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Abstract

:

Plant-specific Rac/Rop small GTPases, also known as Rop, belong to the Rho subfamily. Rac proteins can be divided into two types according to their C-terminal motifs: Type I Rac proteins have a typical CaaL motif at the C-terminal, whereas type II Rac proteins lack this motif but retain a cysteine-containing element for membrane anchoring. The Rac gene family participates in diverse signal transduction events, cytoskeleton morphogenesis, reactive oxygen species (ROS) production and hormone responses in plants as molecular switches. S. album is a popular semiparasitic plant that absorbs nutrients from the host plant through the haustoria to meet its own growth and development needs. Because the whole plant has a high use value, due to the high production value of its perfume oils, it is known as the “tree of gold”. Based on the full-length transcriptome data of S. album, nine Rac gene members were named SaRac1-9, and we analyzed their physicochemical properties. Evolutionary analysis showed that SaRac1-7, AtRac1-6, AtRac9 and AtRac11 and OsRac5, OsRacB and OsRacD belong to the typical plant type I Rac/Rop protein, while SaRac8-9, AtRac7, AtRac8, AtRac10 and OsRac1-4 belong to the type II Rac/ROP protein. Tissue-specific expression analysis showed that nine genes were expressed in roots, stems, leaves and haustoria, and SaRac7/8/9 expression in stems, haustoria and roots was significantly higher than that in leaves. The expression levels of SaRac1, SaRac4 and SaRac6 in stems were very low, and the expression levels of SaRac2 and SaRac5 in roots and SaRac2/3/7 in haustoria were very high, which indicated that these genes were closely related to the formation of S. album haustoria. To further analyze the function of SaRac, nine Rac genes in sandalwood were subjected to drought stress and hormone treatments. These results establish a preliminary foundation for the regulation of growth and development in S. album by SaRac.
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1. Introduction


S. album is a small semiparasitic tree belonging to the genus Santalum in the family Santalaceae. This family is composed of 29 genera with approximately 400 species, 19 of which are specific to the Santalum genus [1,2,3]. It is distributed in India, Malaysia, Australia and Indonesia and is also cultivated in Guangdong and Taiwan [4]. S. album is known as the “tree of gold”, and its heartwood is widely used in high-end craft sculpture and high-end furniture manufacturing [5,6]. The essential oil extracted from its heartwood is mainly used in the cosmetic and pharmaceutical industries due to its special aroma [7,8]. Sandalwood usually yields 3–7% essential oil depending on the region and hemisphere [9]. The value of a sandalwood tree depends on three important characteristics: the volume of heartwood and the concentration and quality of its heartwood oil [10]. S. album grows for a long time; generally, it begins to form heartwood after 7 or 8 years of growth in natural environments. Unsustainable exploitation of wild trees, combined with increasing global demand for sandalwood products has threatened native sandalwood populations in some places, such as southern India. Because of the contradiction between the increasing market demands for its heartwood and the shortage of S. album heartwood on the market, the shortage of heartwood with its destruction of natural resources has become increasingly complicated [11].



S. album is a semiparasitic plant; its roots have a special organ, the haustorium, which, through the haustorium’s contact with the host plant root, absorbs its own water and nutrients [12]. Therefore, the growth and development of haustoria play a vital role in the growth and development of S. album and the formation of heartwood. As far as the current scientific progress is concerned, the study of the regulatory genes related to haustoria in S. album is still limited.



ROS can regulate plant growth and development, hormone transduction, root hair development and so on. In sandalwood, Rboh is significantly induced by the haustorial inducer DMBQ, and the ROS signal produced by Rboh protein is necessary for the development of sandalwood haustoria [13]. At present, the growth and development of sandalwood is related to the size, quantity and quality of haustoria. According to the available literature, Rac and Rboh can regulate ROS concentrations through interactions and then promote the formation of sandalwood haustoria. In conclusion, the interaction between Rac and Rboh is an indispensable link in the formation of ROS for haustorium development.



Plant-specific Rac small GTPases belong to the plant Rho subfamily [14]. In animals, Rho is divided into several subfamilies, including Rho, Cdc42 and Rac. Rop is also called Rop in plants [15]. Rac is the sole plant subfamily of the conserved Rho family of small GTPases [16,17,18,19]. They are soluble proteins that localize and function at the plasma membrane by way of posttranslational lipid modifications [20,21,22]. Rac proteins can be divided into two types according to their C-terminal motifs: Type I Rac proteins, which have a typical CaaL motif at the C-terminal, and Type II Rac proteins, which have a truncated and functional motif. Whereas type-I Racs probably undergo prenylation, type-II Racs undergo S-acylation but not prenylation [23]. All type-II Racs have an additional exon at the 3′ end of the gene, probably resulting from the insertion of an intron into an ancestral Rac [24,25]. Most if not all plant Racs act at the plasma membrane [26], and they are molecular switches that regulate diverse signaling cascades [27,28]. They are widely involved in plant signal transduction [29,30,31], cytoskeleton morphogenesis, polarized cell growth [32,33], cell morphogenesis, defense, responses and reactive oxygen species (ROS) production [34,35,36]. Taken together, Rac small GTPases act as a simple binary switch capable of receiving a wide variety of inputs and accordingly generating a multitude of specific outputs. Some members of the plant Rac gene family have been shown to regulate the growth and development of S. album through ROS production. Based on previous studies, nine Rac genes were obtained from the transcriptome and genomic data of S. album and compared with eleven Rac family members in A. thaliana and seven Rac family members in rice. The bioinformatics data of these sequences and tissue-specific expression were analyzed and these results will provide a basis for further analysis of the related functions of S. album Rac genes and its relationship with haustorium formation. Additionally, the expression levels of SaRac1-9 under drought stress and hormone treatments were studied, which play an important role in the growth and development of sandalwood.




2. Materials and Methods


2.1. Plant Materials and Treatments


The materials used in the experiment are stored in this laboratory, Institute of Tropical Forestry, Chinese Academy of Forestry Sciences (Guangzhou, 23°11′ N, 113°23′ E). Four tissues were collected: root, stem, leaf and primary haustorium (after collection, they were immediately immersed in liquid nitrogen), each with three biological replicates, and stored in a −80 °C refrigerator. Sandalwood seedlings grew in a greenhouse in the soil for approximately 2 months, until they reached 15 cm. Saplings displaying similar growth were subsequently used for analysis. The soil water was withheld to drought for 0, 3 and 9 d, in which the soil relative water content was reduced from 70% to 32%. The soil relative water content of control plants was maintained at 80%, which represents a suitable soil environment for sandalwood growth. For hormone treatments (ABA, IAA, ethephon), the plants were divided into four zones (ABA, IAA, ethephon, CK), which were treated with different hormones at a concentration of 100μM/L. Three biological replicates were included. After 48 h, samples were collected at the same time and immediately immersed in liquid nitrogen.




2.2. Genome-Wide Identification and Sequence Analysis of Rac Genes in S. album


According to the gene annotation information of the sandalwood transcriptome, the coding sequence of Rac was obtained, and the DNA sequence and promoter sequence of Rac were obtained from S. album genome data by homologous alignment. The nucleotide sequence homology of Rac in sandalwood was analyzed using TBtools.



The conserved domains of nine SaRac proteins were predicted using NCBI-Conserved Domain Search, and the structure of SaRac was analyzed using TBtools. Novel putative motifs were explored using the MEME server (https://meme-suite.org/meme/, accessed on 13 July 2022). By selecting a motif of full length, eight conserved motifs located in the SaRac domain were identified. To analyze the cis-regulatory element in the putative SaRac promoter, we performed a cis-regulatory element analysis of the 2000 BP promoter sequence of the nine SaRac genes using TBtools and the Plant CARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 1 August 2022), and their functions and numbers were predicted.




2.3. Analysis of Physicochemical Properties of SaRac


The basic physical and chemical properties of the protein, including molecular weight (MW), isoelectric point (pI) hydrophilicity and number of amino acids, were analyzed using ProtParam online software (https://web.expasy.org/protparam/, accessed on 25 August 2022). Protein subcellular localization was predicted by using the WoLF PSORT website (https://wolfpsort.hgc.jp/, accessed on 27 August 2022).




2.4. Phylogenetic Analysis


A multiple sequence alignment of 27 Rac proteins from S. album and other species, including A. thaliana and rice, was performed. The 11 Rac members of A. thaliana were obtained from TAIR (https://www.arabidopsis.org/, accessed on 12 July 2022), and the 7 Rac members of rice were obtained from NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 12 July 2022) using the MUSCLE method. A phylogenetic tree was constructed by using the NJ method implemented in MEGA-X. The parameters for tree construction were as follows. Phylogenetic analysis parameters: bootstrap (1000 replicates); gaps/missing data: pairwise deletion; model: Dayhoff model; pattern among lineages: same (homogeneous) and rates among sites: uniform rates. Finally, the phylogenetic tree was constructed.




2.5. Chromosome Location and Gene Structure Analysis


Positional information and gene structures of SaRac genes on chromosomes of S. album were obtained from the gene annotation information of the S. album transcriptome. The chromosomal locations were displayed with TBtools (github.com/CJ-Chen/TBtools, accessed on 30 August 2022). The numbers and organization of introns, exons and gene structures were drawn and displayed using TBtools.




2.6. Collinearity of the SaRac Gene


The chromosomal locations of SaRac genes were obtained by TBtools software. Using TBtools software, the synteny relationships of orthologous Rac genes among S. album, A. thaliana and rice were evaluated. The parameters for collinearity of the SaRac gene were as follows: the genome file was used to construct the chromosome skeleton to obtain the gene density file, and then TBtools was used to prepare the collinearity file, extract the location of the SaRac gene, highlight the collinearity region of the target gene and finally, visualize it.




2.7. Expression Profiles of SaRac Genes in Different Tissues and under Drought and Hormone Treatments


According to the instructions of the plant RNA extraction kit (R6827, Omega Bio-tek, Norcross, GA, USA), total RNA was extracted from S. album. The SaRac1-9 gene sequence was obtained by reverse transcription of cDNA with a reverse transcription kit (DRR037S, Takara, Dalian, China), and quantitative primers were designed according to the whole-field sequence of the SaRac1-9 gene (Table S1). Real-time quantitative PCR primers were designed using Primer 3.0 software with S. album. Actin was used as an internal reference gene. Using cDNA as a template, real-time quantitative PCR was performed according to the instructions of the SYBR Green Premix Ex Taq II Kit (Qiagen, Dusseldorf, Germany). The qPCR mixture were 0.5 μL of primers, 1 μL of cDNA, 10 μL of 2 × Mix and 8 μL of dd H2O. The reaction procedure was 95 °C for 10 s, 60 °C for 10 s and 72 °C for 20 s, and 40 cycles were performed. Three biological replicates and 3 technical replicates were carried out. SPSS 25 software was used to analyze the significance of the data, and OriginPro 2019b software was used to draw the graph.





3. Results


3.1. Sequence Analysis of the SaRac Gene Family in S. album


Nine cDNA and DNA sequences of SaRac were isolated from the transcriptome and genome of S. album and named SaRac1-9. The basic physical and chemical properties of the protein were analyzed by ProtParam (Table 1). The nine predicted full-length Rac proteins varied from 196 (SaRac5) to 211 (SaRac7) amino acid residues, and the relative molecular mass ranged from 21.45 (SaRac5) to 23.28 (SaRac7) kDa, with isoelectric points in the range of 9.18–9.62.




3.2. Analysis of SaRac Protein Homology


The conserved domains of the nine SaRac proteins were predicted using NCBI-Conserved Domain Search, and the results showed that all nine Racs contained Rop-like domains (Figure 1A) belonging to the Rop gene family. The structure of the SaRac gene family was analyzed using TBtools (Figure 1B). To investigate the structural diversity of Racs, a total of 10 conserved motifs in the Racs were captured by the MEME website, and we obtained five conserved motifs located in the Rac domain. We further analyzed the sequence structures of nine SaRac genes and aligned them to eleven Rac members in A. thaliana [37] and seven Rac members in rice [38] (Figure 1C,D). It is worth noting that the type and distribution of the C-terminal domains of most Racs are similar. The results showed that the nine SaRac proteins all had five conserved motifs, which were the same as the Rac proteins in Oryza sativa and A. thaliana.




3.3. Sequence Analysis of the SaRac Gene Family


Novel putative motifs were explored using the MEME server. By selecting a motif of full length, we identified eight conserved motifs located in the SaRac domain (Figure 2A,B).



To analyze cis-acting elements in putative SaRac promoters, the 2000 BP promoter sequences of nine SaRac genes were identified as cis-regulatory elements by TBtools and the Plant CARE website, and their functions and numbers were predicted (Figure 2C). There were differences in the types and numbers of regulatory elements in the promoters of the nine SaRac genes, but all of them had multiple hormone response elements and stress response elements. For example, SaRac1 and SaRac4 have two hormone response elements, while SaRac2 and SaRac3 have three hormone response elements, SaRac6-8 have four hormone response elements and SaRac5 and SaRac9 have five hormone response elements. In addition, SaRac3/6/8 have one stress response element, SaRac4/7/9 have two stress response elements and SaRac5 and SaRac2 have three and four stress response elements, respectively. Among them, SaRac6 has ten CGTCA motifs, and we can further speculate that this gene may be related to the chemical defense response of S. album.




3.4. Chromosome Distribution of the SaRac Gene Family


To clarify the distribution of SaRac on the chromosomes of S. album, we used TBtools software to map the location of SaRac family members (Figure 3A). The SaRac family members of S. album showed irregular distribution on the chromosome and did not form a large number of gene clusters. The graph shows that nine SaRac genes are located on chr6, chr7, chr8, chr9 and chr10 of S. album, and more than half of them have one SaRac gene member on the chromosome. The remaining two chromosomes have four and one SaRac gene members. Notably, in S. album linkage groups6/7/8/9/10, the eight SaRac genes were classified into five segmental duplication events (SaRac4/SaRac1, SaRac4/SaRac3, SaRac3/SaRac1, SaRac9/SaRac1 and SaRac6/SaRac1) (Figure 3A,B) (Table S2).



To further infer the phylogenetic relationship between sandalwood, A. thaliana and rice, we constructed two syntenic maps of sandalwood with A. thaliana and rice. A total of three SaRac genes showed syntenic relationships with Racs in O. sativa (Figure 4A). In A. thaliana, there are many SaRac genes that are in common with Racs (Figure 4B) (Table S3).




3.5. Phylogenetic Comparison of Rac in Different Species


To further evaluate the phylogenetic relationship between SaRac and other plants, 11 and 7 Rac sequences from A. thaliana and rice were compared with 9 Rac sequences from S. album, and the phylogenetic tree of the whole protein sequence alignment was constructed by MEGA-X. The results showed that the Rac genes of these three species can be divided into five subgroups: I, II, III, IV and V (Figure 5). From the available literature, we further obtained the role of Rac in A. thaliana and rice. For instance, in A. thaliana, AtRac1/6/11 are highly expressed in mature pollen and play an important role in pollen tube growth [37]. AtRac2 overexpression inhibits the growth of root tips. AtRac3/8 inhibit ABA-induced responses, including actin recombination in guard cells, stomatal closure, seed germination, root elongation and gene expression [39,40]. AtRac4 is a positive regulator of root hair initiation and apical growth [41]. AtRac5 acts on actin dynamics, polar growth, root hair growth and so on; finally, AtRac10 participates in the regulation of membrane transport. On the other hand, in rice, OsRac1 is a resistance and grain size gene [42,43]. OsRac4/5 are negative regulators of blast resistance, and OsRacB is a direct effector of OsRopGEF2/3/6. It is a potential downstream target of OsRopGEF2/3/6/8 and confers salt tolerance, a negative regulator of disease resistance [44]. In addition, we can more accurately estimate the functions likely to be contained in the members of the nine SaRac gene families.




3.6. Analysis of Rac/Rop Multibase Regions in S. album, A. thaliana and O. sativa


The members of the Rac gene family are divided into type I Rac/Rop protein and type II Rac/Rop protein. Type I proteins have a conserved CaaL motif at the C-terminus. However, type II has a truncated, but functionally modified, posttranscriptional motif. Nine SaRac, eleven AtRac and seven OsRac proteins were sequenced, and the results showed that SaRac1-7 and AtRac1-6, AtRac9 and AtRac11 as well as OsRac5, OsRacB and OsRacD belong to the typical type I, while SaRac8-9 and AtRac7, AtRac8 and AtRac10 and OsRac1-4 belong to type II (Figure 6).



The conserved G domains in the N-terminal region of these proteins were GTPase active domains (G1, G3), Mg2+ binding domains (G2) and GTP binding sites (G4, G5). The G2 and G3 domains are also called switch I and II loops, and the C21 and C156 positions are the conserved L-cysteine residues of the G domain (Figure 6).




3.7. Tissue Specificity of Rac Expression in S. album


We first investigated the tissue-specific expression of nine Rac gene family members in roots, stems, leaves and primary haustoria of S. album by green fluorescent quantitative PCR with gene-specific primers. Nine genes (SaRac1-9) were expressed in roots, stems, leaves and primary haustoria, but there was a difference in their expression levels. The expression of SaRac7/8/9 in stems, haustoria and roots was higher than that in leaves, but the expression of SaRac1, SaRac4 and SaRac6 in stems was lower in leaves. The expression levels of SaRac2 in stems and primary haustoria were high. It is worth noting that the expression levels of SaRac2 and SaRac5 in roots were approximately 6 and 13, respectively, relative to leaves (Figure 7). Therefore, we can further speculate that SaRac2 and SaRac5 may have a strong positive correlation with the growth and development of haustoria in sandalwood. In contrast, a high expression of SaRac2 and SaRac5 may inhibit the expression of SaRac2 and SaRac5 in leaves. The tissue-specific expression of Rac showed that different Rac members play different roles in different signaling pathways of S. album.




3.8. Expression of SaRac Genes under Drought and Hormones Treatments


To better understand the function of SaRac in response to abiotic stress, nine SaRac genes were selected for further analysis. Under drought stress, the expression of more than a third of the genes, including SaRac1, SaRac3, SaRac4 and SaRac7 were increased. The general trend of SaRac1, SaRac3, SaRac4 and SaRac7 expression was first increased and finally decreased at 9 d. However, the expression levels of SaRac2 and SaRac9 were downregulated. Only two genes, SaRac6 and SaRac8, showed higher expression under long-term drought treatment than those under control conditions (Figure 8A).



The expression levels of SaRac1, SaRac6, SaRac7 and SaRac8 increased after 48 h of IAA treatments, indicating that these genes were responsive to IAA. On the contrary, the expression levels of SaRac2, SaRac4, SaRac5 and SaRac9 were lower under IAA treatments than those under control conditions. Furthermore, more than half of the genes, including SaRac1, SaRac3, SaRac5 and SaRac6, showed higher expression under ethephon treatments. It is worth mentioning that the expression of SaRac5 under ethephon-treated conditions was 8 times higher than that under control conditions. Moreover, ABA treatment significantly induced the expression of SaRac1, SaRac3, SaRac7 and SaRac8. However, SaRac2, SaRac4 and SaRac9 expression were decreased in response to both ethephon and ABA treatments.





4. Discussion


Rac small GTPases are members of the plant-specific Rho subfamily and are involved in many signaling events, such as defense responses, pollen tube growth, root hair development, reactive oxygen species (ROS) production and phytohormone response, and play a very important role in the abovementioned events [45,46]. Rac protein is a soluble protein that localizes in the plasma membrane and functions through posttranslational lipid modification [23,47,48]. For example, 11 Rac genes have been identified in A. thaliana, and there are eight type I Rac genes: AtRac1-6, AtRac9, and AtRac11. Seven Rac gene family members were identified in rice, while seven Rac family members were identified in H. vulgare, indicating that the copy number of Rac genes is not the same in different species. Studies have shown that AtRac1/6/11 are highly expressed in mature pollen, and AtRac4/2 are a pair of positive and negative regulators of root hair tips. At present, most of the research on Rac genes focuses on medicine and animals, while research on plants focuses on model plants, such as A. thaliana, O. sativa and Hordeum vulgare. Little is known about the mechanisms by which SaRac impacts the growth of S. album.



Reactive oxygen species (ROS) produced by NADPH oxidase have been shown to play many important roles in signaling and development in plants, such as in plant defense response, cell death, abiotic stress, stomatal closure, and root hair development [49,50,51,52,53]. In sandalwood, they control the development and formation of haustoria [13]. At present, studies have shown that the interaction between Rac GTPases and the N-terminal extension is ubiquitous and that a substantial part of the N-terminal region of Rboh, including the two EF-hand motifs, is required for the interaction [54]. The interaction between Rac and Rboh also provides further theoretical help for the study of the mechanism of Rac. At the same time, the regulation of Rboh ROS production by Rac provides a theoretical basis for the development of sandalwood haustoria.



Auxin, abscisic acid (ABA) and ethephon play key roles in the development of many plants. These three hormones are often used as the main substances in plant hormone response experiments. In this study, we treated nine Rac genes with drought and hormones. Only two genes, SaRac6 and SaRac8, showed higher expression under long-term drought stress than those under control conditions.



The results of hormone treatments indicated that the expression of SaRac1, SaRac3, SaRac7 and SaRac8 were higher under ABA treatments. Moreover, more than half of the genes, including SaRac1, SaRac3, SaRac5 and SaRac6, showed higher expression under ethephon treatments. Furthermore, the expression levels of SaRac1, SaRac6, SaRac7 and SaRac8 increased after 48 h of IAA treatments, indicating these genes are responsive to IAA. Previous studies had demonstrated that auxin biosynthesis is essential for haustorium in haustorium formation in the root-parasitic plants [55,56]. Thus, these genes may be involved in the ontogeny of the S. album haustorium and further influence the growth and development of sandalwood.



In our study, to better understand the evolution of the Rac gene family in sandalwood, the structure, conserved motifs, phylogenetic relationships and collinearity of SaRac genes were characterized. One conserved motif was located in the Rac domain, suggesting that the Rac domain is conserved among A. thaliana, rice and sandalwood. Most of the SaRac genes exhibited similar numbers of exons. Phylogenetic analysis revealed that SaRac, AtRac and OsRac proteins could be classified into five subgroups. Groups IV and V contain more Racs that come from all three species, and groups I and II also contain Racs from all three species. Moreover, group III contains one Rac in A. thaliana. For instance, SaRac5 to SaRac9 in group IV and SaRac4 to AtRac1 in group V could have expansive functions surrounded by AtRac, SaRac or OsRac proteins with different functions.



Additionally, synteny maps between two representative species and sandalwood were constructed to better understand the phylogenetic relationships. More than 10 pairs were detected in A. thaliana, and three pairs were detected in rice, indicating a strong homologous relationship between sandalwood and A. thaliana, and a weak homologous relationship between sandalwood and rice.



Gene duplication is a major mechanism underlying the evolution of novel protein functions. We detected five SaRac genes that were assigned to segmental duplication events, implying high segmental duplication. These results indicated that some SaRac genes were possibly generated by gene duplication.



Most Rac proteins identified to date have been functionally characterized in A. thaliana and rice, and their roles include the regulation of root hair initiation and apical growth, hormonal responses, stress responses and so on. Among them, the best-described Rac proteins are the members of group IV (Figure 5). These Rac genes are involved in root hair formation and disease resistance. In the phylogenetic tree, we can more accurately estimate the functions likely to be contained in the members of the SaRac gene family. For instance, we can predict the role of SaRac gene by the AtRac members of group IV. Similarly, we can make a preliminary prediction of the role of SaRac members in groups I/II/V.



Sandalwood is considered one of the most valuable trees in the world. Its heartwood is often used in carving crafts, cosmetics, medicine and other industries, but its main value lies in the essential oils extracted from the heartwood [57]. Therefore, it is important to investigate whether SaRac may be related to their accumulation in sandalwood haustorium tissue, thereby affecting the growth and development of the heartwood of sandalwood and, in turn, the quality of heartwood essential oils [58].



In gene expression, promoters play an important role in regulation, through which gene expression can be changed to change the characteristics of plants. Therefore, the study of promoters is a key step in genetic engineering and gene expression research [59]. In addition to the typical core promoter, there are many regulatory elements controlling the functional expression of genes. Analysis of cis-acting elements revealed that most of the SaRac promoters contained a large number of elements related to hormones and stress response. The abscisic acid response element (ABRE) was found in the promoters of SaRac2-9, and the gibberellin response element (P-box) was found in the promoters of SaRac1/2/4/5/6/7/8/9 However, SaRac2/3/5/8/9 all had TC-rich repeats related to defense and stress responses, suggesting that these Rac genes may be involved in disease resistance and stress resistance of S. album.



To understand the function of nine SaRac members more accurately, based on the functional prediction of gene promoters, in this study, the expression levels of nine genes at four sites were detected by green fluorescent quantitative PCR. The results showed that, compared with the expression levels of leaves in each gene, the expression levels of SaRac1, SaRac4 and SaRac6 in stems were very low, while the expression levels of SaRac2 in stems and primary haustoria were very high, and the expression levels of SaRac2 and SaRac5 in roots were approximately 6 and 13, respectively. In general, the level of protein expression in specific tissues is closely related to its function. The high expression of SaRac2 and SaRac5 in roots and SaRac2/3/7 in haustoria may indicate that these genes are closely related to the formation of haustoria in S. album.




5. Conclusions


Because of the lack of research on the molecular mechanism of growth and development in S. album at present, in this study, the biological information and expression pattern of 9 Rac genes in S. album were analyzed (Figure 9). These results lay the physical and chemical foundation for further studies of the Rac family genes involved in the growth and development of S. album and regulation its functions. The perspectives of research on the semiparasitic sandalwood will develop towards the Rac-dependent generation of ROS in promoting haustorium development, which more effectively provides a data base for the growth mechanism of sandalwood.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/life12121980/s1, Table S1: Primer design; Table S2: Segmental replication events in sandalwood; Table S3: Synteny analysis of Rac genes between sandalwood, A. thaliana and rice.





Author Contributions


Conceptualization, Y.C. and S.M.; methodology, Y.C. and X.L.; validation, D.W. and Y.L.; formal analysis, Y.C. and S.M.; investigation, Y.C. and S.W.; resources, S.M. and L.H.; data curation, S.M.; writing—original draft preparation, Y.C.; writing—review and editing, Y.C. and X.L.; funding acquisition, S.M. and L.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Natural Science Foundation of Chongqing, China (CSTC2018JCYJAX0778), the Science and Technology Research Program of Chongqing Municipal Education Commission (KJQN202101245), the National Natural Science Foundation of China (31722012 and 3190130), Natural Science Foundation of Guangdong Province, China (2019A1515011595) and Fundamental Research Funds for the Central Non-profit Research Institution of CAF (CAFYBB2019QD001 and CAFYBB2020SY018).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Harbaugh, D.T. A taxonomic revision of Australian northern sandalwood (Santalum lanceolatum, Santalaceae). Aust. Syst. Bot. 2007, 20, 409–416. [Google Scholar] [CrossRef]

	



Harbaugh, D.T.; Oppenheimer, H.L.; Wood, K.R.; Wagner, W.L. Taxonomic revision of the endangered Hawaiian red-flowered sandalwoods (Santalum) and discovery of an ancient hybrid species. Syst. Bot. 2010, 35, 827–838. [Google Scholar] [CrossRef]

	



Butaud, J.F. Reinstatement of the Loyalty Islands Sandalwood, Santalum austrocaledonicum var. glabrum (Santalaceae), in New Caledonia. PhytoKeys 2015, 56, 111–126. [Google Scholar] [CrossRef]

	



Harbaugh, D.T.; Baldwin, B.G. Phylogeny and biogeography of the sandalwoods (Santalum, Santalaceae): Repeated dispersals throughout the Pacific. Am. J. Bot. 2007, 94, 1028–1040. [Google Scholar] [CrossRef] [PubMed]

	



Jones, C.G.; Ghisalberti, E.L.; Plummer, J.A.; Barbour, E.L. Quantitative co-occurrence of sesquiterpenes; a tool for elucidating their biosynthesis in Indian sandalwood, Santalum album. Phytochemistry 2006, 67, 2463–2468. [Google Scholar] [CrossRef]

	



Viollon, C.; Chaumont, J.P. Antifungal properties of essential oils and their main components upon Cryptococcus neoformans. Mycopathologia 1994, 128, 151–153. [Google Scholar] [CrossRef]

	



Benencia, F.; Courrèges, M.C. Antiviral activity of sandalwood oil against herpes simplex viruses-1 and -2. Phytomedicine 1999, 6, 119–123. [Google Scholar] [CrossRef] [PubMed]

	



Teixeira da Silva, J.A.; Kher, M.M.; Soner, D.; Page, T.; Zhang, X.; Nataraj, M.; Ma, G. Sandalwood: Basic biology, tissue culture, and genetic transformation. Planta 2016, 243, 847–887. [Google Scholar] [CrossRef]

	



Demole, E.; Demole, C.; Enggist, P. A chemical investigation of the volatile constituents of east Indian sandalwood oil (Santalum album L.). Helv. Chim. Acta. 1976, 59, 737–747. [Google Scholar] [CrossRef]

	



Subasinghe, U.; Gamage, M.; Hettiarachchi, D.S. Essential oil content and composition of Indian sandalwood (Santalum album) in Sri Lanka. J. For. Res. 2014, 24, 127–130. [Google Scholar] [CrossRef]

	



Diaz-Chavez, M.L.; Moniodis, J.; Madilao, L.L.; Jancsik, S.; Keeling, C.I.; Barbour, E.L.; Ghisalberti, E.L.; Plummer, J.A.; Jones, C.G.; Bohlmann, J. Biosynthesis of Sandalwood Oil: Santalum album CYP76F cytochromes P450 produce santalols and bergamotol. PLoS ONE 2013, 8, e75053. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Berkowitz, O.; Teixeira da Silva, J.A.; Zhang, M.; Ma, G.; Whelan, J.; Duan, J. RNA-Seq analysis identifies key genes associated with haustorial development in the root hemiparasite Santalum album. Front. Plant Sci. 2015, 6, 661. [Google Scholar] [CrossRef] [PubMed]

	



Meng, S.; Ma, H.; Wang, S.; Li, Z.; Zhao, Z.; Lu, J. Cloning and the Haustorium-Inducing Factor Response Analysis of SaRbohA Gene in Santalum album Linn. Acta Bot. -Occident. Sin. 2019, 39, 2132–2137. [Google Scholar]

	



Gu, Y.; Wang, Z.; Yang, Z. ROP/RAC GTPase: An old new master regulator for plant signaling. Curr. Opin. Plant Biol. 2004, 7, 527–536. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Z.L.; Yang, Z. The Rop GTPase: An emerging signaling switch in plants. Plant Mol. Biol. 2000, 44, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Watson, J.C. Molecular cloning and characterization of rho, a ras-related small GTP-binding protein from the garden pea. Proc. Natl. Acad. Sci. USA 1993, 90, 8732–8736. [Google Scholar] [CrossRef]

	



Delmer, D.P.; Pear, J.R.; Andrawis, A.; Stalker, D.M. Genes encoding small GTP-binding proteins analogous to mammalian rac are preferentially expressed in developing cotton fibers. Mol. Gen. Genet. 1995, 248, 43–51. [Google Scholar] [CrossRef]

	



Xia, G.; Ramachandran, S.; Hong, Y.; Chan, Y.S.; Simanis, V.; Chua, N.H. Identification of plant cytoskeletal, cell cycle-related and polarity-related proteins using Schizosaccharomyces pombe. Plant J. 1996, 10, 761–769. [Google Scholar] [CrossRef]

	



Li, H.; Wu, G.; Ware, D.; Davis, K.R.; Yang, Z. Arabidopsis Rho-related GTPases: Differential gene expression in pollen and polar localization in fission yeast. Plant Physiol. 1998, 118, 407–417. [Google Scholar] [CrossRef]

	



Fu, Y.; Li, H.; Yang, Z. The ROP2 GTPase controls the formation of cortical fine F-actin and the early phase of directional cell expansion during Arabidopsis organogenesis. Plant Cell 2002, 14, 777–794. [Google Scholar] [CrossRef]

	



Ivanchenko, M.; Vejlupkova, Z.; Quatrano, R.S.; Fowler, J.E. Maize ROP7 GTPase contains a unique, CaaX box-independent plasma membrane targeting signal. Plant J. 2000, 24, 79–90. [Google Scholar] [CrossRef]

	



Kost, B.; Lemichez, E.; Spielhofer, P.; Hong, Y.; Tolias, K.; Carpenter, C.; Chua, N.H. Rac homologues and compartmentalized phosphatidylinositol 4, 5-bisphosphate act in a common pathway to regulate polar pollen tube growth. J. Cell Biol. 1999, 145, 317–330. [Google Scholar] [CrossRef] [PubMed]

	



Lavy, M.; Bracha-Drori, K.; Sternberg, H.; Yalovsky, S. A cell-specific, prenylation-independent mechanism regulates targeting of type II RACs. Plant Cell 2002, 14, 2431–2450. [Google Scholar] [CrossRef]

	



Christensen, T.M.; Vejlupkova, Z.; Sharma, Y.K.; Arthur, K.M.; Spatafora, J.W.; Albright, C.A.; Meeley, R.B.; Duvick, J.P.; Quatrano, R.S.; Fowler, J.E. Conserved subgroups and developmental regulation in the monocot rop gene family. Plant Physiol. 2003, 133, 1791–1808. [Google Scholar] [CrossRef]

	



Winge, P.; Brembu, T.; Bones, A.M. Cloning and characterization of rac-like cDNAs from Arabidopsis thaliana. Plant Mol. Biol. 1997, 35, 483–495. [Google Scholar] [CrossRef] [PubMed]

	



Bloch, D.; Lavy, M.; Efrat, Y.; Efroni, I.; Bracha-Drori, K.; Abu-Abied, M.; Sadot, E.; Yalovsky, S. Ectopic expression of an activated RAC in Arabidopsis disrupts membrane cycling. Mol. Biol. Cell 2005, 16, 1913–1927. [Google Scholar] [CrossRef]

	



Etienne-Manneville, S.; Hall, A. Rho GTPases in cell biology. Nature 2002, 420, 629–635. [Google Scholar] [CrossRef]

	



Hall, A. Rho GTPases and the actin cytoskeleton. Science 1998, 279, 509–514. [Google Scholar] [CrossRef]

	



Nibau, C.; Wu, H.M.; Cheung, A.Y. RAC/ROP GTPases: ‘hubs’ for signal integration and diversification in plants. Trends Plant Sci. 2006, 11, 309–315. [Google Scholar] [CrossRef]

	



Yang, Z.; Fu, Y. ROP/RAC GTPase signaling. Curr. Opin. Plant Biol. 2007, 10, 490–494. [Google Scholar] [CrossRef] [PubMed]

	



Bokoch, G.M. Regulation of the human neutrophil NADPH oxidase by the Rac GTP-binding proteins. Curr. Opin. Cell Biol. 1994, 6, 212–218. [Google Scholar] [CrossRef]

	



Brembu, T.; Winge, P.; Bones, A.M.; Yang, Z. A RHOse by any other name: A comparative analysis of animal and plant Rho GTPases. Cell Res. 2006, 16, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Berken, A. ROPs in the spotlight of plant signal transduction. Cell Mol. Life Sci. 2006, 63, 2446–2459. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Shen, J.J.; Zheng, Z.L.; Lin, Y.; Yang, Z. The Rop GTPase switch controls multiple developmental processes in Arabidopsis. Plant Physiol. 2001, 126, 670–684. [Google Scholar] [CrossRef]

	



Potikha, T.S.; Collins, C.C.; Johnson, D.I.; Delmer, D.P.; Levine, A. The involvement of hydrogen peroxide in the differentiation of secondary walls in cotton fibers. Plant Physiol. 1999, 119, 849–858. [Google Scholar] [CrossRef]

	



Park, J.; Choi, H.J.; Lee, S.; Lee, T.; Yang, Z.; Lee, Y. Rac-related GTP-binding protein in elicitor-induced reactive oxygen generation by suspension-cultured soybean cells. Plant Physiol. 2000, 124, 725–732. [Google Scholar] [CrossRef]

	



Winge, P.; Brembu, T.; Kristensen, R.; Bones, A.M. Genetic structure and evolution of RAC-GTPases in Arabidopsis thaliana. Genetics 2000, 156, 1959–1971. [Google Scholar]

	



Miki, D.; Itoh, R.; Shimamoto, K. RNA silencing of single and multiple members in a gene family of rice. Plant Physiol. 2005, 138, 1903–1913. [Google Scholar] [CrossRef]

	



Lemichez, E.; Wu, Y.; Sanchez, J.P.; Mettouchi, A.; Mathur, J.; Chua, N.H. Inactivation of AtRac1 by abscisic acid is essential for stomatal closure. Genes Dev. 2001, 15, 1808–1816. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Z.L.; Nafisi, M.; Tam, A.; Li, H.; Crowell, D.N.; Chary, S.N.; Schroeder, J.I.; Shen, J.; Yang, Z. Plasma membrane-associated ROP10 small GTPase is a specific negative regulator of abscisic acid responses in Arabidopsis. Plant Cell 2002, 14, 2787–2797. [Google Scholar] [CrossRef]

	



Jones, M.A.; Shen, J.J.; Fu, Y.; Li, H.; Yang, Z.; Grierson, C.S. The Arabidopsis Rop2 GTPase is a positive regulator of both root hair initiation and tip growth. Plant Cell 2002, 14, 763–776. [Google Scholar] [CrossRef]

	



Chen, L.; Shiotani, K.; Togashi, T.; Miki, D.; Aoyama, M.; Wong, H.L.; Kawasaki, T.; Shimamoto, K. Analysis of the Rac/Rop small GTPase family in rice: Expression, subcellular localization and role in disease resistance. Plant Cell Physiol. 2010, 51, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



Ono, E.; Wong, H.L.; Kawasaki, T.; Hasegawa, M.; Kodama, O.; Shimamoto, K. Essential role of the small GTPase Rac in disease resistance of rice. Proc. Natl. Acad. Sci. USA 2001, 98, 759–764. [Google Scholar] [CrossRef]

	



Jung, Y.H.; Agrawal, G.K.; Rakwal, R.; Kim, J.A.; Lee, M.O.; Choi, P.G.; Kim, Y.J.; Kim, M.J.; Shibato, J.; Kim, S.H.; et al. Functional characterization of OsRacB GTPase--a potentially negative regulator of basal disease resistance in rice. Plant Physiol. Biochem. 2006, 44, 68–77. [Google Scholar] [CrossRef]

	



Yang, Z. Small GTPases: Versatile signaling switches in plants. Plant Cell 2002, 14, 375–388. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Zeng, Y.; Zhu, Y.; Shen, J.; Ye, H.; Jiang, L. Plant Rho GTPase signaling promotes autophagy. Mol. Plant 2021, 14, 905–920. [Google Scholar] [CrossRef]

	



Li, H.; Lin, Y.; Heath, R.M.; Zhu, M.X.; Yang, Z. Control of pollen tube tip growth by a Rop GTPase-dependent pathway that leads to tip-localized calcium influx. Plant Cell 1999, 11, 1731–1742. [Google Scholar]

	



Molendijk, A.J.; Bischoff, F.; Rajendrakumar, C.S.; Friml, J.; Braun, M.; Gilroy, S.; Palme, K. Arabidopsis thaliana Rop GTPases are localized to tips of root hairs and control polar growth. EMBO J. 2001, 20, 2779–2788. [Google Scholar] [CrossRef] [PubMed]

	



Baxter-Burrell, A.; Yang, Z.; Springer, P.S.; Bailey-Serres, J. RopGAP4-dependent Rop GTPase rheostat control of Arabidopsis oxygen deprivation tolerance. Science 2002, 296, 2026–2028. [Google Scholar] [CrossRef]

	



Torres, M.A.; Dangl, J.L.; Jones, J.D. Arabidopsis gp91phox homologues AtrbohD and AtrbohF are required for accumulation of reactive oxygen intermediates in the plant defense response. Proc. Natl. Acad. Sci. USA 2002, 99, 517–522. [Google Scholar] [CrossRef]

	



Foreman, J.; Demidchik, V.; Bothwell, J.H.; Mylona, P.; Miedema, H.; Torres, M.A.; Linstead, P.; Costa, S.; Brownlee, C.; Jones, J.D.; et al. Reactive oxygen species produced by NADPH oxidase regulate plant cell growth. Nature 2003, 422, 442–446. [Google Scholar] [CrossRef] [PubMed]

	



Kwak, J.M.; Mori, I.C.; Pei, Z.M.; Leonhardt, N.; Torres, M.A.; Dangl, J.L.; Bloom, R.E.; Bodde, S.; Jones, J.D.; Schroeder, J.I. NADPH oxidase AtrbohD and AtrbohF genes function in ROS-dependent ABA signaling in Arabidopsis. EMBO J. 2003, 22, 2623–2633. [Google Scholar] [CrossRef] [PubMed]

	



Yoshioka, H.; Numata, N.; Nakajima, K.; Katou, S.; Kawakita, K.; Rowland, O.; Jones, J.D.; Doke, N. Nicotiana benthamiana gp91phox homologs NbrbohA and NbrbohB participate in H2O2 accumulation and resistance to Phytophthora infestans. Plant Cel. 2003, 15, 706–718. [Google Scholar] [CrossRef] [PubMed]

	



Jones, M.A.; Raymond, M.J.; Yang, Z.; Smirnoff, N. NADPH oxidase-dependent reactive oxygen species formation required for root hair growth depends on ROP GTPase. J. Exp. Bot. 2007, 58, 1261–1270. [Google Scholar] [CrossRef]

	



Zhang, X.; Teixeira da Silva, J.A.; Duan, J.; Deng, R.; Xu, X.; Ma, G. Endogenous hormone levels and anatomical characters of haustoria in Santalum album L. seedlings before and after attachment to the host. J. Plant Physiol. 2012, 169, 859–866. [Google Scholar] [CrossRef]

	



Meng, S.; Wang, X.L.; Bian, Z.; Li, Z.S.; Yang, F.C.; Wang, S.K.; John, I.Y.; Lu, J.K. Melatonin enhances nitrogen metabolism and haustorium development in hemiparasite Santalum album Linn. Environ. Exp. Bot. 2021, 186, 104460. [Google Scholar] [CrossRef]

	



Kim, Y.K.; Kim, Y.B.; Kim, J.K.; Kim, S.U.; Park, S.U. Molecular cloning and characterization of mevalonic acid (MVA) pathway genes and triterpene accumulation in Panax ginseng. J. Korean Soc. Appl. Biol. 2014, 57, 289–295. [Google Scholar] [CrossRef]

	



Kim, T.H.; Ito, H.; Hayashi, K.; Hasegawa, T.; Machiguchi, T.; Yoshida, T. Aromatic constituents from the heartwood of Santalum album L. Chem. Pharm. Bull. (Tokyo) 2005, 53, 641–644. [Google Scholar] [CrossRef] [PubMed]

	



Luan, Y.; Wang, B.; Zhao, Q.; Ao, G.; Yu, J. Ectopic expression of foxtail millet zip-like gene, SiPf40, in transgenic rice plants causes a pleiotropic phenotype affecting tillering, vascular distribution and root development. Sci. China Life Sci. 2010, 53, 1450–1458. [Google Scholar] [CrossRef]








[image: Life 12 01980 g001 550] 





Figure 1. The gene structures and conserved motifs of Rac family members in S. album based on evolutionary relationships. (A) Rop-like domains of SaRac proteins. (B) The exon-intron structure of SaRac proteins. (C) Conserved motifs of SaRac proteins. (D) Tree of evolutionary relatives: rice, A. thaliana and sandalwood. 
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Figure 2. Sequence analysis of the SaRac gene family. (A) Motif locations of SaRac. (B) Discovered motifs. (C) Cis-acting Elements in Putative SaRac Promoters. 
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Figure 3. Interchromosomal relationships of SaRac genes. (A) The location of SaRac genes on the S. album chromosome. (B) Interchromosomal relationships of Rac genes in S. album. Gray lines indicate all synteny blocks in the S. album genome, and red lines indicate segmental duplication events. 
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Figure 4. Synteny analysis of Rac genes between sandalwood and two representative plant species. (A,B) Gray lines in the background indicate the collinear blocks within sandalwood and other plant genomes, while the red lines highlight the syntenic Rac gene pairs. 
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Figure 5. Phylogenetic analysis of Racs from three species (A. thaliana, O. sativa, S. album). Full-length polypeptide sequences were used to make the interspecific phylogenetic tree. 
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Figure 6. Protein sequence multialignment and domain structure of Racs from S. album, O. sativa and A. thaliana. Conserved motifs are highlighted by blue boxes. 
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Figure 7. Expression profiles of SaRac genes in S. album across different organs. The expression level of SaRac genes in S. album in four organs (leaf, stem, haustoria, root). The relative expression level was calculated by setting the expression value of SaRac genes in the leaves of S. album at 1. * indicates significant difference by t test at p < 0.05. 
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Figure 8. Expression of SaRac genes under drought and hormone treatments. (A) Expression of SaRac genes under drought stress. (B) Expression of SaRac genes in response to hormones. * indicates significant difference by t test at p < 0.05; ** indicates significant difference by t test at p < 0.01; *** indicates significant difference by t test at p < 0.001. 
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Figure 9. Framework figure. Protein and gene sequences of SaRacs were obtained from genome. Bioinformatic analyses were conducted, and the expression profiles of SaRac genes in different tissues and under drought and hormones treatments were obtained. These results established a preliminary foundation for the functional study of SaRac genes. 
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Table 1. Chemical properties of proteins in the SaRac gene family.
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	Gene Name
	Name
	Number of

Amino Acids
	Molecular

Weight (kDa)
	PI
	Instability Index
	Total Number of Negatively Charged Residues (Asp + Glu)
	Total Number of Positively Charged Residues (Arg + Lys)
	Grand Average of Hydropathicity (GRAVY)
	In Silico Prediction WOLF

PSORT





	Sal10G07090.1
	SaRac1
	197
	21.58
	9.20
	38.58
	18
	25
	−0.075
	plas



	Sal10G04200.1
	SaRac2
	198
	21.83
	9.43
	34.09
	16
	27
	−0.129
	chlo



	Sal8G02490.1
	SaRac3
	198
	21.81
	9.38
	40.23
	18
	25
	−0.042
	chlo



	Sal7G05910.1
	SaRac4
	197
	21.55
	9.32
	41.48
	18
	27
	−0.106
	chlo



	Sal9G31620.1
	SaRac5
	196
	21.45
	9.25
	39.09
	16
	28
	−0.047
	chlo



	Sal9G09920.1
	SaRac6
	196
	21.74
	9.62
	38.96
	17
	25
	−0.083
	chlo



	Sal6G04230.1
	SaRac7
	211
	23.28
	9.18
	44.44
	19
	28
	−0.069
	chlo



	Sal9G07020.1
	SaRac8
	209
	22.94
	9.27
	36.73
	19
	27
	−0.141
	plas



	Sal9G04490.1
	SaRac9
	196
	21.63
	9.55
	40.28
	18
	27
	−0.120
	cyto
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