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Abstract

:

PIN-formed (PIN) proteins are important auxin carriers that participate in the polar distribution of auxin in plants. In this study, 16 ZaPIN genes were identified from the whole genome of Zanthoxylum armatum DC. The physicochemical properties and structure of PIN proteins were determined, and the gene sequences and promoter regions were analyzed to identify cis-acting elements and conserved motifs. The transcript profiles of ZaPIN genes in different tissues and in response to auxin and gibberellin treatments were also analyzed. A phylogenetic analysis separated the 16 ZaPIN genes into four groups. The ZaPIN genes showed the closest evolutionary relationship to those of Citrus sinensis and the most distant evolutionary relationship to those of Oryza sativa. A cis-element analysis revealed a large number of cis elements in ZaPIN promoter regions related to plant hormones, plant growth and development, and stress stimuli, suggesting that ZaPINs have a wide range of biological activities. Additionally, gene expression profiling revealed that ZaPINs had different expression patterns in nine tissues. Further qRT-PCR analyses revealed that most ZaPINs were upregulated by auxin and gibberellin in young leaves. Our results provide useful information for further structural and functional analyses of the ZaPIN gene family in Z. armatum.
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1. Introduction


Auxin plays an important role in plant development, apical dominance, inflorescence development, leaf order, embryo development, main root development, lateral and adventitious root initiation, lupeol synthesis, tropic growth, and vascular tissue differentiation [1,2]. Auxin is mainly synthesized in the shoot apical meristem, young leaves, and developing seeds, and is then transported to other parts of the plant via polar distribution to form a concentration gradient, thereby regulating a series of auxin-related physiological responses [3]. Previous studies found that the concentration gradient of auxin is jointly established by its synthesis and polar transport [4]. Polar auxin transport mainly depends on three auxin transporters: the internal transporter AUXIN1/LIKE-AUX1 (AUX/LAX), the external transporter PIN, and the ATP-binding cassette (ABC) transporters [5,6,7,8].



PINs are plant-specific transmembrane efflux carriers that have redundant functions, and mutation of multiple PINs results in severe growth and differentiation defects [9]. PINs asymmetrically localize in the plasma membrane and organelle membranes. Plasma membrane PINs are polarly distributed in the plasma membrane and transport auxin from the intracellular to extracellular region, thus regulating directional auxin transport within the plant body [10]. Organelle membrane PINs regulate cellular homeostasis [11]. The first PIN to be cloned was PIN1 from Arabidopsis thaliana. The pin1 mutant exhibited defective inflorescence development, lacked cauline leaves and floral organs, and had a pin-head trait [12]. Subsequently, seven more PINs were identified in Arabidopsis [13]. In addition to the in-depth studies of PINs in Arabidopsis, other studies have identified and cloned PIN gene families in diverse plant species, including rice [9], maize [14], wheat [15], poplar [16], soybean [17], cotton [18], tobacco [19], and potato [20]. ChPIN1 is involved in the promotion of young leaf growth in Cardamine hirsuta [21]. OsPIN2 is expressed in the epidermal and cortical cells of rice roots and controls root configuration and geotropism responses [22]. In tomato, SlPIN1 negatively regulates auxin accumulation in the ovary and also participates in flower abscission [23]. In Nicotiana tabacum, the expression of NtPIN4 is induced by auxin and its encoded protein participates in auxin-dependent branching by negatively regulating the growth of axillary buds [19].



Zanthoxylum armatum DC belongs to the Rutaceae family and has a long history of use as a food and medicine in Asia, America, and Africa [24]. In addition to the fruit husk, the seeds, roots, leaves, and other parts of Z. armatum are used as traditional medicines [25]. Previous research on Zanthoxylum focused on its cultivation and medicinal uses, but relatively few studies focus on the functions of its genes. In this study, the PIN gene family members of Z. armatum DC were identified, their expression patterns determined, and gene structures and promoter cis-acting elements analyzed. The physicochemical properties and structures of the encoded proteins, and their phosphorylation sites, phylogenetic relationships, and conserved structural domains were also determined. The results of this study provide a rationale for further analyses of ZaPIN functions, and provide a reference for further studies on this family in other plants.




2. Materials and Methods


2.1. Physicochemical Characteristics, Subcellular Localization, and Three-Dimensional Structure Analysis


The nucleotide sequences of PIN genes in Z. armatum and the amino acid sequences of their encoded proteins were retrieved from the Z. armatum genome database (https://doi.org/10.1111/1755-0998.13449 accessed on 6 November 2021) [26]. The Hidden Markov Model (HMM) [27] of the PIN domain (PF03547) was downloaded from the Pfam database (http://pfam.xfam.org/ accessed on 10 November 2021). After initial screening and identification using the HMMER software [28], tools on the NCBI CDD [29] (https://www.ncbi.nlm.nih.gov/cdd, accessed on 11 November 2021) and the SMART website (http://smart.embl-heidelberg.de/, accessed on 12 November 2021) were used to compare and analyze the obtained PIN gene family members to ensure complete PIN domains. The ExPASy online program ProtParam [30] (http://web.expasy.org/protparam, accessed on 15 November 2021) was used to analyze the physicochemical characteristics of putative ZaPIN proteins, including the isoelectric point, number of amino acids, molecular weight, and instability index. The online tool PSORT [31] (https://wolfpsort.hgc.jp/, accessed on 21 November 2021) was used to predict the subcellular localization of each PIN protein. The transmembrane helixes of ZaPINs were predicted using TMHMM [32] (http://www.cbs.dtu.dk/services/TMHMM/, accessed on 21 November 2021). The secondary and tertiary structures of PIN proteins were predicted using tools at MEMSAT-SVM [33] available at the Phyre2 server [34], SOPMA [35] (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html, accessed on 24 November 2021), and the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index, accessed on 25 November 2021).




2.2. Prediction of Phosphorylation Modification Sites


The potential protein phosphorylation sites of PIN proteins were predicted using the NetPhos 3.1 Server software [36] (http://www.cbs.dtu.dk/services/NetPhos-3.1/, accessed on 28 November 2021) with default parameters.




2.3. Phylogenetic Analysis


The amino acid sequences of PIN proteins from Arabidopsis, rice, Populus trichocarpa, and Citrus sinensis were downloaded from the TAIR website (https://www.arabidopsis.org/, accessed on 5 December 2021), the Rice Genome Annotation Project website (http://rice.uga.edu/index.shtml, accessed on 6 December 2021), the popgenie.ORG website (http://popgenie.org/, accessed on 8 December 2021), and the Citrus sinensis v3.0 database (http://citrus.hzau.edu.cn/download.php, accessed on 9 December 2021), respectively. Phylogenetic analysis was carried out using the Neighbor-Joining method with the MEGA7 software [37].




2.4. Gene Structure and Conserved Motif Analysis


The GFF file with annotation information for Z. armatum genes and gene structures was acquired from the Z. armatum genome database [26]. The annotations for the gene structures of ZaPINs were extracted from the GFF3 file. NCBI CDD (https://www.ncbi.nlm.nih.gov/cdd, accessed on 10 December 2021) and MEME (http://meme-suite.org/tools/meme, accessed on 12 December 2021) were used to predict the conserved domains (Mem_trans domain) in PIN proteins. The results were visualized using the TBtools software [38].




2.5. Chromosomal Location, Gene Duplication, and Collinearity Analysis


The Multiple Collinearity Scan Toolkit (MCScanX) [39] was used to analyze the homology relationships of members of the PIN family of Zanthoxylum. Orthologous pairs of PINs among Z. armatum, A. thaliana, O. sativa, and C. sinensis were identified using Text Merge for MCScanX and Text Transform for MicroSynteny Viewer in TBtools [40]. The results were visualized using Advance Circos in TBtools. Synonymous (Ks) and nonsynonymous (Ka) substitution rates were calculated using the Simple Ka/Ks Calculator (NG) in TBtools. The patterns of selection were detected on the basis of the Ka/Ks ratio between paralogs.




2.6. Cis-Acting Regulatory Elements (CAREs) Analysis


TBtools software was used to extract the promoter (2000 bp upstream) region of each PIN gene from the genomic sequence. PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 16 December 2021) was used to identify the putative cis-elements in each promoter. The results were visualized using Simple BioSequence Viewer in TBtools.




2.7. Gene Expression Analysis


To determine the transcriptional profiles of ZaPINs in Z. armatum tissues, Sequence Read Archive (SRA) data (PRJNA721257) for nine tissues of Z. armatum were downloaded from the SRA database using SRAToolkit [41]. The SRA files were converted to Fastq files using the fastq-dump command. The data were quality-checked using the FastQC software [42], and the sequencing data were data-filtered using Trimmomatic [43] to remove adapters. The data were quantified with Kallisto [44]. Heatmap in Tbtools was used to construct the heatmap of gene expression.




2.8. Plant Treatments, RNA Extraction, and qRT-PCR Analysis


Three-year-old Dingtan pepper plants (Z. armatum var. dintanensis) were selected for plant hormone treatments. The young leaves were sprayed with 300 µg/L naphthalene acetic acid (NAA) or 400 µg/L gibberellin (GA3). Leaf samples (0.2 g) were collected at 0, 2, 4, 6, 12, 24, 48, and 72 h after the hormone treatments. The leaf samples were immediately snap-frozen in liquid nitrogen and then stored at −80 °C until analysis. Total RNA was extracted using the Plant RNA Kit (Omega Bio-Tek, Doraville, GA, USA) according to the manufacturer’s instructions. The cDNAs were generated by RT-PCR using a StarScript III RT Mix Kit (GenStar, Beijing, China). qRT-PCR analysis was performed using a qTower3G Real-time PCR System (Analytik Jena AG, Jena, Germany) and SYBR Green Fast Mixture (GenStar). The ZaActin and NbActin genes were used as an internal reference to normalize gene transcript levels. Relative gene transcript levels were calculated using the 2−ΔΔCt method [45]. The primers used for real-time PCR are listed in Table 1.





3. Results


3.1. Identification of PIN Family Members in Z. armatum


In total, 16 PIN genes were identified in Z. armatum, with nucleotide sequence lengths ranging from 938 to 1832 bp. Their encoded proteins ranged from 312 to 610 amino acids in length. The ZaPIN proteins had an average molecular weight of 47.16 kD. The isoelectric point (pI) of ZaPINs ranged from 4.85 (ZaPIN15) to 9.67 (ZaPIN7). Eleven ZaPINs were predicted to be stable proteins (instability index < 40), and five ZaPINs were predicted to be unstable (instability index > 40). The calculated grand average of hydropathy index (GRAVY) values of ZaPINs ranged from 0.074 to 0.818, indicating that they were hydrophobic (Table 2).



The secondary structure analyses predicted that all ZaPINs comprised α-helices, extended strands, β-sheets, and random coils. The α-helices and the random coils were the main secondary structural elements of ZaPINs. Eleven ZaPIN proteins were predicted to localize to the plasma membrane and five were predicted to localize to the vacuolar membrane (Table 3). The Phyre2 sever was used to model the three-dimensional structure of ZaPINs. The results showed that the ZaPINs were mainly composed of α-helices and random coils, and the structure ratios were consistent with the predicted secondary structures (Figure 1). ZaPINs were predicted to contain eight to fourteen transmembrane α-helical bundles (Figures S1 and S2). The predicted transmembrane helices of ZaPINs showed similar structures, i.e., a conserved amino- and carboxy-terminal region of transmembrane segments and a divergent central region representing the cytoplasmic domain (Figure S1). ZaPIN3, ZaPIN4, and ZaPIN5 had a short central loop at the site of the cytoplasmic domain. These results provide clues about the potential molecular functions of ZaPINs.




3.2. Prediction of Phosphorylation Modification Sites in ZaPINs


Phosphorylation plays an important role in protein function. It can change and regulate enzyme activity, protein–protein interactions, and protein–DNA/RNA interactions, and affect protein stability [46]. Tools on the NetPhos 3.1 Server [36] were used to analyze and predict the potential phosphorylation sites of ZaPINs. Each member of the ZaPIN family had potential phosphorylation sites at serine, threonine, and tyrosine residues. In total, 600 potential phosphorylation sites were identified, with serine residues being the most abundant (361), followed by threonine (176) and tyrosine (63). Among the ZaPIN proteins, ZaPIN2 was predicted to have the most phosphorylation sites (67), and the others were predicted to have 19 to 65 phosphorylation sites (Figure 2).




3.3. Phylogenetic Analysis of ZaPIN Family


To investigate the phylogenetic relationships among PIN proteins, a phylogenetic tree was constructed using sequences of 64 PIN proteins from five plant species: Z. armatum (16), A. thaliana (8), O. sativa (12), C. sinensis (13) (Table S1), and P. trichocarpa (15) (Figure 3). The ZaPINs were divided into four groups (A–D). Group C had the most members (8) and group B had the fewest (2) (Figure 3). The ZaPINs were more distantly related to OsPINs and more closely related to CsPINs. The close evolutionary relationship between ZaPIN and CsPIN is consistent with the fact that Zanthoxylum and C. sinensis both belong to the Rutaceae family.




3.4. Gene Structure and Conserved Motif Analysis of ZaPIN Family


To understand the structural features of ZaPINs, we analyzed their conserved motifs (Mem_trans) and exon–intron structures. The number of exons of ZaPINs ranged from 2 (in ZaPIN10) to 11 (in ZaPIN15). Analyses of conserved motifs showed that ZaPINs were divided into two groups: the ZaPIN1–ZaPIN8 branch whose members contained motifs 1, 2, 3, 4, 6, and 10, and the ZaPIN9–ZaPIN16 branch whose members contained motifs 5–9. All ZaPINs contained conserved motif 6, which is likely the Mem_trans domain. Except for ZaPIN10, which had two Mem_trans domains, all other ZaPINs had only one conserved domain (Figure 4 and Figure 5).




3.5. Chromosome Locations and Gene Duplication Analysis of ZaPINs


To determine the genome organization and distribution of ZaPINs on different chromosomes in Zanthoxylum, a chromosome map was constructed. Thirteen ZaPINs were distributed on nine chromosomes (all except for ZaPIN6, ZaPIN7, and ZaPIN8). Three ZaPINs were located on chromosome 19, three on chromosome 20, and the others were evenly distributed among the other seven chromosomes (Figure 6a). A previous study found that a whole-genome duplication (WGD) event occurred in the Z. armatum genome around 26.6 million years ago [26]. In this study, seven duplicated gene pairs were identified among the ZaPINs (Figure 6a). To identify patterns of selection pressure among the ZaPIN duplicates, we calculated non-synonymous (Ka) and synonymous (Ks) substitution rates and the Ka/Ks ratios for the seven identified gene pairs. The Ka/Ks values of all seven gene pairs were < 1, indicating that these pairs evolved under strong purifying or negative selection pressure in Zanthoxylum (Table 4) [47]. We speculate that the expansion of ZaPINs may be the result of the duplication of the whole-genome or intra-genomic fragments of Zanthoxylum.



To further elucidate the evolutionary history of ZaPINs, we conducted a collinearity analysis of PIN genes between Z. armatum and the genomes of C. sinensis, A. thaliana, and O. sativa. We found that the replicated segments containing the PIN gene in the genomes of Z. armatum, A. thaliana, C. sinensis, and O. sativa were broadly collinear, where they formed multiple sets of orthologous segments. In total, 13 orthologous gene pairs were identified between Z. armatum and C. sinensis, eight between Z. armatum and A. thaliana, and only four between Z. armatum and rice (Figure 6b). These findings are consistent with there being a closer relationship between Zanthoxylum and C. sinensis than between Zanthoxylum and rice. Additionally, one ZaPIN gene matched two or more PIN genes from C. sinensis, Arabidopsis, and rice. For example, AtPILS1, AtPIN1, AtPILS5, OsPILS1, and CsPIN6 were orthologous to ZaPIN16, and AtPILS6, CsPIN3, OsPILS6a, and OsPILS6b were orthologous to ZaPIN11 (Figure 6b). These paralogous gene pairs may have played a crucial role in the expansion of the PIN gene family during evolution. These PINs may have originated from one ancestor gene.




3.6. Cis-Acting Elements in ZaPIN Promoters


To further understand the underlying regulatory mechanisms of ZaPINs and how these genes are regulated by phytohormones and stress, we searched for cis-elements in their promoter regions. We detected multiple cis-elements related to plant growth, development, and responses to plant hormones and stress, indicating that ZaPINs have a wide range of biological activities and participate in plant growth and development, and stress resistance, in Z. armatum (Figure 7).




3.7. Tissue-Specific Transcript Profiles of ZaPINs


To further explore the role and regulatory mechanism of ZaPINs in the growth and development of Z. armatum, RNA-sequencing (RNA-Seq) data for expression profiles in nine tissues of Zanthoxylum (young leaf, mature leaf, petiole, terminal bud, stem, young flower, prickle, seed, and husk) were downloaded from the SRA database (PRJNA721257). Then, the FPKM values of ZaPINs were used to produce a heatmap (Figure 8). Different ZaPINs exhibited different expression patterns in different tissues. The ZaPINs were divided into three clades on the basis of their expression patterns. Those in the first clade were highly expressed in all tissues, for example, ZaPIN9 with FPKM values of >175 (log2 FPKM) in all nine tested tissues. Those in the second clade were only expressed in some tissues, such as ZaPIN3, which was only expressed in petioles. Those in the third clade were only not expressed in certain tissues, such as ZaPIN14, which was not expressed in seeds and mature leaves. Almost all ZaPINs were highly expressed in the actively growing tissues (young flower, seeds, bud, young leaf, petiole, and stem), suggesting that ZaPINs may be involved in the regulation of growth and development in these tissues. Except for ZaPIN15 and ZaPIN10, all ZaPINs had higher transcript levels in young leaves than in mature leaves, indicating that ZaPINs mainly function in the early stages of leaf growth and development.




3.8. Expression of ZaPINs in Response to Auxin and Gibberellin


Analyses of ZaPINs promoter regions revealed many regulatory cis-acting elements related to GA and auxin. In Arabidopsis, auxin distribution affects the expression of PIN genes via feedback regulation. To further determine the effects of auxin and GA on ZaPIN expression, qRT-PCR analyses were conducted to detect ZaPIN transcript levels in response to treatments with NAA and GA3. The NAA treatment downregulated ZaPIN3 and ZaPIN5, but upregulated almost all the other ZaPINs by 1.6- to 71.1-fold, compared with their respective pre-treatment levels. Among all the ZaPINs, ZaPIN12 was most strongly upregulated by NAA (71.1-fold) (Figure 9), while ZaPIN1, ZaPIN2, ZaPIN11, ZaPIN13, and ZaPIN16 were upregulated more than 10-fold. Treatment with GA3 upregulated 12 out of 16 ZaPINs, with ZaPIN12 being most strongly upregulated (by 44.2-fold) and the other 11 ZaPINs upregulated by 1.1- to 8.3-fold (Figure 10). These results showed that NAA and GA strongly induce ZaPIN12, that ZaPIN expression in leaves is induced by NAA and GA, and that ZaPIN expression is more strongly induced by NAA than by GA.





4. Discussion


Since the discovery of the first PIN protein in A. thaliana [12], members of the PIN gene family have been discovered in numerous plants using genome-wide approaches. Here, we identified 16 ZaPINs in the Z. armatum genome. Most of the ZaPINs were predicted to be basic proteins, as is the case in other plant species [48]. In our analyses, ZaPINs had the most recent evolutionary relationship with CsPINs and the most distant evolutionary relationship with OsPINs. Consistent with this, Z. armatum and C. sinensis are dicots in the same family, the Rutaceae, while they are more distantly related to the monocot O. sativa. The results of gene collinearity analysis also confirmed this point. We detected more orthologous genes between Zanthoxylum with C. sinensis than between Arabidopsis and rice. Phylogenetic and collinearity analyses revealed that ZaPIN1 shares high homology with AtPIN1. In Arabidopsis, PIN1 participates in basipetal auxin movement, organ initiation, floral bud formation, leaf formation, vein patterning, and gravitropic responses [9,48,49]. AtPIN1 is primarily expressed in inflorescences and the atpin1 mutant exhibits abnormal inflorescence morphology [9,12,50,51]. In our study, ZaPIN1 showed high transcript levels in young flowers, terminal buds, and the stem, indicating that ZaPIN1 may have a similar function as AtPIN1 and play the same role in the growth and development of Zanthoxylum.



One of the primary forces driving plant evolution is the frequent occurrence of gene duplication events among members of the same gene family. These events contribute to the specificity and diversity of gene activities [52]. In our study, gene duplication analysis revealed seven pairs of genes with high nucleotide sequence similarity. Their Ka/Ks ratios were all less than 1, demonstrating that they have been under purifying selection during evolution [53].



As auxin efflux facilitators in the auxin polar transport process, PINs are generally distributed in the plasma membrane and organelle membranes [54]. In this study, 11 ZaPINs were predicted to localize to the plasma membrane. These PINs may contribute to auxin transport from intracellular to extracellular regions [55]. Five ZaPINs were predicted to localize to the tonoplast membrane, and may maintain cellular homeostasis by mediating auxin flow between the cytoplasm and the tonoplast [11]. The phosphorylation status and polar localization of PINs determine the direction of auxin transport [55,56,57]. Protein kinases bind to the phosphorylation site of PIN proteins to activate their auxin polar transport activity [58,59]. We detected multiple phosphorylation sites in all the ZaPINs. These sites, especially those on hydrophilic loops, are likely responsible for the polar distribution of ZaPINs in the plasma and vacuolar membranes, where they control auxin trafficking in Z. armatum.



The transcription of PIN genes is highly sensitive to plant hormones and environmental conditions [60,61]. Many cis elements associated with plant hormones (auxin, gibberellin, and abscisic acid) and responses to stress (temperature, light, and drought) have been detected in the promoter regions of PINs in various plant species [14,15,16,17,18]. In our study, multiple cis-acting elements related to phytohormones and stress responses were found in ZaPIN promoter regions. The types and numbers of cis-acting elements differed among the various ZaPINs, suggesting that each gene will respond differently to phytohormone treatments or environmental stimuli. Our qRT-PCR results confirmed this speculation, and showed that the transcript levels of ZaPINs varied widely under NAA or GA treatments. The NAA treatment upregulated ZaPIN12, ZaPIN11, and ZaPIN16 by more than 20-fold, but downregulated ZaPIN3 and ZaPIN5. The GA treatment upregulated ZaPIN12 by 44.2-fold, but downregulated five ZaPINs (ZaPIN3, ZaPIN4, ZaPIN6, ZaPIN8, and ZaPIN10).



Analyses of publicly available expression data and results published in the literature indicate that PINs also show tissue-specific expression [62]. In Arabidopsis, PIN1 is primarily expressed in inflorescences, PIN5 in the root, and PIN6 in shoots and seedlings [63]. In rice, OsPIN9 shows the highest transcript levels in young seeds, while OsPIN8 is mainly expressed in immature inflorescences [63]. In this study, we detected tissue-specific expression profiles of PIN genes in Zanthoxylum that were consistent with those in other plant species. Members of the ZaPIN9 clade were expressed in all nine tissues, and at higher levels than the members of the other two clades. The ZaPIN1 clade was less uniform in terms of expression, with different genes showing high transcript levels in different tissues. The highest transcript levels of ZaPIN1 and ZaPIN5 were detected in the young flower and young leaf, respectively.




5. Conclusions


We identified 16 ZaPINs from the whole genome of Z. armatum. The phylogeny, gene duplication, chromosomal distribution, gene structure, and expression profiles of ZaPINs in various tissues and under NAA and GA3 treatments were analyzed. The varied expression patterns in different tissues and under phytohormone treatments were indicative of specific functions of ZaPIN proteins in certain tissues and environmental conditions. Our results provide valuable information about ZaPINs and their responses to NAA and GA3. Further functional analyses of ZaPINs will provide details of their roles in the growth, development, and stress responses of Z. armatum.
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Figure 1. Predicted 3D structure of ZaPINs. 
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Figure 2. Predicted phosphorylation sites in ZaPINs. 
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Figure 3. Phylogenetic analysis of PIN proteins among five plant species (conducted using MEGAX with the neighbor joining method). Za: Z. armatum; At: A. thaliana; Os: O. sativa; Ptr: P. trichocarpa; Cs: C. sinensis. A–D represent four phylogenetic groups. 
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Figure 4. Gene structures and conserved motifs. (a) Gene structure of ZaPINs. (b) ZaPIN protein conserved motifs; motifs from 1 to 10 are marked by different colors. (c) PIN family conserved motifs in Z. armatum, blue box: Mem_trans conserved motif, yellow box: Mem_trans superfamily conserved motif. 
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Figure 5. Conserved motif logo analysis. x-axis shows the order of amino acid sequence arrangement, and height is the relative frequency of each amino acid at that position; y-axis shows the height of the amino acid sequence stack, indicative of sequence conservation at that position. 
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Figure 6. Chromosome distribution and synteny analysis of PINs. (a) Chromosome distribution and synteny analysis of ZaPINs. (b) Collinearity analysis of PIN members between Z. armatum and different species. Z. armatum, Arabidopsis, rice, and C. sinensis chromosomes are depicted as differently colored boxes. Collinearity relationships between PIN regions are represented by differently colored lines. Blue, ZaPINs to OsPINs; Red, ZaPINs to AtPINs; purple, ZaPINs to CsPINS. 
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Figure 7. Analysis of cis-acting elements in ZaPINs promoters in Z. armatum. 
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Figure 8. Expression profiles of ZaPINs in different tissues. Color scale represents logarithmic FPKM value (log2 FPKM): red represents high transcript levels and blue represents no transcripts or low transcript levels. 
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Figure 9. Relative transcript levels of ZaPINs under auxin (NAA) treatment. Values are mean ± standard deviation based on triplicate experiments. Each time point will be compared to the 0 h group group and significance will be calculated using a t-test: * indicated p < 0.05, ** indicated p < 0.01, *** indicated p < 0.001, **** indicated p < 0.0001. 
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Figure 10. Relative transcript levels of ZaPINs under gibberellin (GA3) treatment. Values are mean ± standard deviation based on triplicate experiments. Each time point will be compared to the 0 h group group and significance will be calculated using a t-test: * indicated p < 0.05, ** indicated p < 0.01, *** indicated p < 0.001, **** indicated p < 0.0001. 






Figure 10. Relative transcript levels of ZaPINs under gibberellin (GA3) treatment. Values are mean ± standard deviation based on triplicate experiments. Each time point will be compared to the 0 h group group and significance will be calculated using a t-test: * indicated p < 0.05, ** indicated p < 0.01, *** indicated p < 0.001, **** indicated p < 0.0001.



[image: Agriculture 12 01318 g010]







[image: Table] 





Table 1. Primers used for qRT-PCR analyses.
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	Primer
	Primer Sequence (5′-3′)





	ZaACT-F
	GTGAGCCACACAGTACCCAT



	ZaACT-R
	GGTGAAAGAGTACCCACGCT



	ZaPIN1-F
	ACTTTACCCAACACGCTGGT



	ZaPIN1-R
	AGCTTGAGCCTCTTGGTGTT



	ZaPIN2-F
	CTCAAGGTGAACCCAAGCCA



	ZaPIN2-R
	ACGTGCCACCTGTAGGAAAC



	ZaPIN3-F
	GGACTGCATGCCGATGTTCT



	ZaPIN3-R
	CAATCAGCACAGGAAGCGAA



	ZaPIN4-F
	GTTGTTAGCATGTGGCCCTG



	ZaPIN4-R
	TGGAAGAGCTGCCTGAATGA



	ZaPIN5-F
	TGGGCCAAGTGTAGTAGCAAG



	ZaPIN5-R
	GGTTCCTGCCCTCCGAATTT



	ZaPIN6-F
	GCAATGCTCCGGAATCAACC



	ZaPIN6-R
	GATAGCCCAAACGGAGAGCA



	ZaPIN7-F
	GGCGCCACAAGAATCACAAG



	ZaPIN7-R
	CGCGACGCCATAAAAAGACC



	ZaPIN8-F
	GGCATCGCGACCTAGCATAA



	ZaPIN8-R
	CCCCTTAGTCCGATGGCAAA



	ZaPIN9-F
	TGGCCGGGTATTGAGGAAAA



	ZaPIN9-R
	CCTTCCGCCGAGAGATCAAG



	ZaPIN10-F
	GCCTTCCGCTATGCTTGTTC



	ZaPIN10-R
	CTGCCAAAATAGCAGTGCCG



	ZaPIN11-F
	AGGACTTGGCATCGTCACTT



	ZaPIN11-R
	CCACAACCGCGTAAACTGGA



	ZaPIN12-F
	TTACTGGCGTTAGGAGGCAA



	ZaPIN12-R
	TACCGCAACCCCGTAAACTG



	ZaPIN13-F
	ATTGCTGTGGTTTGCGTTCG



	ZaPIN13-R
	GCACTCCTCTTGAGCCACAT



	ZaPIN14-F
	CAGCAGCCATCCGCAAAAAG



	ZaPIN14-R
	TCTCAGCCACACAACAGCTC



	ZaPIN15-F
	TACTGCTCTTGGCCTGCTTC



	ZaPIN15-R
	TTGCTACCGATGAGTGCTGG



	ZaPIN16-F
	CTGAGGTGAAAGGTTGGCGT



	ZaPIN16-R
	GGATTCCTGAACCTCGCAGA
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Table 2. Characteristics of PINs in Z. armatum.
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	Gene
	Gene ID
	Chromosome Location
	No. of AA
	Molecular Weight (kD)
	Theoretical pI
	Instability Index
	GRAVY
	Aliphatic

Index





	ZaPIN1
	Zardc43630.t1
	Chr33:18461572~18464892
	549
	59.82
	9.31
	33.73
	0.074
	87.58



	ZaPIN2
	Zardc11981.t1
	Chr7:52941759~52944422
	563
	60.62
	8.54
	33.14
	0.180
	93.69



	ZaPIN3
	Zardc29606.t1
	Chr20:60577488~60579880
	335
	37.12
	7.61
	35.32
	0.818
	115.25



	ZaPIN4
	Zardc29009.t1
	Chr20:20274558~20276547
	312
	34.54
	8.13
	35.72
	0.734
	110.03



	ZaPIN5
	Zardc28594.t1
	Chr19:59627359~59631149
	347
	38.15
	7.57
	30.26
	0.805
	115.24



	ZaPIN6
	Zardc52636.t1
	unanchor10525:28196~32999
	551
	59.57
	8.74
	33.45
	0.334
	100.43



	ZaPIN7
	Zardc45630.t1
	unanchor489:82629~84119
	357
	38.94
	9.67
	34.67
	0.677
	124.96



	ZaPIN8
	Zardc46880.t1
	unanchor1921:45537~47048
	386
	42.36
	9.25
	36.35
	0.714
	124.12



	ZaPIN9
	Zardc01636.t1
	Chr1:86981515~86983753
	455
	50.07
	6.32
	40.45
	0.638
	126.42



	ZaPIN10
	Zardc28240.t1
	Chr19:42027501~42031224
	610
	66.83
	5.56
	33.69
	0.716
	125.28



	ZaPIN11
	Zardc29440.t1
	Chr20:44357827~44362085
	407
	44.07
	8.59
	34.47
	0.779
	125.55



	ZaPIN12
	Zardc27357.t1
	Chr19:26142114~26146278
	405
	43.99
	7.51
	33.93
	0.713
	121.11



	ZaPIN13
	Zardc30903.t1
	Chr22:2924357~2926710
	421
	46.15
	5.70
	42.44
	0.635
	123.23



	ZaPIN14
	Zardc26161.t1
	Chr18:67606835~67609143
	423
	46.72
	6.10
	45.80
	0.571
	118.51



	ZaPIN15
	Zardc09344.t1
	Chr6:95154~97348
	384
	51.23
	4.85
	45.64
	0.730
	126.48



	ZaPIN16
	Zardc24304.t1
	Chr17:24324787~24331393
	510
	44.29
	8.61
	40.25
	0.661
	123.93
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Table 3. Predicted secondary structure and subcellular location of ZaPINs.
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	Protein
	Alpha Helix (aa)

(Proportion (%))
	Extended Strand (aa)

(Proportion (%))
	Beta Turn (aa)

(Proportion (%)
	Random Coil (aa)

(Proportion (%))
	Predicted Subcellular

Location





	ZaPIN1
	173 (31.51%)
	77 (14.03%)
	30 (5.46%)
	269 (49.00%)
	Plasma Membrane (13)



	ZaPIN2
	161 (28.60%)
	81 (14.39%)
	24 (4.26%)
	297 (52.75%)
	Plasma Membrane (11)



	ZaPIN3
	199 (59.40%)
	42 (12.54%)
	18 (5.37%)
	76 (22.69%)
	Vacuolar Membrane (11)



	ZaPIN4
	172 (55.13%)
	47 (15.06%)
	15 (4.81%)
	78 (25.00%)
	Vacuolar Membrane (12)



	ZaPIN5
	187 (53.89%)
	56 (16.14%)
	18 (5.19%)
	86 (24.78%)
	Vacuolar Membrane (7)



	ZaPIN6
	186 (34.38%)
	88 (16.27%)
	29 (5.36%)
	238 (43.99%)
	Plasma Membrane (11)



	ZaPIN7
	187 (52.38%)
	56 (15.69%)
	17 (4.76%)
	97 (27.17%)
	Plasma Membrane (7)



	ZaPIN8
	216 (55.96%)
	55 (14.25%)
	20 (5.18%)
	95 (24.61%)
	Plasma Membrane (11)



	ZaPIN9
	194 (42.64%)
	73 (16.04%)
	14 (3.08%)
	174 (38.24%)
	Plasma Membrane (11)



	ZaPIN10
	228 (37.38%)
	127 (20.82%)
	24 (3.93%)
	231 (37.87%)
	Plasma Membrane (11)



	ZaPIN11
	166 (40.79%)
	85 (20.88%)
	16 (3.93%)
	140 (34.40%)
	Plasma Membrane (10)



	ZaPIN12
	168 (51.48%)
	76 (18.77%)
	15 (3.70%)
	146 (36.05%)
	Plasma Membrane (11)



	ZaPIN13
	171 (40.62%)
	91 (21.62%)
	13 (3.09%)
	146 (34.68%)
	Plasma Membrane (7)



	ZaPIN14
	163 (38.53%)
	88 (20.80%)
	14 (3.31%)
	158 (37.35%)
	Plasma Membrane (9)



	ZaPIN15
	171 (44.53%)
	71 (18.49%)
	13 (3.39%)
	129 (33.59%)
	Vacuolar Membrane (8)



	ZaPIN16
	170 (51.46%)
	85 (20.73%)
	17 (4.15%)
	138 (33.66%)
	Vacuolar Membrane (12)
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Table 4. Ka/Ks analysis of collinear gene pairs of Z. armatum.
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	Gene Pair Name
	Gene Pair ID
	Ka
	Ks
	Ka/Ks





	ZaPIN14/ZaPIN13
	Zardc26161.t1/Zardc30903.t1
	0.078
	0.177
	0.438



	ZaPIN12/ZaPIN11
	Zardc27357.t1/Zardc29440.t1
	0.041
	0.138
	0.298



	ZaPIN10/ZaPIN11
	Zardc28240.t1/Zardc29440.t1
	0.573
	2.157
	0.266



	ZaPIN8/ZaPIN7
	Zardc46880.t1/Zardc45630.t1
	0.043
	0.260
	0.166



	Zardc27658.t1/ZaPIN2
	Zardc27658.t1/Zardc11981.t1
	0.032
	0.297
	0.106



	ZaPIN1/Zardc06555.t1
	Zardc43630.t1/Zardc06555.t1
	0.038
	0.236
	0.162



	ZaPIN2/Zardc12357.t1
	Zardc11981.t1/Zardc12357.t1
	0.005
	0.035
	0.156
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