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Genome-Wide Characterization of the Aquaporin Gene Family in Radish and Functional Analysis of RsPIP2-6 Involved in Salt Stress
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Aquaporins (AQPs) constitute a highly diverse family of channel proteins that transport water and neutral solutes. AQPs play crucial roles in plant development and stress responses. However, the characterization and biological functions of RsAQPs in radish (Raphanus sativus L.) remain elusive. In this study, 61 non-redundant members of AQP-encoding genes were identified from the radish genome database and located on nine chromosomes. Radish AQPs (RsAQPs) were divided into four subfamilies, including 21 plasma membrane intrinsic proteins (PIPs), 19 tonoplast intrinsic proteins (TIPs), 16 NOD-like intrinsic proteins (NIPs), and 5 small basic intrinsic proteins (SIPs), through phylogenetic analysis. All RsAQPs contained highly conserved motifs (motifs 1 and 4) and transmembrane regions, indicating the potential transmembrane transport function of RsAQPs. Tissue- and stage-specific expression patterns of AQP gene analysis based on RNA-seq data revealed that the expression levels of PIPs were generally higher than TIPs, NIPs, and SIPs in radish. In addition, quantitative real-time polymerase chain reaction (qRT-PCR) revealed that seven selected RsPIPs, according to our previous transcriptome data (e.g., RsPIP1-3, 1-6, 2-1, 2-6, 2-10, 2-13, and 2-14), exhibited significant upregulation in roots of salt-tolerant radish genotype. In particular, the transcriptional levels of RsPIP2-6 dramatically increased after 6 h of 150 mM NaCl treatment during the taproot thickening stage. Additionally, overexpression of RsPIP2-6 could enhance salt tolerance by Agrobacterium rhizogenes-mediated transgenic radish hairy roots, which exhibited the mitigatory effects of plant growth reduction, leaf relative water content (RWC) reduction and alleviation of O2– in cells, as shown by nitro blue tetrazolium (NBT) staining, under salt stress. These findings are helpful for deeply dissecting the biological function of RsAQPs on the salt stress response, facilitating practical application and genetic improvement of abiotic stress resistance in radish.
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INTRODUCTION

Soil salinization is one of the main abiotic stressors in global agriculture production. Approximately 25% of the global cultivated land area is salinized, and the problem has sequentially deteriorated due to climatic variation and desertification (Tuteja, 2007; Zhu, 2016). Plant growth and development, as well as crop yield, are severely hindered by salt stress. An excessive soil salt content causes vegetable crops to be short, with yellow leaves and brown roots (Chrysargyris et al., 2019; Daničić et al., 2021). In addition, an unsuitable salt environment destroys the plasma membrane structure, greatly increasing membrane permeability and resulting in the destruction of the water balance in plants (Ueda et al., 2016). Osmotic stress and radial water transportation are mainly dependent on aquaporin (AQP) activity (Horie et al., 2011; Chaumont and Tyerman, 2014; Laur and Hacke, 2014; Bouda et al., 2018). AQPs are integral membrane proteins that belong to the ancient superfamily of major intrinsic proteins (MIPs), which are widely distributed in animals, plants, and microbes (Gomes et al., 2009). Increasing evidence has demonstrated that AQPs efficiently transport water and other small molecule substrates and play important regulatory roles in seed germination, tissue expansion, reproductive growth, fruit ripening, water movement, and maintenance of cellular water homeostasis in plants (Eisenbarth and Weig, 2005; Chen et al., 2013; Moshelion et al., 2015; Shivaraj et al., 2017; Zargar et al., 2017). In addition, when plants are exposed to abiotic stress, AQPs quickly respond and regulate water transport, reducing H2O2 accumulation and membrane damage by enhancing the antioxidant system in plants (Hu et al., 2012).

The typical AQPs are composed of four monomers, and each monomer contains six transmembrane domains (TM1–TM6) and five connecting loops (LA–LE), forming independent transmembrane pores localized on the intra-(LB, LD) or extracytosolic (LA, LC, LE) sides of the membrane (Afzal et al., 2016; Ozu et al., 2018). Through folding and linking, two Asn-Pro-Ala (NPA) motifs form a narrow channel to control the permeability of water (Murata et al., 2000), which plays a vital role in water molecules across the membrane. Based on protein sequence similarity and subcellular localization, AQPs are divided into eight subfamilies, including plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs), uncategorized X intrinsic proteins (XIPs), GlpF-like intrinsic proteins (GIPs), hybrid intrinsic proteins (HIPs), and large intrinsic proteins (LIPs) (Danielson and Johanson, 2008; Hussain et al., 2020). Among them, PIPs are the subfamily with the most members that can be categorized into two phylogenetic subgroups, PIP1s and PIP2s, according to the length of the N- and C-termini of PIPs (Tyerman et al., 1999). PIP2s exhibit strong water permeability when expressed in Xenopus oocytes, whereas PIP1s generally have much lower or even no water channel activity (Fetter et al., 2004). PIP1 and PIP2 aquaporins may interact to increase water permeability (Hachez et al., 2013). PIP expression levels are complexly regulated by various physiological and environmental stressors, including plant hormones and abiotic stress (Kapilan et al., 2018), especially under drought and salt stress (Srivastava et al., 2016). Overexpression of PIP genes can improve salt tolerance of transgenic plants in several plants, such as sugarcane (Tang et al., 2021), barley (Alavilli et al., 2016), soybean (Zhou et al., 2014), Leymus chinensis (Ma and Liu, 2012), durum wheat (Ayadi et al., 2011), and rice (Guo et al., 2006). PIP genes might function as regulators of plant salt tolerance.

Radish (Raphanus sativus L.) is an important root vegetable crop belonging to the Brassicaceae family. Soil salinization and secondary salinization causing salt stress seriously affect the yield and quality of radish taproots. However, little information on the AQP gene family is available on radish. In the present study, a genome-wide analysis of the identification of AQP genes was performed, and its evolutionary relationships, structural characteristics, promoter analysis, and chromosomal distribution were systematically characterized. Moreover, the transcript profiles of RsPIPs in different developmental stages and tissues are detected and seven selected genes are also performed for differentially responsive genes under salt stress. Furthermore, the biological function of RsPIP2-6 was validated by Agrobacterium rhizogenes-mediated transgenic radish hairy roots in the face of salt stress. These results provide fundamental insights for the genetic improvement of salt tolerance traits and for revealing the salt stress response mechanism of radish.



MATERIALS AND METHODS


Genome-Wide Identification of Aquaporin Genes in Radish

The gene and protein sequence information for radish were obtained from the public genome database (RGD1). The candidate AQP proteins that included the Asn-Pro-Ala (NPA) domain (PF00230) were identified through Pfam.2 The hidden Markov model (HMM) search was then processed using HMMER 3.03 to retrieve the sequences, and SMART4 and CDD5 were employed to remove proteins with incomplete AQP conserved domains, ensuring the reliability of all radish aquaporin members (RsAQPs). Following this, Clustal W6 was conducted for multiple sequence alignment, and all AQP protein sequences, including radish and Arabidopsis, were imported to generate the phylogenetic tree using MEGA 5.0 with neighbor-joining (NJ) and the bootstrap value set to 1000. The Arabidopsis AQP protein sequences were downloaded from the TAIR database.7



Chromosome Localization, Protein Properties, Gene Structure, and Promoter Cis-Elements Analysis

The structural intron and exon characteristics of the RsAQP family genes were determined using Gene Structure Display Server 2.0.8 The chromosome localization of RsAQPs was plotted using MapChart software.9 The ExPASy ProtParam tool10 was used to analyze the RsAQP protein properties, including the number of amino acids (AAs), molecular weight (MW), theoretical isoelectric point (pI), hydrophilicity index (HI) and instability index (II). The conserved motifs of the RsAQP family were identified using the MEME Suite 5.4.1.11 Moreover, transmembrane prediction was detected using Hidden Markov Models Server v.2.0.12 Additionally, the promoter region (1500 bp sequence upstream of the translation initiation sites) of RsAQP genes was extracted and analyzed in the PlantCARE database for the identification of potential cis-acting elements (Lescot et al., 2002).



Expression Analysis of RsAQP Genes

The published RNA-seq data of five tissues (cortical, cambium, xylem, root tip, and leaf) at six stages (7, 14, 20, 40, 60, and 90 days after sowing) were used to analyze the expression patterns during radish development (Mitsui et al., 2015). Based on the reads per kilobase per kilo (RPKM) values, the heatmap was generated by TBtools13 (Chen et al., 2020). The expression profiles of the identified RsAQP genes under salt stress were extracted and performed from our previous transcriptome data (Sun et al., 2016).



Plant Materials, Growth Conditions, and Salt Treatments

Two previously screened advanced inbred radish lines, namely the salt-sensitive (‘NAU-TR12’) and the salt-tolerant (‘NAU-TR17’) genotypes, were used in this study (Zhang et al., 2021). The seeds were rinsed and sterilized before germinating on moist filter paper in the dark for 2 days. Subsequently, seedlings were transferred into plastic pots and cultured at 25°C day/18°C night with 16 h light/8 h dark, 60% relative humidity and 12,000 lx light. After 3 (young seedling stage) and 8 (taproot stage) weeks, these seedlings were transferred into the plastic container with a half-strength Hoagland nutrient solution (Xu et al., 2013). During a 1-week slow seeding period, the plants were treated with 150 mM NaCl solution and the NaCl-free nutrient solution was used as a control (CK). Three biological replicates were employed in each treatment, and each replicate included 20 seedlings. Different tissues (such as leaf and root) were harvested in triplicate at 0, 6, 12, and 24 h after a continuous time under NaCl treatment. Then, the samples were immediately frozen in liquid nitrogen and subsequently stored at –80°C for further use.



RNA Extraction and RT-qPCR Analysis

Total RNA extraction was performed with an RNAprep Pure Plant Kit (Tiangen, Beijing, China), and cDNA was synthesized using a PrimeScriptTM RT reagent kit (Takara, Dalian, China) according to the manufacturer’s instructions. RT-qPCR analysis was carried out on the LightCycler® 480 System (Roche, Mannheim, Germany). All primers used for RT-qPCR are listed in Supplementary Table 3. RsActin was employed as the internal standard to normalize expression. The relative expression level was normalized to the RsActin gene and calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001). Three replicates were performed in this study.

The relative expression levels of the salt stress samples were compared to those of the controls. The gene fragments for RT-qPCR were isolated among young and taproot thickening periods from two radish varieties: ‘NAU-TR12’ (salt-sensitive) and ‘NAU-TR17’ (salt-tolerant).



Agrobacterium rhizogenes-Mediated Transformation System of Radish

The coding sequence (CDS) of RsPIP2-6 was amplified with the primer pair RsPIP2-6OE-F/RsPIP2-6OE-R. The PCR fragments were then inserted between XbaI and KpnI restriction sites (Supplementary Table 1). The plant expression vector pCambia1300 with the 35S promoter included a green fluorescent protein (GFP) tag. The recombination vector containing RsPIP2-6 was transformed into A. rhizogenes strain MSU440.

RsPIP2-6-transformed radish hairy root composite plants were obtained by infection, according to Wei et al. (2016). The germinating radish seeds were sown on vermiculite and cultured at 25°C day/18°C night with 16 h light/8 h dark, 60% relative humidity and 12,000 lx light. After 4 days, seedlings with consistent growth were selected, and the original roots of the radishes were cut off. The growing tip and 0.5–1 cm elongated hypocotyl (composite plants that contained the transformed hairy roots with a wild-type shoot) were retained for A. rhizogenes infection. Agrobacterium rhizogene harboring RsPIP2-6-GFP (OE) or the empty vector (pCambia1300-GFP: EV) in 50 mL LB liquid medium plus 50 mg/L streptomycin and 100 mg/L kanamycin were incubated overnight at 28°C on a rotary shaker at 200 rpm until the OD600 reached 0.8–1.0 (Qin et al., 2021). Bacterial cells were centrifuged at 5000 rpm for 5 min and re-suspended in MS liquid medium (OD600 = 0.8–1.0) containing 100 μM acetosyringone (AS) and infected in the dark for 40–60 min (Huang et al., 2022). Subsequently, the composite plants were planted into a substrate (peat:vermiculite = 2:1) and treated with 150 mM NaCl at four leaves and one shoot period for 6 days. Three biological replicates were employed in each treatment. Each sample of at least six seedlings was harvested for salt treatment in the experiment, and three seedlings were randomly selected and photographed.



Chlorophyll Fluorescence Measuring and Histochemical Staining

Chlorophyll fluorescence was analyzed using a chlorophyll fluorometer (IMAG-PAM). Three leaves and one shoot of soil-grown OE and EV seedlings were treated with 0 or 150 mM NaCl for 6 h before being subjected to chlorophyll fluorescence determination. The seedlings were dark-adapted for at least 30 min before measurements. Fv/Fm was averaged from equal circles of interesting areas on the leaves (Zhou et al., 2022). Chlorophyll fluorescence images and chlorophyll fluorescence parameters of the samples were measured synchronously using Imaging PAM software. Each sample of at least 9 seedlings was used for chlorophyll fluorescence determination, and one leaf was randomly selected photo. In addition, histochemical staining was conducted with NBT, as previously described by Alvarez et al. (1998), and RWC in leaves was determined according to Hu et al. (2016). Three replicates were employed in each treatment, and each replicate included at least three seedlings.



Statistical Analysis

All experiments in this study were performed with at least three repetitions. The significance of differences determined by one-way ANOVA followed by Duncan’s test among treatment means using IBM SPSS Statistics 25 (IBM Corp., United States) was defined as significant when P < 0.05, as indicated in the figure legends.




RESULTS


Identification and Characterization of RsAQPs in Radish

The homology search resulted in 62 putative AQP protein sequences obtained in radish. After removing the sequence with an incomplete NPA domain, 61 non-redundant and complete aquaporin members were identified from the radish genome database (Table 1). All members were correspondingly named according to the classification of model plant Arabidopsis from the TAIR database.14 Based on physical and chemical property analyses, the protein sizes of RsAQPs varied from 122 to 553 AAs, and 55 members (90.16% of all RsAQPs) were concentrated at 20–35 kDa. The theoretical pI values ranged from 4.96 to 10.07, and the MWs ranged from 12.76 to 61.49 kDa. Additionally, the average instability coefficient (IC) was 29.58, and most (58 members, 95.08%) were structurally stable, with an IC less than 40.00. Furthermore, all proteins except RsNIP6-3 were predicted to be hydrophobic.


TABLE 1. Identification and characterization of AQP proteins in radish.
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Phylogenetic Analysis of RsAQP Genes

To systematically classify the subfamily of RsAQPs and reveal the evolutionary relationship with the aquaporin members of Arabidopsis (AtAQP), a phylogenetic tree was constructed using the neighbor-joining method with the amino acid sequences (Figure 1). By homologue comparative analysis of the protein sequences between RsAQPs and AtAQPs, the 61 RsAQPs were separated into four distinct subfamilies according to their grouping with AtAQPs, covering RsPIPs, RsTIPs, RsNIPs, and RsSIPs. Among them, RsPIPs were the most abundant subfamily, containing 21 members, which were further divided into 2 subgroups containing 7 RsPIP1 members and 14 RsPIP2 members. There were 19 members involved in RsTIPs and 5 members in RsSIPs, which were clustered into 5 and 2 subgroups, respectively. The orthologous sequence of AtNIP3-1 was not identified in radish.


[image: image]

FIGURE 1. Phylogenetic relationship between the members of RsAQP and AtAQP.




Gene Structure and Conserved Domain Analysis of RsAQPs

Exon–intron organization analysis of the 61 RsAQPs showed that the number of introns ranged from zero to seven, and the same subfamily generally contained similar gene structures (Figures 2A,B). Specifically, the RsSIP subfamily contained two introns, while the RsPIP subfamily displayed three introns, except for RsPIP1-7 and RsPIP2-10, which had two and one introns, respectively. Most of the RsTIPs had two introns, except RsTIP1-5 and RsTIP1-6, which lacked introns. The structure of the RsNIP subfamily was relatively complex, with the number of introns varying from one to seven.
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FIGURE 2. Conserved motifs and gene structure distribution of RsAQP proteins. (A) Phylogenetic tree of RsAQP proteins. (B) Exon–intron structure of AQP genes in radish. (C) Conserved motif distribution of RsAQP proteins.


A total of 15 conserved motifs were generated from 61 RsAQPs (Figure 2C), and the motif compositions were similar in the same subfamily. Among these, motifs 1 and 4 were involved in all RsAQP proteins, suggesting that these motifs were the basic region of RsAQPs. However, some motifs were unique and were only detected in specific subfamilies. For instance, motifs 7, 10, and 15 were detected only in RsPIPs, whereas motifs 9 and 12 were uniquely distributed in RsNIPs and RsTIPs, respectively. These special motifs might be the characteristic domains of RsPIPs, RsTIPs, and RsNIPs. In addition, some motifs were covered in different subfamilies. For example, motifs 2, 5, and 6 could be discovered in RsPIPs, RsTIPs, and RsNIPs, while motifs 3 and 8 were both distributed in RsPIPs and RsTIPs. The diversity of motif compositions in the RsAQPs family reflected their evolutionary processes and contributed to their functional differentiation.



Promoter Cis-Element Prediction and Transmembrane Region Analysis

Various cis-acting elements, including stress-, development-, and hormone-responsive elements, were widely distributed in the promoter regions of the RsAQP genes (Figure 3). By calculating the number of different cis-elements, the light-responsive element was the most frequent in the RsAQP promoter, followed by MeJA-responsive and abscisic acid-responsive elements. Notably, defense and stress elements were distributed in all RsAQP subfamilies. The wound-responsive element only existed in the RsPIP and RsTIP promoters, while the element involved in seed-specific regulation was only present in the RsSIPs. Moreover, none of the elements involved in cell cycle regulation were contained in the RsNIPs and RsSIPs (Table 2). These results suggest that the transcriptional regulation of different types of RsAQP genes was diverse, indicating the diversity of RsAQP functions. Furthermore, other cis-elements involved in osmotic stress, such as MBS (CAACTG), ABRE (ACGTG) and ABA (TAACCA), were also observed in RsAQP promoters. This suggests that these aquaporin members may be regulated by various factors in radish, including drought and ABA, which need to be experimentally demonstrated in further studies. Moreover, all RsAQPs contained transmembrane regions that varied from 3 to 12 (Supplementary Table 1), and more than half (33 RsAQPs) comprised six typical transmembrane domains.
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FIGURE 3. Promoter cis-element prediction of RsAQP genes.



TABLE 2. Number of occurrences of each cis-acting element in the RsAQP promoter.
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Chromosomal Localization Analysis of RsAQPs

A total of 57 RsAQPs (93.44%) were successfully located on nine chromosomes of radish through MapChart analysis, except for RsSIP2-3, RsNIP4-2, RsNIP4-3, and RsNIP4-4 (Figure 4 and Supplementary Table 2). At least two members were mapped on each chromosome. Interestingly, some RsAQPs were located in clusters in certain chromosomal regions, especially on chromosomes 2 and 6. Among them, chromosome 6 possessed the largest number of RsAQP genes, followed by chromosomes 4 and 5, and the fewest number of RsAQP genes were found on chromosomes 7 and 8.


[image: image]

FIGURE 4. Chromosomal distributions of RsAQP genes.




Spatial and Temporal Expression Patterns of RsAQPs

The expression profiles of the 61 RsAQP genes among different tissues (cortical, cambium, xylem, root tip, and leaf) and developmental stages (40, 60, and 90 days) were determined in the publicly available RNA-seq data (Mitsui et al., 2015) and presented in the heatmap (Figure 5). In total, the expression levels of RsPIPs and RsTIPs were significantly higher than those of RsNIPs and RsSIPs in all tissues. For the RsTIP subfamily, RsTIP1-1 to RsTIP1-4, RsTIP2-2, and RsTIP2-3 showed high expression within roots and leaves, while other RsTIP members were expressed at extremely low levels. However, most RsPIPs showed high transcript levels in the leaves and roots of the radish, especially RsPIP2s. For example, RsPIP2-1, RsPIP2-2, RsPIP2-3, RsPIP2-4 and RsPIP2-5 maintained relatively high expression levels at the middle stage of the roots, while the expression patterns of RsPIP2-6 were relatively higher at the earlier and later stages (Figure 5A).
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FIGURE 5. Expression profiles of RsAQP genes in different stages and tissues. (A) RsAQP gene expression heatmap in six stages (7, 14, 20, 40, 60, and 90 days) of two tissues (root and leaf). (B) RsAQP gene expression heatmap in three stages (40, 60, and 90 days) of five tissues (cortical, cambium, xylem, root tip, and leaf).


In the tissues for 40, 60, and 90 days, the expression levels of RsPIPs and RsTIPs were also significantly increased compared to RsNIPs and RsSIPs. For the RsTIP subfamily, RsTIP1-1 to RsTIP1-4 and RsTIP2-1 to RsTIP2-4 were expressed at high levels. In the RsPIP subfamily, RsPIP1-3, RsPIP1-4, RsPIP1-6, RsPIP2-13, and RsPIP2-14 were highly expressed in the cortex, cambium, xylem, root tip, and leaf. RsPIP2-6 was mainly expressed in the cortex, cambium and xylem, while RsPIP2-1 was intensively expressed in the cambium and xylem (Figure 5B). These RsPIP genes might play critical roles in the development of radish roots.



Expression Profiles of RsPIPs in Different Stages and Varieties Under Salt Stress

Based on our previous RNA-seq data in radish taproots and the variation of the expression levels under salt stress (Xie et al., 2015; Sun et al., 2016), seven RsPIPs (RsPIP1-3, 1-6, 2-1, 2-6, 2-10, 2-13, and 2-14) were selected to further determine their expression patterns by RT-qPCR under different salt exposure durations in two radish varieties (Figure 6 and Supplementary Tables 3, 4). At the seeding stage, almost all seven RsPIP genes were significantly upregulated under salt stress in the salt-tolerant variety ‘NAU-TR17,’ however, they did not show obvious variation in the salt-sensitive variety ‘NAU-TR12’ (Figure 6A). The salt-responsive expression profiles of these genes were screened at the taproot thickening period in ‘NAU-TR17.’ As shown in Figure 6B, the RsPIP2-1 and RsPIP2-6 genes exhibited sharp growth at 6 and 24 h, especially for RsPIP2-6, with a 250-fold increase.
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FIGURE 6. Expression levels of RsPIP genes under NaCl treatment in young roots and the taproot thickening period. (A) Expression levels of RsPIP genes in young roots for the indicated time (h) under 150 mM NaCl treatment. (B) Expression levels of RsPIP genes in the taproot thickening period for the indicated time (h) under 150 mM NaCl treatment. RsActin was used as an internal control for qRT-PCR. The relative expression levels of the RsPIP genes were calculated based on the comparative threshold cycle (Ct). Statistical analysis was processed using GraphPad Prism 8. The significant difference was analyzed using IBM SPSS Statistics 25, values with different lowercase letters indicate a significant difference at p < 0.05 according to Duncan’s multiple range tests. Each bar shows the mean ± SE of the triplicate assay.




Agrobacterium rhizogenes-Mediated Overexpression of RsPIP2-6 Confers Salt Tolerance in Radish With Transgenic Hairy Roots

Agrobacterium rhizogenes-mediated transformation was employed to determine the biological gene function of RsPIP2-6 in radish when exposed to salt stress, based on the transcript expression level. RsPIP2-6-overexpressing hairy roots were successfully obtained, and transgenic positive hairy roots were identified by PCR, GFP signal detection and RT-qPCR (Figures 7A–C). The composite plants of OE with high expression in hairy roots were used for functional verification, while transgenic hairy root EV were used as a control. As shown in Figure 7D, no significant phenotypic differences were observed between the EV and OE plants under normal conditions. After exposure to 150 mM NaCl solution for 6 days, the leaves of EV plants were severely withered and yellowed or were dead and had a lower RWC in the leaves, while OE plants still grew vigorously and had a higher leaf RWC (Figures 7E,F). Additionally, the survival rate of EV plants was reduced to 55.5%, while OE exhibited a reduction of 88.8% compared to their untreated conditions. Interestingly, the lateral root numbers of OE were significantly more plentiful than EV. The FluorCam chlorophyll fluorescence imaging system showed that the fluorescence intensity of EV plants markedly decreased in comparison to transgenic plants during salt stress (Figure 7G), indicating that photosynthetic capacity (Fv/Fm) had a downward trend. The photosynthetic capacity of transgenic plants was higher than that of EV plants, which indicated that OE could alleviate the damage caused by salt stress on photosynthesis and could improve the salt tolerance of radish (Figure 7H). NBT staining showed that EV exhibited more severe damage in comparison with OE roots under salt stress (Figure 7I). Taken together, these results indicate that RsPIP2-6 might be a positive regulator in radish against salt stress.
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FIGURE 7. Overexpression of RsPIP2-6 positively regulated salt tolerance in radish. (A) PCR identification of RsPIP2-6-GFP (1300-GFP-F/RsPIP2-6-GFP-R primers) and 1300-GFP (1300-GFP-F/1300-GFP-R primers) in transgenic radish hairy roots. M: DL5000 marker; –, ddH2O; EV: radish hairy root containing empty vector (pCambia1300-GFP), OE: radish hairy root overexpressing RsPIP2-6. (B) Green fluorescent protein (GFP) fluorescence in the hairy roots of radish. (C) Relative expression levels of RsPIP2-6 in EV and OEs. (D) Phenotypes of EV and OE seedlings with 0 or 150 mM NaCl (150 mM for 6 days). (E) Statistical analysis of the survival rates of EVs and OEs with 0 or 150 mM NaCl. (F) Relative water content of EVs and OEs in radish with 0 or 150 mM NaCl. (G) Lipid peroxidation visualized by autoluminescence imaging. The color palette indicated luminescence intensity from low (purple) to high (black) values. (H) Fv/Fm rate in EVs and OEs radish with 0 or 150 mM NaCl. (I) Histochemical staining with NBT in the hairy roots of radish EVs and OEs with 0 or 150 mM NaCl. Each bar shows the mean ± SE of the triplicate assay, values with different lowercase letters indicate a significant difference at p < 0.05 according to Duncan’s multiple range tests.





DISCUSSION


Characterization of AQP Gene Family Members in Radish

The AQPs, as a class of multifunctional proteins, not only participate in maintaining cellular water homeostasis in plants but also in other physiological activities, such as seed germination, growth and development, transport of nutrient elements, heavy metal elements, CO2 transport, and stomatal movement, especially abiotic stress tolerance (Martinez-Ballesta and Carvajal, 2014). Accurate annotation of the AQP gene was an important starting point for future research on the gene function of analysis. An increasing number of AQP genes have been identified in many plants via genome sequencing. The AQP gene family has 39 members in Arabidopsis (Johanson et al., 2001), 42 in apple (Liu et al., 2019), 59 in Brassica rapa (Kayum et al., 2017), 33 in rice (Nguyen et al., 2013), 76 in tobacco (De Rosa et al., 2020), 47 in tomato (Reuscher et al., 2013), and 40 in chickpea (Deokar and Tar’an, 2016). However, the number and molecular characteristics of AQP family genes in radish are largely unclear. In the present study, 61 AQP genes were identified by whole genome analysis of AQP-encoding genes in radish. A higher number of RsAQP genes might indicate specific amplification, with higher evolution and more meticulous functional division. The RsAQP family was divided into four subfamilies (PIP, TIP, NIP, and SIP) based on their homology to AtAQPs. Interestingly, there were generally more members of each subfamily of radish than Arabidopsis, but no homologous genes of AtNIP3-1 were identified in radish. The gene number of the PIP subfamily was significantly higher than that of other subfamilies in most plants, including radish, which indicated that PIPs had a more complex evolutionary process. Additionally, all AQPs in B. rapa functional analysis showed that most PIP subfamily proteins exhibited a high degree of identity with abiotic stress-related AQP proteins from other plant species (Kayum et al., 2017). The phylogenetic relationship of RsAQPs was also supported by both their gene structures and conserved motifs. From an evolutionary perspective, the increasing number of genes might be due to gene replication events, including segmental and tandem duplication (Bancroft, 2001). Gene structure analysis showed that each subfamily displayed a similar exon–intron organization in Arabidopsis and radish (Jiang et al., 2020). Nineteen RsPIP genes contained three introns, aside from RsPIP1-7 and RsPIP2-10. RsTIPs possessed introns, with numbers varying from zero to three, which was also similar to AtTIPs. Introns are related to gene evolution, which has been proposed to affect gene expression (Rose, 2008). More and longer introns exist in more highly expressed genes (Ren et al., 2006). The gain/loss of exons and introns might be the result of chromosomal rearrangements and fusions and can potentially lead to the functional diversification of multiple gene families (Xu et al., 2012).

The expression of AQP genes is regulated by various stressors in plants, such as drought, salt, and cold (Feng et al., 2018; Pawłowicz and Masajada, 2019). Promoter analysis revealed that the RsAQP gene promoters contained cis-elements in response to multiple hormones, stress, and development (Table 2). Subsequently, the expression of seven RsPIP genes was upregulated under salt exposure, indicating that they might play a crucial role in the response to salt stress. Similar results were also observed in soybean (Zhou et al., 2014), Arabidopsis (Feng et al., 2018), and Canavalia rosea (Lin et al., 2021). The distribution of RsAQP in linkage groups showed tandem duplicated pairs, such as RsPIP2-1, RsPIP2-2, RsPIP2-3, and RsPIP2-4, on the R6 chromosome, which might have been caused by gene duplication during evolution. Tandem duplications are a common phenomenon in nature, such as leucine-rich repeat domains in asparagus with both tandem genes and duplication across multiple chromosomes (Die et al., 2018). Conserved motif analysis showed that all RsAQP proteins shared the typical AQP domain. Motifs 1 and 4 were distributed in the four subfamilies (PIP, TIP, NIP, and SIP), indicating that they were highly conserved and might be the characteristic domain of the RsAQP family. Motifs 9 and 12 were distributed only in the TIP and NIP subfamilies, respectively.



Expression Divergence of RsAQP Genes

The expression level of AtPIP2 was downregulated under salt stress in the roots of Arabidopsis (Boursiac et al., 2005), while OsPIP2 was upregulated in rice (Guo et al., 2006). In the present study, RsPIP2-6 increased dramatically compared to other RsPIP genes in the taproot thickening period of ‘NAU-TR17’ under salt stress. Therefore, RsPIP2-6 might be a critical candidate gene for salt tolerance. Each specific isoform, as well as the plant genotype, might influence transcriptional aquaporin regulation under salt stress in broccoli plants (Muries et al., 2011). FaPIP1;2 and FaTIP1;1 transcript levels increased after salt treatment in a highly salt-tolerant genotype, whereas FaPIP2;1 remained a relatively stable transcript level (Pawłowicz et al., 2017). The transcription level of the PIP2;4 gene increased, while the PIP1;2, TIP1;1, and TIP2;2 genes were reduced under salinity stress in Piriformospora indica (Ghorbani et al., 2019). The seedlings and reproductive stages were more vulnerable to salt stress than the vegetative stages, while the roots were more sensitive than other organs (Nam et al., 2015). These studies suggested that AQPs from different species had a high sequence homology, whereas they retained functional and regulatory specificity. These different, even contradictory, transcriptional regulations of AQPs might be caused by the tissue location of AQPs, plant species and growth phase, and salt concentration and duration of treatment.

The high efficiency of genetic transformation is an indispensable factor in gene function verification and germplasm improvement in radish. However, the efficiency of A. tumefaciens-mediated transformation in radish is extremely low, which greatly hinders gene function analysis (Muto et al., 2021). Therefore, the high-throughput production of transgenic plants in the short run is important for gene function research, especially for plants with a “bottleneck” to plant regeneration (Jian et al., 2009). To date, a fast and efficient transformation technique with A. rhizogenes has been widely used for functional genomics in plants (An et al., 2017; Che et al., 2019; Qin et al., 2021). In radish, only two reports have been successful in developing transgenic plants using the A. rhizogenes-mediated method (Tanaka et al., 1985; Balasubramanian et al., 2018). Here, A. rhizogenes-mediated transformation using composite plants as explants was performed to determine the overexpression of RsPIP2-6 in radish. As a result, RsPIP2-6-transformed plants grew more vigorously, with a higher survival rate and a lower degree of damage compared with empty vector-transformed plants under salt stress. In a recent report, overexpression of IbPSS1 improved salt tolerance in transgenic sweet potato lines obtained from an A. rhizogenes-mediated transformation system (Yu et al., 2020). GmLecRlk-overexpressing soybean lines have significantly enhanced salt tolerance by A. rhizogenes (Zhang et al., 2022). Similar to the above results, RsPIP2-6 could also improve radish tolerance to salt stress using the A. rhizogenes-mediated transformation system. This finding provides a new idea for the breeding of genetically modified radish.




CONCLUSION

In this study, 61 RsAQP genes were identified and characterized based on radish genome data. Furthermore, phylogenetic analysis, gene structure, conserved motifs, promoter cis-elements, chromosome distribution, and RNA-seq expression analysis of RsAQP were conducted. The expression profiles of RsPIPs in different stages and tissues under salt stress indicate that PIPs might play a vital role in maintaining the water potential homeostasis of radish exposed to salt stress. In addition, overexpression of RsPIP2-6 could enhance salt tolerance by Agrobacterium rhizogenes-mediated transgenic radish hairy roots, which showed enhanced tolerance to salt stress. These results provide a beneficial resource for the evolution and function of RsAQPs and provide a basis for the breeding and genetic engineering of radish.
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