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Abstract

:

Salt tolerance is an important trait in soybean cultivation and breeding. Plant responses to salt stress include physiological and biochemical changes that affect the movement of water across the plasma membrane. Plasma membrane intrinsic proteins (PIPs) localize to the plasma membrane and regulate the water and solutes flow. In this study, quantitative real-time PCR and yeast two-hybridization were engaged to analyze the early gene expression profiles and interactions of a set of soybean PIPs (GmPIPs) in response to salt stress. A total of 20 GmPIPs-encoding genes had varied expression profiles after salt stress. Among them, 13 genes exhibited a downregulated expression pattern, including GmPIP1;6, the constitutive overexpression of which could improve soybean salt tolerance, and its close homologs GmPIP1;7 and 1;5. Three genes showed upregulated patterns, including the GmPIP1;6 close homolog GmPIP1;4, when four genes with earlier increased and then decreased expression patterns. GmPIP1;5 and GmPIP1;6 could both physically interact strongly with GmPIP2;2, GmPIP2;4, GmPIP2;6, GmPIP2;8, GmPIP2;9, GmPIP2;11, and GmPIP2;13. Definite interactions between GmPIP1;6 and GmPIP1;7 were detected and GmPIP2;9 performed homo-interaction. The interactions of GmPIP1;5 with GmPIP2;11 and 2;13, GmPIP1;6 with GmPIP2;9, 2;11 and GmPIP2;13, and GmPIP2;9 with itself were strengthened upon salt stress rather than osmotic stress. Taken together, we inferred that GmPIP1 type and GmPIP2 type could associate with each other to synergistically function in the plant cell; a salt-stress environment could promote part of their interactions. This result provided new clues to further understand the soybean PIP–isoform interactions, which lead to potentially functional homo- and heterotetramers for salt tolerance.
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1. Introduction


Plasma membrane intrinsic proteins (PIPs) are aquaporins that localize to the plasma membrane (PM) and regulate the flow of water and solutes. PIPs can be clustered into two evolutionary subgroups, PIP1 and PIP2 [1]. The gene copy numbers of the PIP1 and PIP2 isoforms vary among species; for instance, there are 5 PIP1s and 4 PIP2s in Arabidopsis thaliana (Arabidopsis) [2], 10 PIP1s and 14 PIP2s genes in Glycine max and Brassica rapa [3,4], and 4 PIP1s and 5 PIP2s genes in Cicer arietinum L. [5]. Plant PIPs contain two conserved domains: transmembrane domains (TMDs) and asparagine–proline–alanine (NPA) motifs. These proteins vary in the lengths of their N- and C-terminal ends [1]. Biochemical and crystallography-based 3D structural analyses reported that PIPs could assemble into hetero- or homotetramers [5,6,7]. Harvengt et al. identified two aquaporin isoforms, PIP1 and PIP2, which belonged to the same oligomer in the membrane of protein-storage vacuoles in Lens culinaris Med. Seeds [8]. Studies on Zea may and Selaginella moellendorffii PIPs in Xenopus oocytes both suggested that the co-expression of PIP1 and PIP2 could help the aquaporins reach PM and increase the permeability coefficient (Pf) in comparison with expressing PIP1 or PIP2 alone [9,10]. Research on Arabidopsis showed that the interaction between PIP proteins enhanced the delivery of PIP2 from Golgi to PM [11]. In Arabidopsis halophitic relative Thellungiella halophila, the interaction between PIP1 and PIP2 triggered multiple physiological responses when the plant was exposed to salt stress [12]. Research in rice, tobacco, and vine grape showed that aquaporins PIP1 and PIP2 form a complex that regulates water transport [13,14,15]. On the other hand, studies on Beta vulgaris PIPs (BvPIPs) in Xenopus oocytes demonstrated that the co-expression of BvPIP1;1 and BvPIP2;2 enhanced PM water permeability [16], but BvPIP2;1 did not bind BvPIP1;1 or enhance its transportation to oocyte PM [17]. These results imply that PIP1 and PIP2 jointly working in a plant cell might form functional units facilitating solute transport [1]; PIPs’ interactions might have special functions in plant salt or drought tolerance, and the interaction should be specific, and not conserved in different isoforms.



Previous research on Glycine max demonstrated that several GmPIPs were involved in the process of plant responses to salt, drought, and osmotic stress [11,12,13,18,19,20]. Salt stress is an important abiotic stress factor in crop cultivation, including that of soybean [21]. It can affect many physiological processes negatively, and high-level salt stress may reduce the yield or even cause more severe loss [22,23,24]. As regards the PIPs interaction depicted above, protein–protein and protein–macromolecule interactions play crucial roles in maintaining various physiological activities and biological functions. However, to date, there is no research on GmPIPs’ interactions in response to salt stress. Hence, in the present study, soybean seedlings were subjected to salt stress, and the gene expression profiles of GmPIPs and the protein interaction were assayed. The results show that salt stress led to varied GmPIPs expression and influenced the proteins’ hetero- and homotetramerization, which might affect water channel activity and plant salt tolerance.




2. Materials and Methods


2.1. Soybean Plant Materials and Treatments


The seeds of soybean variety Willimas 82 (Glycine max) were from the seed stock of our lab, and they were grown in pots with vermiculite (14 cm dimeter, 20 cm height) for germination and seedling growth later. All the pots were kept in a climate chamber with the following growth conditions: 16 h/8 h light/dark photoperiod, light density 43.2 μmol ×m−2×S−1, 25 °C/20 °C day/night. Two-week-old seedlings were placed into 1/2 Hoagland solution for two days as an adjustment process. To detect the earlier salt response, the seedlings were subjected to the solution of 1/2 Hoagland with 200 mM NaCl for 0, 2, and 12 h, and the root samples were collected for RNA isolation [18]. The adjustment process and the treatment were carried out under the same condition as mentioned above.




2.2. RNA Extraction and cDNA Synthesis


A Promega RNA extraction kit was used for total RNA extraction from the root-tissue samples of soybean seedlings subjected to 200 mM NaCl for 0 (CK), 2 and 12 h, respectively. After the DNA removal through DNase I digestion, RNA quality and integrity were checked using 1.2% agarose gel electrophoresis. The cDNA synthesis was performed according to the procedure of the reverse transcription kit (HaoJia Technology Development Co., Ltd. Shanghai, China).




2.3. Gene Expression Analysis


Quantitative real-time PCR (qPCR) analysis was carried out to detect the expression level of GmPIP genes in response to salt stress. Primers (designed by Primer 3 software, Whitehead Institute, Cambridge, MA, USA) for each gene are listed in Table S1. Soybean GmTUBB3 (NM_001252709.2) and GmActin (NM_001289231.1) were used as internal references. All reactions were performed in the SYBR® Premix Ex Taq™ (Takara, China) reaction mixture using a Bio-Rad CFX connect Real-Time system (Bio-Rad Laboratories, Hercules, CA, USA) under the following conditions: 10 s at 95 °C, followed by 40 cycles of 5 s at 95 °C for denaturing and 30 s at 60 °C for annealing and extension. A melting curve analysis was performed to confirm the specificity of the PCR products. Similar results were obtained from the relative gene expression data calculated using the 2−ΔΔCt method, and the control plants (0 h) were used as the reference. There were three independently biological replications for each sample, and three technological repeats for each biological replication.




2.4. GmPIPs Gene Cloning and Constructs Preparation


Full-length ORFs of the selected GmPIPs were amplified from the root tissues of soybean (variety Willimas 82) seedlings using primers containing enzyme digestion sites (Table S2). PCR products were transferred to the pGEM-T Easy Vector. Every construct (pGEM-T–GmPIPs) was sequenced three times by Nanjing TSINGKE Biological Technology Co., Ltd. to validate the sequence. The pGADT7 and pGBKT7 vectors and pGEM-T-GmPIPs were digested using Nco I and EcoR I, then the digested vector and gene fragments were ligated using the T4 DNA ligase enzyme. After transformation, positive clone detection and sequencing validation for pGADT7-GmPIPs and pGBKT7-GmPIPs, they were ready for the following yeast two-hybrid assay.




2.5. Yeast Two-Hybrid Assay


The yeast two-hybridization assay was performed according to the protocol of the MatchmakerTM Gold Yeast Two-Hybrid System (Clontech, Cambridge, MA, USA). After the transformation of pGADT7-GmPIPs and pGBKT7-GmPIPs simultaneously, the yeast cell was cultivated in liquid medium until the OD value reached 1.5 (or adjusting with fresh medium). The cultivations were 10-, 100-, 1000-times diluted with autoclaved double-distilled water; then equal amounts of yeast clones were inoculated on the SD-Leu-Trp and SD-Leu-Trp-His-Ade+Aba+X-a-gal selective medium (solid plate), and the plates were incubated at 30 °C until the growth of visible colonies. Yeast cells carrying pGBKT7–53 and pGADT7-SV40 plasmids were used as positive controls, and those with pGBKT7-Lam and pGADT7-SV40 were used as negative controls. Meanwhile, the yeast clones were also plated on SD-Leu-Trp-His-Ade+AbA+X-a-gal containing 100 mM NaCl or 200 mM mannitol, respectively.




2.6. Bioinformatics Analysis of Soybean PIPs


To analyze the duplication events among soybean GmPIPs, the data were downloaded from PLANT GENOME DUPLICATION DATABASE (PGDD) [25] and the tandem and segmental duplication of GmPIPs were determined. The transmembrane region of GmPIPs was predicted using SMART online software [26]. The evolutional trees for GmPIPs and other plant species PIP proteins, downloaded from RiceFREND [27], were constructed using MEGA5.0 software [28]. The multiple alignment was performed using Cluxtal X and GeneDoc.




2.7. Statistical Analysis


The data are the average of three replicates ± stand derivation (SD) for each treatment. The data were analyzed by ANOVA using SPSS 20.0(IBM, NY, US). Values that are significantly different (p < 0.05) are indicated by different lowercase letters in the Figures.





3. Results


3.1. Sequence Analysis of Soybean GmPIPs


Soybean GmPIPs contain six TMDs and two conserved NPA motifs. Even though the TMD regions in the two types of PIPs shared high similarity, we found several differences in the amino acid sequences of TMD2 and TMD4 (Figure S1). The structural differences between PIP1 and PIP2 are limited to their N- and C-terminal ends [1]. The N-terminal ends of GmPIP1s are longer than those of GmPIP2s by about 15 amino acids. However, the C-terminal ends of GmPIP1s are shorter than those of GmPIP2s by about 8 amino acids (Figure S1). Phylogenetic analysis indicated that the GmPIP1s and the GmPIP2s could be clustered into two separated groups: GmPIP1;1 and 1;2, 1;4 and 1;5, and 1;6 and 1;7; and GmPIP2;1, 2;2, 2;3 and 2;4, 2;6 and 2;6, 2;7 and 2;8, and 2;10 and 2;11 had high similarity (Figure S2). When the homologs from other plant species, such as rice (OsPIPs) and Arabidopsis (AtPIPs), were integrated into the analysis, the clustering pattern stayed the same (Figure S3).




3.2. The Transcriptional Profiles of Gmpips under Salt Stress


The transcriptional profile of GmPIPs in the salt stress-treated (for 0, 2, and 12 h) soybean root tissue was assayed by qPCR. Most of the expression levels (EL) of these aquaporin coding genes were altered after NaCl treatment (Figure 1). There were seven GmPIPs (GmPIP1;3, GmPIP1;4, GmPIP2;1, GmPIP2;8, GmPIP2;9, GmPIP2;10 and GmPIP2;11) the Els of which were elevated significantly in response to salt-stress treatment. GmPIP2;1, GmPIP2;9, GmPIP2;10 and GmPIP2;11′s ELs increased at 2 h but decreased at 12 h to levels even lower than at 0 h. The ELs of GmPIP2;8 did not change at 2 h, but increased about six-fold at 12 h. On the other hand, there were ten genes (GmPIP1;1, GmPIP1;2, GmPIP,1;5, GmPIP1;6, GmPIP1;7, GmPIP2;3, GmPIP2;4, GmPIP2;5, GmPIP2;8 and GmPIP2;13) the ELs of which decreased after NaCl treatment. Among those down-regulated GmPIPs, the ELs of GmPIP1;5, GmPIP1;8, and GmPIP2;2 did not show change at 2 h, whereas they decreased at 12 h. Remarkably, the ELs of GmPIP1;2 and GmPIP2;4 decreased significantly at 2 h and then recovered at 12 h to the same levels as at 0 h. Finally, four of the examined genes (GmPIP1;9, GmPIP 1;10, GmPIP 2;7 and GmPIP 2;12) whose ELs were not altered after salt stress are not shown in Figure 2.




3.3. Hetero- and Homotetramerization in GmPIP1s and GmPIP2s


Based on the phylogenetic analysis (Figure S2) and qPCR result, we selected part of the GmPIPs for the yeast two-hybrid (Y2H) assays (as depicted in 3.1 and 3.2, also see the legend of Figure 2 and discussion for more information). In Figures S2 and S3, the selected GmPIPs are marked with a blue dot. A total of 255 PIP1–PIP1, PIP1–PIP2, and PIP2–PIP2 combinations were tested. As shown in Figure 2, the colonies on SD-Trp-Leu medium certify the success of bi-vector co-transformation. All of the bi-vector combinations were transformed into destiny yeast cells, as expected. The colony growth in SD-Trp-Leu-Ade-His showed the interaction between the aquaporins. The colony size after dilution indicates the interaction strength. Samples No.1, 2 were positive and negative controls, which are underlined with the solid and dotted lines in black, respectively. The cells of the negative control grew into a very light colony when without dilution, but nothing was produced after dilution. The Y2H tests between GmPIP1 and GmPIP2 showed that both GmPIP1;5 and GmPIP1;6 could strongly interact with GmPIP2;2, GmPIP2;4, GmPIP2;6, GmPIP2;8, GmPIP2;9, GmPIP2;11, and GmPIP2;13 (Figure 2, underlined in red). Among the PIP1–PIP1 combinations tested, we found strong interactions only between GmPIP1;6 and GmPIP1;7 (Figure 2, underlined in red).




3.4. Salt-Stress Treatment Enhanced the Interactions of PIPs


Furthermore, the interactions between the aquaporins have been validated again via salt stress and osmotic stress treatments (Figure 3). The colonies grew from the cells without any dilutions; the intensity of their blue color denotes the interaction strength. Compared with the blank control, the salt treatment directly enhanced the blue color in combinations 18, 19 (GmPIP1;5 + GmPIP2;11, 2;13), 20 (GmPIP1;6 + GmPIP1;7), 21 (GmPIP1;7 + GmPIP2;2), and in 29, 30, and 31 (GmPIP1;6 + GmPIP2;9, 2;11, 2;13). On the other hand, in comparison with the control, no colony the color of which turned bluer was detected on the osmotic stress plate.




3.5. GmPIP2;9 Itself Could Form a Homodimer in Yeast Cells


Y2H tests on the homo-interaction in GmPIP1s and GmPIP2s showed that only the bi-vector combination of GmPIP2;9 formed obvious and reliable colonies (Figure 4). This means the GmPIP2;9 proteins could interact with each other and form a homotetramer. According to the size and the color of the colonies, the homo-interaction of GmPIP2;9 could be strengthened by salt stress, but not osmotic stress.



Summarily, the strong interactions between GmPIPs detected by Y2H are listed in Table 1. The interactions that could be strengthened by salt stress are marked as well.





4. Discussion


A larger number of genes have been identified to mediate plant stress tolerance and can be used for crop improvement [23,29,30,31]. Aquaporins play an important role in regulating plant growth because they can, for example, influence root water uptake and leaf gas exchange, as well as other physiological process. Aquaporins are abundant in all kingdoms and are organized in highly conserved tetrameric structures in cell membranes. Afzal et al. highlighted the involvement of several aquaporin homologs in response to various environmental stressors interrupting plant cell osmotic balance [32]. Aquaporin PIPs have also been considered as functional units that perform their physiological roles under different environmental stresses, such as salt and drought stress [3,12,13,20]. The interactions between PIP1 and PIP2 function as the main signal for cellular membrane water and salt exchange. To provide insight into the interactions of soybean PIPs responding to salt stress, we analyzed the soybean PIP orthologs and tested their interactions using the yeast two-hybrid system.



Soybean (Gm)PIP1;6 has been well characterized before now. Its function in growth regulation and salt tolerance was analyzed by constitutive overexpression [13]. PIP1 and PIP2 had highly conserved amino acid sequences; the main structural difference between them was the length of their N- and C-terminal ends [1]. In soybean, the N-terminal ends of GmPIP1 were longer than those of GmPIP2 (approximately 15 amino acids); however, the C-terminal ends of the GmPIP1 type are shorter than those of the GmPIP2 type (approximately 8 amino acids). Interestingly, the transmembrane domain (TMD) of both GmPIP1 and GmPIP2 nearly shares the same section (Figure S1). In the present study, the TMDs of GmPIPs were predicted by SMART software [27]. All GmPIPs contained six TMDs. GmPIP1;5 and GmPIP1;6 differed by two amino acids in TMD2 (D/Y) and TMD6 (H/Q). However, there were many differences in TMD2, TMD4, and TMD6 among GmPIP2;4, GmPIP2;6, GmPIP2;8, GmPIP2;9, GmPIP2;10, and GmPIP2;11. This indicates that the highly conserved sequences in TMD1, TMD3, and TMD5 might play a crucial role in the formation of PIP1–PIP2 pairs between GmPIP1 and GmPIP2 (the strong interactions are shown in Table 1). Using extensive amino acid substitution mutagenesis, Yoo et al. studied tetramer formation in Arabidopsis AtPIP2;1 [21]. They demonstrated that TMD1, TMD2, and TMD5 contained essential amino acid residues essential to tetramer formation.



In evolutionary progress, gene duplication events increase gene number by tandem- and segmental-duplication [22]. The expansion of aquaporin gene families via genome duplication events has been reported in plants [23]. Soybean (Glycine max (L.) Merr.) is a well-documented paleopolyploid and has undergone at least two rounds of large-scale duplication, approximately 14- and 42-million years ago [24]. In this study, we searched the database PGDD [25], and identified GmPIP1 and GmPIP2 families with ten and fourteen members, respectively. Ispolatov et al. proposed that duplicated proteins were more likely to interact among themselves than with other proteins, and that paralogous interactions were inherited from ancient homo-dimeric proteins, rather than established de novo after gene duplication [33]. The Y2H tests performed in the present research detected clear homo-interaction occurring between GmPIP2;9s. On the other hand, the result also shows GmPIP1;6 and 1;7 sharing high similarity, and they could strongly interact with each other as well. These results thus partially corroborate Ispolatov et al.’s hypothesis.



The transcriptional profiles of PIPs might provide evidence for their protein interactions. For example, a joint increase (or decrease) in the expression of specific PIP1–PIP2 pairs in plants under stress may indicate shared functionality [16]. Thus, the formation of a heterotetramer composed of specific PIP1s and PIP2s could be affected by their mRNA abundance [1]. Transcriptional profiles in rice, maize, and Arabidopsis indicated interactions between PIP1–PIP2 pairs in these species [1]. Additionally, Zargar et al. developed a gene co-expression network of rice aquaporin genes (OsPIPs) and tonoplast intrinsic proteins (OsTIPs) using the Rice Friend server [34]. They found co-expressions of PIP1–PIP2 pairs, indicating likely physical interactions between these proteins. In this study, the expression profiles of GmPIPs under salt stress also showed similar patterns in GmPIP1;5 and GmPIP1;6, and in GmPIP2;3, GmPIP2;4, GmPIP2;5 and GmPIP2;6, as well as in GmPIP2;9, GmPIP2;10, GmPIP2;11; GmPIP2;13 and GmPIP2;14. Most of the GmPIPs had high similarity (see the result 3.1), and also showed consistent gene expression patterns, except GmPIP1;4 and GmPIP1;5. We found physical interactions among GmPIPs using Y2H assays and detected both homotetramers and heterotetramers among these proteins. All the GmPIP1s and 2 heterotetramers involved GmPIP1;5 and GmPIP1;6 together with GmPIP2;4, 6, 8, 9, 11 and 13. GmPIP1 heterotetramers were detected only between GmPIP1;6 and GmPIP1;7, but no GmPIP2 heterotetramers were discovered. These findings indicate that the PIP1 type and PIP2 type might synergistically function in plant cells, which is consistent with the results reported in other species [9,13,14,15,16]. On the other hand, GmPIP2;9 was unique in its ability to form homotetramers. Except GmPIP2;8, 9 and 11, the rest of the hetero-interacting GmPIP-coding genes had similar expression profiles. Furthermore, the interactions between GmPIP1;5 and 2;11, GmPIP1;5 and 2;13, GmPIP1;6 and 2;9, GmPIP1;6 and 2;11, GmPIP1;6 and 2;13, and GmPIP1;6 and 1;7, as well as the GmPIP2;9 homo, could be enhanced by salt stress, but not the osmotic stress mimicked by mannitol. Similarly, the interaction between PIP1 and PIP2 triggered multiple physiological responses when the plant was exposed to salt stress in Thellungiella halophila [12], and our results also corroborate those of Bienert et al. [10], who reported PIP heterotetramerization under salt stress in Selaginella moellendorffii.



To date, many studies have implicated that aquaporins have multiple functions in plant responses to various stress factors disturbing the plant cell osmotic balance and nutrient homeostasis [1]. For instance, they were involved in the Arabidopsis response to drought stress [32], in leaves and roots of sugar beet under salt stress [15], and in rice’s tolerance to salt stress and cold stress [12]. The research on rice (Os)PIP performed by Liu et al. showed that in Xenopus oocyte, the expression of OsPIP1;3 alone led to OsPIP1;3 mislocalization to the endoplasmic reticulum, but not PM; when the co-expression of OsPIP1;3 with OsPIP2;2 recruited the protein to the PM, the water permeability of the Xenopus oocyte increased significantly [13]. As shown in Figure S3, OsPIP1;3 was the homolog of GmPIP1;4, 1;5, 1;6 and 1;7, and they were in the same branch; Y2H further showed the heterointeractions that occurred between GmPIP1;5 or 1;6 and part of GmPIP2s. This result thus corroborated the result for rice depicted above. GmPIP1;4, 1;5, 1;6 and 1;7 were also close orthologs to Arabidopsis (At)PIP1;2, which localizes to the Golgi apparatus and the membrane system. Hence, these PIPs might also play crucial roles in aquaporin trafficking from the Golgi apparatus to the membrane system in soybean. On the other hand, AtPIP1;2 was considered a functional water channel when it was expressed alone in Xenopus oocytes, and previous studies also implied that AtPIP1;2 might interact with itself, and form homotetramers [35]. In the present research, we did not detect self-interaction in GmPIP1s. However, GmPIP1;6 could interact with GmPIP1;7, which is its closest ortholog.




5. Conclusions


In this study, we analyzed the expression patterns of GmPIPs under salt stress and interactions among the encoded proteins. We found that GmPIP1;5 and GmPIP1;6 each formed heterotetramers with six GmPIP2-type aquaporins. GmPIP1;6 interacted with GmPIP1;7. Furthermore, GmPIP2;9 formed homotetramers. Some of these interactions were strengthened by salt stress, but not by osmotic stress. Most of the genes encoding interacting GmPIPs exhibited a similar expression pattern under salt stress. To date, no GmPIPs interaction in response to abiotic stress has been reported. The current research has provided the clue to further understand the probable molecular mechanisms of GmPIPs and their tetramerization in response to salt stress in soybean.
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Figure 1. Expression profiles of GmPIPs in response to salt stress. The relative transcript abundances of GmPIP genes in soybean seedling roots were quantified by qPCR, using soybean GmTubulin and GmActin as the internal control. Roots of 2-week-old soybean seedlings were used to investigate the changes in gene expression in response to salt stress (200 mM NaCl for 0, 2, and 12 h). The results are presented as column graphs, with means ± SD of three independent biological replications. Different letters on the bar indicate significant differences (p < 0.05, one-way ANOVA). The red and green arrow in the left upper corner of the chart mean significant up- and downregulation after salt stress, respectively. Red and green arrows together mean the expression level significantly increased at 2 h but decreased 12 h later. 
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Figure 2. The yeast two-hybrid (Y2H) assays show that GmPIP1s and GmPIP2s interact to form heterotetramers. Full-length GmPIP genes were cloned into pGADT7 (with the activation domain, AD) and pGBKT7 (with the DNA-binding domain, BD). Different combinations of pGADT7 and pGBKT7 constructs were co-transformed into the Y187 and Y2H gold yeast strains. Yeast cells were grown in liquid selective media to OD600 = 1.0, and then spotted at 1-, 10-, 100-, and 1000-fold dilutions on the SD-Leu-Trp and SD-Leu-Trp-Ade-His selective plates. All the plates were incubated at 30 °C for colony growth. Yeast cells harboring pGBKT7–53/pGADT7-SV40 plasmids were the positive control, and those with pGBKT7-Lam/pGADT7-SV40 were the negative control. The numbers 1–31 represent the AD and BK vectors listed in the table on the right. The GmPIPs were selected according to the results of phylogenetic and gene expression analyses depicted above. Those without significant changes in their gene Els were not picked up. The phylogenetic analysis indicated that GmPIP1;1 and 1;2, 1;4 and 1;5, and 1–6 and 1;7, and GmPIP2;1 and 2;2, 2;3 and 2;4, 2;6 and 2;6, 2;7 and 2;8, 2;10 and 2;11, and 2;13 and 2;14 had high similarity. In each pair, one GmPIP was selected for the Y2H assay. However, GmPIP1–4 and GmPIP1–5 were selected because in the qPCR assay, they showed opposite expression patterns in response to salt stress. Moreover, GmPIP1;6 and GmPIP1;7 were also chosen because previous research reported GmPIP1;6 was relevant to salt and drought tolerance [20]. Samples No.1, 2 were positive and negative controls, which are underlined by the solid and dotted lines in black, respectively. The combinations that showed strong interaction are underlined in red. 
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Figure 3. The effects of salt and osmotic stress on the interaction of GmPIP1s with GmPIP2s. (A) All the yeast clones mentioned in Figure 2 were plated on selective plates (SD-Leu-Trp-His-Ade) with AbA (100 ng × ml−1) and X-a-gal. (B) The position of the yeast clones on the plates. (C) The clones were spotted on the selective plates SD-Leu-Trp-His-Ade with AbA (100 ng × ml−1), X-a-gal and 100 mM NaCl. (D) The clones were spotted on the selective plates SD-Leu-Trp-His-Ade with AbA (100 ng × ml−1), X-a-gal, and 200 mM mannitol. 
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Figure 4. Y2H to test homotetramerization of GmPIPs. Six GmPIP1 and two GmPIP2 genes were selected to construct the pGADT7 and pGBKT7 vectors. The same genes expressed in AD and BD were co-transformed into the Y187 and Y2H gold yeast strain. The fresh yeast cells (OD600 = 1.0) were spotted in 1-, 10-, 100- and 1000-fold dilution media on the SD-Leu-Trp plates or on SD-Leu-Trp-His-Ade+AbA (100 ng × mL−1) + X-a-gal containing 100 mM NaCl or 200 mM mannitol. 
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Table 1. The strong interactions of GmPIPs detected by Y2H.
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Strengthened by Salt Stress






	
Hetero-interaction between GmPIP1s and 2s

	
GmPIP1;5

	
GmPIP2;2

	




	
GmPIP1;5

	
GmPIP2;4

	




	
GmPIP1;5

	
GmPIP2;6

	




	
GmPIP1;5

	
GmPIP2;8

	




	
GmPIP1;5

	
GmPIP2;9

	




	
GmPIP1;5

	
GmPIP2;11

	
Yes




	
GmPIP1;5

	
GmPIP2;13

	
Yes




	
GmPIP1;6

	
GmPIP2;2

	




	
GmPIP1;6

	
GmPIP2;4

	




	
GmPIP1;6

	
GmPIP2;6

	




	
GmPIP1;6

	
GmPIP2;8

	




	
GmPIP1;6

	
GmPIP2;9

	
Yes




	
GmPIP1;6

	
GmPIP2;11

	
Yes




	
GmPIP1;6

	
GmPIP2;13

	
Yes




	
Hetero-interaction between GmPIP1s

	
GmPIP1;6

	
GmPIP1;7

	
Yes




	
Hetero-interaction between GmPIP2s

	
Not detected

	




	
Homo-interaction between GmPIP

	
GmPIP2;9

	
Yes
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