, J.; He, Q.; Liu, Y.; Wu, Y.; Zhang, L.; Lv, Q.; et al. Rice SPX6 negatively regulates the
phosphate starvation response through suppression of the transcription factor PHR2. New Phytol. 2018, 219, 135–148. [CrossRef]
[PubMed]

32. Li, M.; Wang, H.; Zhao, X.; Lu, Z.; Sun, X.; Ding, G. Role of Suillus placidus in improving the drought tolerance of masson pine
(Pinus massoniana Lamb.) Seedlings. Forests 2021, 12, 332. [CrossRef]

33. Farjon, A. Pinus massoniana. IUCN Red List of Threat Species. 2013. Available online: https://doi.org/10.2305/IUCN.UK.2013-1
.RLTS.T42379A2976356.en (accessed on 22 July 2021).

34. Fan, F.; Wang, Q.; Wen, X.; Ding, G. Transcriptome-wide identification and expression profiling of Pinus Massoniana MYB
transcription factors responding to phosphorus deficiency. J. For. Res. 2020, 31, 909–919. [CrossRef]

35. Zhang, Y.; Zhou, Z.; Ma, X.; Jin, G. Foraging ability and growth performance of four subtropical tree species in response to
heterogeneous nutrient environments. J. Res. 2021, 15, 91–98. [CrossRef]

36. Fan, F.; Shang, X.; Ding, G.; Zhou, Z.; Tian, J. Integrated mRNA and miRNA expression analyses of Pinus massoniana roots and
shoots in long-term response to phosphate deficiency. J. Plant Growth Regul. 2021, 9. [CrossRef]

37. Ren, J.; Wen, L.; Gao, X.; Jin, C.; Xue, Y.; Yao, X. DOG 1.0: Illustrator of protein domain structures. Cell Res. 2009, 19, 271–273.
[CrossRef] [PubMed]

38. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef] [PubMed]

39. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [CrossRef]

40. Chen, W.; Chen, R.; Zhang, Y.; Li, J.; Tigabu, M.; Ma, X.; Li, M. Cloning, Characterization and Expression Analysis of the
Phosphate Starvation Response Gene, ClPHR1, from Chinese Fir. Forests 2020, 11, 104. [CrossRef]

41. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

42. Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325–327. [CrossRef]

43. Miao, J.; Sun, J.; Liu, D.; Li, B.; Zhang, A.; Li, Z.; Tong, Y. Characterization of the promoter of phosphate transporter TaPHT1.2
differentially expressed in wheat varieties. J. Genet. Genomics 2009, 36, 455–466. [CrossRef]

44. Su, T.; Xu, Q.; Zhang, F.C.; Chen, Y.; Li, L.Q.; Wu, W.H.; Chen, Y.F. WRKY42 modulates phosphate homeostasis through regulating
phosphate translocation and acquisition in Arabidopsis. Plant Physiol. 2015, 167, 1579–1591. [CrossRef]

45. Wang, C.; Fan, F.; Qin, H.; Zhou, Z.; Tan, J.; Ding, G. Cloning, prokaryotic expression and expression pattern analysis of Pinus
massoniana PmSPX2 gene. Plant Physiol. J. 2021, 57, 1645–1656. [CrossRef]

46. McKay Fletcher, D.M.; Ruiz, S.; Dias, T.; Petroselli, C.; Roose, T. Linking root structure to functionality: The impact of root system
architecture on citrate-enhanced phosphate uptake. New Phytol. 2020, 227, 376–391. [CrossRef] [PubMed]

47. Ruan, W.; Guo, M.; Cai, L.; Hu, H.; Li, C.; Liu, Y.; Wu, Z.; Mao, C.; Yi, K.; Wu, P.; et al. Genetic manipulation of a high-affinity
PHR1 target cis-element to improve phosphorous uptake in Oryza sativa L. Plant Mol. Biol. 2015, 87, 429–440. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1469-8137.2012.04227.x
http://www.ncbi.nlm.nih.gov/pubmed/22803610
http://doi.org/10.1104/pp.15.01005
http://www.ncbi.nlm.nih.gov/pubmed/26424157
http://doi.org/10.1093/pcp/pcaa097
http://doi.org/10.1104/pp.15.00975
http://www.ncbi.nlm.nih.gov/pubmed/26546667
http://doi.org/10.3390/ijms19030899
http://www.ncbi.nlm.nih.gov/pubmed/29562647
http://doi.org/10.1186/s12284-017-0193-y
http://www.ncbi.nlm.nih.gov/pubmed/29282559
http://doi.org/10.1111/j.1744-7909.2009.00834.x
http://www.ncbi.nlm.nih.gov/pubmed/19566645
http://doi.org/10.1080/15592324.2015.1061163
http://www.ncbi.nlm.nih.gov/pubmed/26224365
http://doi.org/10.1042/BCJ20170522
http://www.ncbi.nlm.nih.gov/pubmed/28887383
http://doi.org/10.1111/nph.15155
http://www.ncbi.nlm.nih.gov/pubmed/29658119
http://doi.org/10.3390/f12030332
https://doi.org/10.2305/IUCN.UK.2013-1.RLTS.T42379A2976356.en
https://doi.org/10.2305/IUCN.UK.2013-1.RLTS.T42379A2976356.en
http://doi.org/10.1007/s11676-019-00911-2
http://doi.org/10.1007/s10310-009-0153-5
http://doi.org/10.1007/s00344-021-10486-0
http://doi.org/10.1038/cr.2009.6
http://www.ncbi.nlm.nih.gov/pubmed/19153597
http://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://doi.org/10.1016/j.molp.2020.06.009
http://doi.org/10.3390/f11010104
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1093/nar/30.1.325
http://doi.org/10.1016/S1673-8527(08)60135-6
http://doi.org/10.1104/pp.114.253799
http://doi.org/10.13592/j.cnki.ppj.2021.0207
http://doi.org/10.1111/nph.16554
http://www.ncbi.nlm.nih.gov/pubmed/32198932
http://doi.org/10.1007/s11103-015-0289-y
http://www.ncbi.nlm.nih.gov/pubmed/25657119


Forests 2021, 12, 1627 17 of 17
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