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The Asian citrus psyllid (ACP), Diaphorina citri Kuwayama, is the principal vector of the Candidatus Liberibacter asiaticus (CLas) bacterium that causes Huanglongbing (HLB) disease. The D. citri salivary glands (SG) is an important barrier to the transmission of CLas. Despite its importance, the transcriptome and proteome of SG defense against CLas are unstudied in D. citri. In the present study, we generated a comparative transcriptome dataset of the SG in infected and uninfected D. citri using an Illumina RNA-Seq technology. We obtained 407 differentially expressed genes (DEGs), including 159 upregulated DEGs and 248 downregulated DEGs. Functional categories showed that many DEGs were associated with the ribosome, the insecticide resistance, the immune response and the digestion in comparison with CLas-infected SG and CLas-free SG. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases confirmed that metabolism and immunity were important functions in the SG. Among the DEGs, 68 genes (35 upregulated and 33 downregulated) encoding putative-secreted proteins were obtained with a signal peptide, suggesting that these genes may play important roles in CLas infection. A total of 673 SG proteins were identified in uninfected D. citri by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analysis, and 30 DEGs (15 upregulated and 15 downregulated) were found using the local tBLASTP programs. Among the 30 DEGs, many DEGs mainly involved in the metabolism and cellular processes pathways. This study provides basic transcriptome and proteome information for the SG in D. citri, and helps illuminate the molecular interactions between CLas and D. citri.
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INTRODUCTION

In phloem-feeding insects, saliva primarily originates from salivary glands (SG) and mediates the interaction between the insects and their host plants (Cherqui and Tjallingii, 2000). Saliva contains many bioactive components that function in food digestion, lubrication, tissue penetration and overcoming plant defenses (Hogenhout and Bos, 2011; Huang et al., 2016). Phloem-feeding Hemiptera have a specialized piercing-sucking stylet and a pair of SG, which secrete gelling and watery saliva during feeding (Sharma et al., 2014; van Bel and Will, 2016). The SG also act as a barrier to resist plant pathogen and virus transmission (Weintraub and Beanland, 2006; Hogenhout et al., 2008).

To characterize the functions of the SG or secreted saliva, the transcriptomes and/or proteomes of the SG and/or secreted saliva of phloem feeders were analyzed in several Hemiptera species such as Acyrthosiphon pisum (Carolan et al., 2011), Nilaparvata lugens (Ji et al., 2013), Laodelphax striatellus, Sogatella furcifera (Huang et al., 2018), Bemisia tabaci (Su et al., 2012), and Diaphorina citri (Yu and Killiny, 2018). The saliva of Hemiptera acts as a vector among insect–plant–pathogen interactions because insects produce saliva and inoculate pathogens into healthy plants during feeding (Weintraub and Beanland, 2006).

The Asian citrus psyllid (ACP), Diaphorina citri Kuwayama (Hemiptera: Liviidae), is a phloem-feeding pest of citrus. It is a principal vector of the Candidatus Liberibacter asiaticus (CLas) bacterium, which is the agent of Huanglongbing (HLB) (Grafton-Cardwell et al., 2013). HLB, also called citrus greening disease, is the most serious threat to the citrus industry worldwide, because prevention is difficult and there is no effective cure (Bové, 2006). Plant pathogens, in insect vectors, move from the alimentary canal into the hemolymph or other tissues (Hall et al., 2013). They then move into the SG, contaminate the salivary secretions and are injected into the host plant during feeding (Weintraub and Beanland, 2006; Hogenhout et al., 2008; Hall et al., 2013). The SG are the last, and most important, barrier in D. citri to resist the transmission of the HLB pathogen (Hogenhout et al., 2008). Among the tissues of CLas-infected D. citri, the proportion of infected (CLas-positive) SG was significantly lower than that of other tissues. This suggests that the SG may act as a barrier to reduce CLas transmission (Ammar et al., 2011). The SG-secreted proteins from other insect phloem feeders act as effector proteins that facilitate their feeding or repress host immune responses, like C002 (Mutti et al., 2008), NlEG1 (Ji et al., 2017), Bt56 (Xu et al., 2019), and macrophage migration inhibitory factor (MIF) (Naessens et al., 2015). Although the saliva of D. citri has been analyzed using LC-MS/MS (Yu and Killiny, 2018), the differences of SG components in CLas-infected and uninfected D. citri and the functions of these different components are unknown. SG are important in D. citri for feeding, responding to host plant defenses and barring pathogens. This motivated our study of the different gene and protein repertoires of SG in CLas-infected and uninfected D. citri.

We reported the first transcriptomic sequences from the SG of CLas-infected D. citri and uninfected D. citri. Comparative transcriptomes were generated to analyze differential expressed genes (DEGs) using RNA sequencing (RNA-seq). Our goal was to find genes in D. citri SG responding to CLas. To identify proteins potentially acting as salivary effectors, detoxification enzymes and digestive enzymes, we also conducted proteomic analyses of the SG of uninfected D. citri using LC-MS/MS. This study provides valuable transcriptomic and proteomic data for further studies of functional gene activity in the SG and understanding of the molecular interactions between CLas and D. citri. Overall experimental workflow used in this study was shown in Figure 1.
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FIGURE 1. Flowchart showing the methodology used for this study.




MATERIALS AND METHODS


ACP Rearing and SG Collection

The CLas-infected D. citri strain was originally collected in an abandoned citrus orchard at Tandong town, Zhanggong district, Ganzhou city, Jiangxi Province, China. The infected psyllid population and laboratory D. citri strain were, respectively, maintained on CLas-infected or uninfected Newhall naval orange Citrus sinensis Osbeck in insect rearing cages (60 cm × 60 cm × 90 cm) at Gannan Normal University, Ganzhou city, Jiangxi Province, China. The D. citri were reared at 27 ± 1°C with 70 ± 5% relative humility under a 14:10 h (L:D) photoperiod. To confirm the rate of CLas-infected D. citri population, genomic DNA from the thorax of a single D. citri was extracted, and specific primer set OI1/OI2c was used to detect the exist of HLB pathogen. The result of agarose gel showed that the proportion of HLB carried by CLas-infected D. citri population was up to 80% (Supplementary Figure S1). The male and female adults of CLas-infected and uninfected strains were anesthetized on ice, and their SG were dissected out in cold 1 × phosphate-buffered saline (PBS). Each sample contained approximately 80 pairs of SG, and four biological replicates of the two psyllid strains were prepared.



Total RNA Extraction and cDNA Library Construction

Total RNA was extracted from eight samples using Trizol regent (Invitrogen, Carlsbad, CA, United States) according to manufacturer protocol. The integrity of the RNA was monitored on 1% agarose gels, and the quality was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States). The SMARTer cDNA libraries were constructed from SG using the SMARTer UltraTM Low Input RNA Kit (Clontech, Mountain View, CA, United States) following manufacturer’s instructions (Picelli et al., 2013).



Illumina Sequencing

Sequencing libraries were generated using an NEBNext® UltraTM Directional RNA Library Prep Kit for IlluminaR (NEB, United States) following manufacturer’s recommendations. To select cDNA fragments 150–200 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter, Beverly, MA, United States). PCR products were purified (AMPure XP system), and library quality was assessed on an Agilent Bioanalyzer 2100 system. After cluster generation, the library preparations were sequenced on an Illumina Hiseq platform (Novogene Bioinformatics Technology Co., Ltd., Tianjin, China), and 125/150 bp paired-end reads were generated.



Data Filtering and Reads Mapping

Clean reads were obtained by removing reads containing adapters, ploy-N and low-quality reads from the raw data. Reference genome and gene model annotation files were downloaded directly from the genome website1. We used Hisat2 v2.0.52 to build the index of the reference genome and align the paired-end clean reads with the reference genome (Trapnell et al., 2009). Then, HTSeq v0.6.0 was used to count the read numbers mapped to each gene. Fragments Per Kilobase per Million (FPKM) of each gene was calculated based on the length of the gene and reads count mapped to this gene.



Analysis of Differentially Expressed Genes

EdgeR R package (3.12.1) was used to perform differential expression analysis of the two strains. The resulting P-values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate. Genes with an adjusted P-value < 0.05 and an absolute value of log2 (Fold change) ≥ 1 found by DESeq.2 were assigned as differentially expressed (Love et al., 2014). Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) was implemented by the GOseq, in which the gene length bias was corrected. GO terms with a corrected P-value less than 0.05 were considered to be significantly enriched by DEGs. All of the DEGs were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. KOBAS software was used to test the statistical enrichment of differential expression genes in KEGG pathways3. To identify potential SG-secreted proteins of DEGs, the signal peptide was determined using the SignalP 4.1 Server4.



RT-qPCR Validation

To confirm the reliability of transcriptome data, 10 DEGs (five upregulated and five downregulated) were randomly selected to analyze the transcript levels using RT-qPCR. Because it was difficult to dissect the SG and obtain large amounts of RNA, about 100 ng total RNA of each sample was used to synthesize the first-strand cDNA using the PrimeScript RT reagent Kit with gDNA Eraser (Takara, Dalian, China). Primer 3.0 software5 was used to design specific RT-qPCR primers. The amplification efficiency of each primer was 90–110%, and all of the primers used are listed in Supplementary Table S1. NovoStar SYBR qPCR SuperMix (Novoprotein Scientific, Shanghai, China) was used in RT-qPCR and the CFX384 Real-time System (Bio-Rad, Singapore) was conducted as previously described (Liu et al., 2019). The reference genes DcitActin1 (XM_008473151) and DcitGAPDH2 (XM_008481620) were used to standardize the relative quantities using the 2–ΔΔCT method (Livak and Schmittgen, 2001). The data were analyzed by an independent sample t-test using SPSS 16.0 software (SPSS Inc., Chicago, IL, United States). Statistically significant differences were considered to be P < 0.05 or P < 0.01.



Protein Preparation and Digestion

For the protein assay, 200 pairs of SG from the uninfected D. citri strain were dissected out in SDT lysis buffer (4% SDS, 100 mM DTT, 150 mM Tris–HCl, pH 8.0). SG were homogenized in SDT buffer and sonicated at 4°C by 5 × 10-s bursts, and then boiled for 10 min. The homogenate was centrifuged at 14,000 g, 4°C for 30 min, and the quality of the supernatant solution was checked by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE). Protein digestion was performed based on the manufacturer’s protocol. Briefly, 100 μg of proteins were concentrated with a 3-kDa microcon unit and alkylated with 100 μL of iodoacetamide buffer (100 mM IAA in UA) for 30 min in the darkness. The detergent, DTT and other low-molecular-weight components were removed using 100 μL UA buffer (8 M Urea, 150 mM Tris–HCl pH 8.0) by repeated ultrafiltration twice, and the sample was washed with 100 μL 25 mM NH4HCO3 buffer twice. The protein suspensions were digested with 2 μg trypsin (Promega) in 40 μL 25 mM NH4HCO3 buffer for 16–18 h at 37°C, and the resulting peptides were collected as a filtrate. After centrifugation, the peptides were desalted on EmporeTM SPE Cartridges C18 (Thermo Scientific, Rockford, IL, United States) concentrated by vacuum drying and reconstituted in 40 μL of 0.1% (v/v) formic acid. The peptide content was estimated by UV light spectral density at 280 nm.



LC-MS/MS Analysis

LC-MS/MS analysis was conducted on a Q Exactive mass spectrometer (Thermo Fisher Scientific, MA, United States) coupled with Easy nLC (Thermo Fisher Scientific) (Shanghai Applied Protein Technology Co., Ltd., Shanghai, China). The mass spectrometer was operated in a positive ion mode. The chromatographic system contained a trap column (2 cm × 100 μm, 5 μm-C18) and an analytical column (100 mm × 75 μm, 3 μm-C18). After trap column equilibration with 97% buffer A (0.1% formic acid), 5 μL digested peptides were eluted by a linear gradient of buffer B (0.1% formic acid and 84% acetonitrile) for 120 min at a flow rate of 300 nL/min. Further MS/MS analysis of fractions was carried out on Q Exactive mass spectrometer for 120 min. MS data were acquired to select the 20 most abundant ions from the full scan (300–1,800 m/z) for HCD fragmentation at a resolution of 17,500 at m/z 200, and an isolation width of 2 m/z, and 30% collision energy. The dynamic exclusion duration was 60 s. Survey scans for MS1 were acquired at a resolution of 70,000 at m/z 200. For protein identification, the following options were used: 20 ppm for peptide mass tolerance, 0.1 Da for MS/MS tolerance, two missed cleavages allowed, carbamidomethyl (C) as a fixed modification and oxidation (M) and acetyl (protein N-term) as variable modifications. Additionally, an automatic decoy database search was conducted with false discovery rate (FDR) ≤ 0.01. MS/MS spectra were searched against the D. citri genome, including 29,287 proteins6 using the MASCOT engine (Matrix Science, London, United Kingdom, version 2.2), assuming digestion with trypsin.



Presence of the DEG in Proteomic Data

Additionally, a correlated analysis of all of the DEGs related to shotgun data was performed using the local tBLASTp program, with an E-value < 1.0E–50 and a bit score >100. All of the identifications were manually validated and selected based on the score, E-value and identities (%).



RESULTS


Sequencing Quality

To evaluate sequencing quality, we used FastQC software to assess the quality of each sample before and after adaptor/sequences trimming. Totals of 50.1–56.0 million and 53.0–65.6 million raw reads were generated using an Illumina HiSeq from the SG of uninfected and CLas-infected D. citri, respectively (Table 1). After removing the low-quality reads, 40.7–46.4 and 42.4–53.0 million reads were retained for the following assembly. We also tested all of the samples using FastQC for GC content, Q20 (Phred score > 20) and Q30 (Phred score > 30). Overall, mean values of 51.88% and 80.18% filtered RNA-seq reads were subsequently mapped to the D. citri genome data (Table 2). These results suggested that the sequencing quality was adequate.


TABLE 1. Quality control and data statistics of two salivary gland transcriptomes in Diaphorina citri.
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TABLE 2. Summary reads mapping of two salivary gland transcriptomes in D. citri.
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Function Annotation of Differentially Expressed Genes

A comparative gene expression analysis between CLas-infected and CLas-uninfected D. citri was performed by DESeq.2, with an adjusted P-value < 0.05 and an absolute value of log2 (Fold change) ≥ 1. Differential expression analysis showed significant differences in CLas-infected D. citri compared with uninfected D. citri. As a result, 20,690 genes were obtained in the transcriptomes of D. citri SG. A total of 407 DEGs showed significant changes; 159 genes were upregulated and 248 genes were downregulated compared with that in the control (Figure 2A). In addition, the hierarchical clustering of all of the DEGs was conducted to determine the expression patterns of the identified genes (Figure 2B). Moreover, many DGEs were classified and associated with the ribosome, the insecticide resistance, the immune response and the digestion (Supplementary Table S2). Among these DEGs, ribosomal protein (two upregulated and four downregulated), glutathione S-transferases (GSTs, two upregulated and one downregulated), UDP-glucuronosyltransferases (UGTs, two upregulated and one downregulated), cytochrome P450s (CYPs, five downregulated), cathepsins (one upregulated and seven downregulated) showed significant variation (Supplementary Tables S2 S3).
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FIGURE 2. Volcano plot (A) and hierarchical cluster analysis (B) of differential expressed genes (DEGs). (A) The ordinate shows the significance level of difference in DEGs, and the abscissa represents the fold change of gene expression in different samples (log2 Fold change), respectively. Red, green, and blue points indicate upregulated, downregulated, and no significant difference genes, respectively. (B) Rows represent different DEGs, and columns represent different samples between CLas-infected and uninfected Diaphorina citri. Red color and purple color suggest high and low gene expression level, respectively.


Gene Ontology (GO) assignments were used to classify the functions of DEGs, and a P-value < 0.05 was deemed to indicate significant enrichment. Of these DEGs, 105 genes (25.8%) significantly corresponded to at least one GO term (Supplementary Table S4). The GO terms were functionally grouped into three categories: biological processes, cellular component, and molecular function. For each category, the 20 most significantly enriched GO terms (Top 20) were selected for further analysis (Figure 3A). For biological processes, single-organism carbohydrate metabolic process was the most abundant with 10 categories. The cellular component only included five groups with six categories. For the cellular component, cysteine-type endopeptidase activity, cysteine-type peptidase activity and transferase activity-transferring hexosyl groups were the most abundant of 24 categories. To identify the biological pathways that were active in the SG of D. citri, all DEGs were assigned to the reference canonical pathways in KEGG. A total of 177 DEGs were matched separately with 57 pathways (Supplementary Table S5), and the top 20 of these were shown in Figure 3B. Among these pathways, SNARE interactions in vesicular transport (5 transcripts), lysosome (10 transcripts), endocytosis (eight transcripts), and phagosome (six transcripts) were the most enriched pathways. Based on GO and KEGG annotations, the SG are active in metabolism, which confirmed that metabolism is important in the SG.
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FIGURE 3. GO classification (A) and KEGG enrichment analysis (B) of DEGs. (A) The results were functionally grouped into three categories: BP (biological process), CC (cellular component), and MF (molecular function). For each categories, the top 20 GO terms were selected for functional analysis. The y-axis indicates the number of DEGs. (B) The top 20 of pathways were functionally analyzed in the KEGG. The X-axis indicates the gene ratio. The Y-axis indicates different pathways.


In addition, to identify potential SG-secreted proteins, the N-terminal signal peptides were predicted using the SignalP 4.1 Server. In total, 68 SG-secreted proteins were obtained from DEGs (Supplementary Table S6). Among these, 35 secreted proteins were significantly upregulated and 33 were significantly downregulated in CLas-infected D. citri compared with the uninfected control. More interestingly, the transcript of multiple secreted proteins related to digestion exhibited significant downregulation, including cathepsins, maltases, salivary cysteine-rich peptide and aminopeptidase (Supplementary Table S6).



RT-qPCR Validation

To validate the transcriptome data, we checked the transcript abundance of 10 DEGs (five upregulated and five downregulated) using RT-qPCR. The information of selective genes is listed in Supplementary Table S7. As expected, the results of RT-qPCR were basically consistent with our RNA-Seq data (Figure 4). For example, the genes of glutathione S-transferase, peroxidase and spondin-1 showed significant increases in CLas-infected SG in both RT-qPCR and transcriptome analysis, with a consistent level of upregulation. In addition, five genes were downregulated in RT-qPCR analysis, but only two genes (Aminopeptidase and CYP6KB1) had significant downregulation. Overall, the RT-qPCR results confirmed the reliability of the transcriptome data.
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FIGURE 4. The expression analysis of 10 DEGs to validate the RNA-Seq data by RT-qPCR. Relative expression levels were normalized to the reference genes GAPDH2 and Actin1 expression levels using the 2– ΔΔCt method. The vertical bars represent standard errors (SE) of the mean (n = 4) and asterisks represent the significant difference (*P < 0.05 or **P < 0.01) using independent t-test.




Proteins Identified in the SG of D. citri

For protein validation, high peptide confidence was extracted, and an automatic decoy database search was conducted with FDR ≤ 0.01. In total, 673 SG proteins of D. citri were identified by shotgun LC-MS/MS analysis. The protein with 1, 2 and ≥3 unique peptides were deemed as low, medium and high expression, respectively. Thus, significant identification was contained when at least two unique peptides. Among these proteins, 369 proteins had high or medium enrichment with 39-2 unique peptides, while 304 proteins exhibited low abundance with one unique peptide (Supplementary Table S8). Sequence coverage and molecular weight is listed in Supplementary Table S8. Additionally, 84 salivary proteins with signal peptide were identified using SignalP 4 Server (Supplementary Table S9).



Presence of the DEGs in Proteomic Data

All of the DEGs were compared against the protein sequences for homology searching through a local tBLASTP search. A total of 30 DEGs were found in the proteome, and the BLAST result is shown in Table 3. The correlation between DEGs and shotgun data is shown in Figure 5. Among these DEGs, 15 genes were significantly upregulated and 15 genes were significantly downregulated. Additionally, these genes were annotated to the KEGG pathway (Table 3), and the result showed that many DEGs involved in the metabolism and cellular processes pathways.


TABLE 3. Presence of the DEGs in proteomic data by a local tBLASTP search.
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FIGURE 5. Correlated analysis between DEGs of RNA-seq and protein of shotgun. The local tBLASTp program was performed to analyze the correlation with an E-value less than 1.0E– 50 and a bit score >100.




DISCUSSION

The salivary glands as a crucial secretary tissue is important in insect feeding and defense against pathogens. We found differences in the transcriptomic levels of SG from CLas-infected and uninfected D. citri. The comparative transcriptome analysis showed that 68 differentially expressed genes in the SG of CLas-infected and uninfected D. citri could be involved in metabolism and immunity processes. However, the number of secreted proteins might be underestimated due to missing signal peptide sequences from partial sequences. In N. lugens, 67 unigenes encoding putative secretory proteins were obtained in a comparison of the SG DEGs of two N. lugens populations with different virulence (Ji et al., 2013). These results are comparable with the numbers of putative secreted proteins of our results. The SG continue to produce proteins during insect feeding, and thus, have a high level of metabolic and immune activity. An enrichment of genes in the SG related to protein synthesis, transport and energy metabolism has also been observed in other Hemiptera, such as B. tabaci (Su et al., 2012), N. lugens (Ji et al., 2013), S. furcifera and L. striatellus (Huang et al., 2018), and Empoasca fabae (DeLay et al., 2012). These results suggest that the SG have conserved biological functions in different insect species.

Transmission of CLas depends on circulation and replication of the bacterium in the hemolymph and overcoming the SG barrier in D. citri. The mechanisms that facilitate immune defenses of D. citri to CLas in the SG are unknown. In this study, the comparative transcriptome data suggest that many DEGs are involved in immune defenses, including the lysosome pathway, endocytosis pathway and phagosome pathway. Among these pathways, multiple cathepsins were significantly altered in CLas-infected D. citri, suggesting that these proteins might be important in defense against CLas. The cathepsins are involved in processes like development, growth, metamorphosis, apoptosis and immunity (Saikhedkar et al., 2015). For example, two D. citri cathepsin genes were significantly induced by CLas, suggesting that these genes play an important role in the immune response (Yu et al., 2019). In addition, cathepsin is a cysteine protease and functions as a primary digestive enzyme to degrade host defense proteins. It is common in the watery saliva of Diuraphis noxia (Nicholson et al., 2012), N. lugens (Liu et al., 2016) and D. citri (Yu and Killiny, 2018). Our results showed that six cathepsins with signal peptides were significantly changed (one upregulated and five downregulated) in CLas-infected D. citri. This result indicated that cathepsins may act as saliva proteins involved in the host defense response. The digestive enzymes like the majority of cathepsins, salivary cysteine-rich peptides, aminopeptidases and maltases were significantly downregulated in CLas-infected D. citri, suggesting that the digestive ability of CLas-infected D. citri was reduced due to the CLas infection. For example, knocking down a digestive enzyme gene (NlEG1) caused a decrease in the ability to reach the phloem and ingest food in N. lugens (Ji et al., 2017). Additionally, previous study reported that CLas-infected D. citri had significantly decreased the non-probing time, salivation time and phloem ingestion time compared with uninfected D. citri. This indicated that CLas-infected D. citri tends to forage more often (Killiny et al., 2017). Our data provide some evidence, at the molecular level, why CLas-infected D. citri have reduced feeding capacity.

Insect detoxification enzymes, such as cytochrome P450s (CYPs) and glutathione S-transferases (GSTs), participate in the metabolism of xenobiotics (Li et al., 2007). CYPs and GSTs are ubiquitous in the SG of different insects. For example, 59 CYPs and 20 GSTs genes are present in the SG of Nephotettix cincticeps, and these have various expression levels (Matsumoto et al., 2014). While eight CYP and five GST genes were found in B. tabaci (Su et al., 2012), only one and three were found in A. pisum (Carolan et al., 2011). However, little is known on the role of CYP and GST genes in the insect SG. In two N. lugens populations with different virulence, 12 CYP genes were involved in the drug metabolism pathway. Four were upregulated and eight were downregulated in the SG of the Mudgo population relative to those of the TN1 population (Ji et al., 2013). These data indicate that DEGs play important roles in metabolic response of SG against viral infection. In our DEGs, only two GSTs genes were significantly upregulated, but one GST and five CYP genes were significantly downregulated in CLas-infected D. citri. Similar results were found in another D. citri study where the enzyme activities of CYPs and GSTs were significantly lower in CLas-infected adults than in uninfected D. citri adults (Tiwari et al., 2011). CLas infection may suppress the transcriptional expression of CYPs and GSTs, resulting in reduced activities of these detoxification enzymes. Other detoxification enzymes, such as UDP-glucuronosyltransferases (UGTs), were also reported to contribute to the metabolism of xenobiotics in D. citri (Tian et al., 2019). Two UGT genes with signal peptides were found in the DEGs, and they were significantly upregulated in the SG of CLas-infected D. citri. UGTs may be involved in defending against CLas infection in the SG.

Our shotgun LC-MS/MS data identified 673 SG proteins in CLas-free D. citri. Significant identification of 369 proteins was obtained with at least two unique peptides. In Schlechtendalia chinensis, 141 proteins were obtained from SG by an LC-MS/MS analysis (Yang et al., 2018). A similar result was found in the SG proteomes of Nezara viridula and Halyomorpha halys, identifying 305 and 238 proteins, respectively (Serteyn and Francis, 2019). Compared with these studies, we identified slightly more proteins in the SG of D. citri, and our data provide valuable information for further study of functional protein activity in the SG. In addition, 86 saliva proteins were identified from D. citri via an LC-MS/MS analysis (Yu and Killiny, 2018). More proteins were obtained from the SG than from the gathered saliva in D. citri. However, we did not perform a comparative analysis of the SG proteomes of D. citri and the SG/saliva proteomes of other Hemiptera species. The majority of protein species identified in Hemiptera are analogous. Our results will be useful for identifying potential functional proteins like salivary effectors and provide a framework for future studies on the molecular interactions between phloem-feeding insects and host plants.



CONCLUSION

We conducted a comparative, transcriptomic-level analysis of the SG of CLas infected and uninfected D. citri. The SG were metabolically active and hundreds of SG proteins in CLas uninfected D. citri were identified at the proteomic level. Our study is the first to analyze the SG of D. citri basing on the combination of comparative transcriptomics and proteomics, which can be further utilized for the identification of functional SG proteins. In addition, this work provides valuable transcriptomic and proteomic information about the molecular interactions between CLas and D. citri.
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FIGURE S1 | RT-PCR detection the proportion of Candidatus Liberibacter asiaticus (CLas) in CLas-infected Diaphorina citri population. The thorax from a single D. citri was dissected, then genomic DNA was isolated, and RT-PCR was performed using the OI1/OI2c primer (forward primer 5′-GCGCGTATGCAATACGAGCGGCA-3′ and reverse primer 5′-GCCTCGCGACTTCGCAACCCAT-3′). Twenty D. citri were randomly selected to check HLB, and 16 ones exhibited a clear OI1 band with 1160 bp in length.

TABLE S1 | Primers used in RT-qPCR for validation of DEGs.

TABLE S2 | Differentially expressed genes upon to CLas infection involved in the ribosome, the insecticide resistance, the immune response and the digestion in comparison with CLas-infected SG and CLas-free SG.

TABLE S3 | Summary of all differentially expressed genes.

TABLE S4 | Gene Ontology (GO) annotation of DEGs from the salivary gland transcriptomes between CLas infected and CLas uninfected Diaphorina citri.

TABLE S5 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs from the salivary gland transcriptomes between CLas infected and CLas uninfected D. citri.

TABLE S6 | Differentially expressed genes (DEGs) with a putative signal peptide.

TABLE S7 | The information of selected 10 DEGs used in RT-qPCR validation.

TABLE S8 | The salivary gland proteins of CLas free D. citri identified by shotgun LC-MS/MS analysis.

TABLE S9 | The putative secretory salivary gland proteins from proteome.


FOOTNOTES

1ftp://ftp.citrusgreening.org/genomes/Diaphorina_citri/assembly/

2https://anaconda.org/biobuilds/hisat2

3http://www.genome.jp/kegg/

4http://www.cbs.dtu.dk/services/SignalP/

5http://primer3.ut.ee

6http://www.uniprot.org
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length (aa) (Diaphorina citri)
DcitrP012115.1.1 - —1.18 463 946 0.0 100 XP_008476451.1 protein odr-4 homolog
DcitrP030815.1.1 Arginine and proline 1.53 738 838 0.0 78 XP_026681313.1
metabolism delta-1-pyrroline-5-carboxylate
synthase-like
DcitrP033650.1.1 - 1.31 896 1298 0.0 86 XP_026686168.1 mucin-5AC-like isoform
X2
DcitrP037890.1.1 - 1.16 290 577 0.0 98 XP_026684327.1 uncharacterized protein
LOC103516011
DcitrP054635.1.1 Endocytosis —1.21 586 738 0.0 66 XP_008469508.1 EH domain-containing
protein 1
DcitrP067050.1.1 Cysteine and —2.44 517 1078 0.0 99 XP_026680915.1 DNA
methionine metabolism (cytosine-5)-methyltransferase PliIMCI-like
DcitrP081725.1.1 - 1.02 298 564 0.0 99 XP_017304024.1 coiled-coil
domain-containing protein 1-like
DcitrP091755.1.1 Ribosome 1.45 578 627 0.0 99 QOPXX8.1 408 ribosomal protein SA
DcitrP094660.1.1 - 1.0 438 707 0.0 91 XP_017304347.1 uncharacterized protein
LOC103521618
DcitrP030830.1.1 Arginine and proline 1.37 774 391 7e-134 100 XP_008483053.2 probable
metabolism delta-1-pyrroline-5-carboxylate synthase
DcitrP005130.1.1 Hippo signaling —-1.15 125 188 1e-62 74 XP_017301022.1 14-3-3 protein epsilon
pathway- fly
DcitrP008395.1.1 Hippo signaling —-1.27 602 203 5e-65 100 XP_008479623.1 14-3-3 protein zeta-like
pathway- fly
DcitrP015560.1.1 MAPK signaling —1.55 126 184 2e-63 99 XP_026678415.1 profilin, partial
pathway- fly
DcitrP020605.1.1 Glutathione metabolism 158 217 382 3e-139 100 glutathione S-transferase-like protein,
partial
DcitrP022120.1.1 - 2.84 383 104 8e-71 100 XP_008483284.2 uncharacterized protein
LOC103519971
DcitrP023525.1.1 Protein processing in —4.55 186 327 5e-118 85 XP_008475973.1 alpha-crystallin A
endoplasmic reticulum chain-like
DcitrP024125.1.1 - —1.86 136 248 1e-86 97 XP_017303686.1 histone H3-like, partial
DcitrP040835.1.1 - —1.21 233 311 6e-112 99 Vesicle-associated membrane
protein-associated protein A
DcitrP041665.1.1 Peroxisome 1.65 310 474 2e-170 72 XP_008485007.1 isocitrate
dehydrogenase [NADP] cytoplasmic
DcitrP042945.1.1 Protein processing in 1.46 294 416 8e-149 100 Dolichyl-diphosphooligosaccharide-
endoplasmic reticulum protein glycosyltransferase 48 kDa
subunit-like
DcitrP044485.1.1 - —1.44 120 201 3e-70 96 XP_008484707.1 histone H2B-like
DcitrP045865.1.1 FoxO signaling pathway —2.28 166 332 4e-120 98 XP_008468841.1 GTPase HRas
DcitrP051350.1.1 Ether lipid metabolism —1.92 283 424 5e-153 81 XP_026678696.1 putative phosphatidate
phosphatase
DcitrP051375.1.1 - 1.05 289 224 5e-76 97 XP_017299158.1 glyoxalase
domain-containing protein 4-like
DcitrP059375.1.1 Endocytosis —1.28 182 375 3e-137 100 XP_026676609.1 ADP-ribosylation factor
1
DcitrP068670.1.1 - 2.58 140 256 3e-91 95 XP_008485458.1 uncharacterized protein
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DcitrP078265.1.1 SNARE interactions in —1.16 213 434 2e-159 100 Vesicle-trafficking protein SEC22b-B
vesicular transport
DcitrP081735.1.1 - 1.06 279 341 1e-121 99 XP_008469045.1 uncharacterized protein
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