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Abstract

:

Simple Summary


Diaphorina citri is an important natural vector for the Huanglongbing pathogen, which causes destructive damage to citrus production. The temperature and gender are critical abiotic and biotic factors affecting insect physiology as well as the symbiont abundance. Nevertheless, how temperature and gender affect the bacterial communities present in D. citri is still unclear. This study used high-throughput sequencing of 16S ribosomal RNA amplicons to identify amplicon sequence variants in D. citri. The dominant phylum was Proteobacteria, and Candidatus Profftella and Wolbachia were the dominant taxa in all groups. Furthermore, under a high-temperature treatment, Profftella was the prevalent symbiont in females, but Wolbachia had a higher abundance in males. In males, Profftella was more abundant under low-temperature treatments than high-temperature treatments. In contrast, Wolbachia showed a higher abundance under high-temperature treatments than under low-temperature treatments. The results will provide a new vision for understanding the co-adaptation of D. citri and its symbionts to environmental stresses.




Abstract


The Asian citrus psyllid, D. citri Kuwayama is the primary vector for Candidatus Liberibacter asiaticus (CLas), which causes a destructive disease in citrus plants. Bacterial symbionts are important determinants of insect physiology, and they can be impacted by many external factors. Temperature is an important abiotic factor affecting insect physiology, and it is also known that differences in symbiont proportions may vary in different insect genders. To date, it is unclear how the symbionts of D. citri are affected by temperature and gender. This study used high-throughput sequencing of 16S ribosomal RNA amplicons to determine how temperature and gender affect the bacterial communities present in D. citri. We identified 27 amplicon sequence variants (ASVs) belonging to 10 orders, seven classes, and five phyla. The dominant phylum was Proteobacteria (99.93%). Other phyla, including Firmicutes, Bacteroidota, Deinococcota, Cyanobacteria, and Actinobacteriota, were less abundant (<0.1%). Profftella (71.77–81.59%) and Wolbachia (18.39–28.22%) were the predominant taxa in all samples. Under high-temperature treatment, Profftella was more common in females, while Wolbachia had a higher abundance in males. In males, Profftella was more abundant under low-temperature treatments than under high-temperature treatments. In contrast, Wolbachia showed a higher abundance under high-temperature treatments than under low-temperature treatments. An RT-qPCR (quantitative real-time PCR) approach confirmed the results obtained with high-throughput DNA sequencing. Our results provide a basis for understanding the co-adaptation of D. citri and its symbionts to environmental temperature stress.
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1. Introduction


Various bacterial symbionts have colonized and become essential components of their host’s physiology in insects [1,2]. For example, symbionts synthesize nutritional proteins and essential amino acids and provide them to their hosts. These substances often cannot be synthesized by a host or are present only in insufficient levels in the environment. Buchnera aphidicola is a common primary symbiont of aphids, and it can secrete essential amino acids required by the host to maintain its normal physiological activity [3]. Symbionts can also help their host adapt to different stress factors [4,5]. Hylobius abietis harbors specific gut microbiota that can degrade conifer diterpenes to avoid the exposure of the host to toxic compounds, thus improving the host’s fitness [6]. Members of the genus Wolbachia are facultative bacteria, infecting arthropods and filarial nematodes [7]. They can regulate their host’s gene expression programs, in addition to altering other functions, to increase the host’s stress tolerance [8].



D. citri Kuwayama (Hemiptera: Liviidae) is an important citrus pest that occurs globally, including in all of the major citrus production areas in Asia and the Americas [9,10,11,12]. The psyllid can transmit the phloem-limited bacterium CLas, which causes Huanglongbing disease (HLB; also known as ‘citrus tree cancer’) [13]. HLB can substantially reduce citrus production and cause tree death. Although novel peptide based approaches to minimizing HLB transmission are in the pipeline [14], the current management of this disease involves the complete removal of diseased trees from orchards.



Global climate change is an important factor that has often been linked to such diseases’ occurrence, especially in the temperature, which has been regarded as the dominant abiotic factor affecting insects. The temperature can directly affect insect development, survival, range, and abundance [15]. Some insects have developed specific strategies to adapt to temperature changes [16]. Additionally, symbionts can support their host to withstand temperature stress. For example, the maternally inherited bacterium Cardinium increases the longevity of Bemisia tabaci and adjusts oviposition periods to resist unfavorable conditions [17]. With environmental temperatures increasing globally due to climate change, D. citri habitats have also expanded. Based on previous studies, the best season to curb the D. citri population is winter [18]. However, this psyllid control strategy may become ineffective, because the mean temperatures during winter are increasing due to global warming. Determining symbiont dynamics in D. citri under different temperatures can improve our understanding of their interplay and facilitate the development of improved pest management strategies.



High-throughput DNA sequencing technology provides a method to identify and characterize complex bacterial communities [19]. The sequencing of 16S ribosomal RNA gene fragments has been implemented to describe the bacterial communities present in a distinct sample [20]. This method has already been used in many studies to analyze insect symbionts [21,22]. Thus, we examined psyllid bacterial community dynamics under different temperatures and host genders and used RT-qPCR to validate the results of high-throughput sequencing.




2. Materials and Methods


2.1. Psyllid Samples


D. citri was initially collected from HLB-free citrus groves in 2012 in Jiangxi province, China. It was continuously reared on three-year-old Murraya paniculata under controlled laboratory conditions (26 ± 3 °C; 50 ± 10% relative humidity; Light: Dark = 14:10) for more than 45 generations.




2.2. Temperature Treatments


To establish a reasonable temperature gradient, we assessed local annual average temperature data (www.cma.gov.cn, (accessed on 28 June 2021)) and published articles [23]. Based on these data, three representative temperatures were selected as treatment conditions (15 °C, 26 °C, and 42 °C). Treatment groups of psyllids were released on mature leaves of Murraya paniculata in net cages, then incubated in controlled incubators (Ningbojiangnan instrument company, Ningbo, China) set at the different temperatures.




2.3. Psyllid Collection


Five-day-old adult virgin male and female psyllids were used for sample preparation. Every treatment was conducted for 6 h at different temperatures, and four biological replicates were used, with each replicate including 20 male or female D. citri adults that were collected using sterile centrifuge tubes. All of the samples were stored in 75% ethyl-alcohol at –20 °C until DNA extraction.




2.4. DNA Extraction


All of the psyllid samples were washed three times with sterile water before the DNA extraction. The DNA extraction was performed according to the manufacturer’s instructions for the QIAGEN DNeasy Kit (QIAGEN, Hilden, Germany). All of the DNA samples were quality-checked, and A260/A280 and A260/A280 values of 1.95 to 2.10 were used to qualify samples for further processing. DNA concentrations were quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). All of the DNA extracts were stored at −20 °C before a polymerase chain reaction (PCR) was performed.




2.5. PCR Amplification and Sequencing of 16S rRNA Amplicons


To study temperature effects on the microbial community composition of D. citri, 16S rRNA amplicon sequencing was performed. Bacterial 16S rRNA gene fragments (V3–V4) were amplified from extracted DNA samples using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and the PCR was carried out in 20-μL reaction mixes containing 4 μL of 5 × FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μmol), 0.2 μL of BSA, 10 ng of DNA. The PCR cycling parameters were 95 °C for 3 min, 27 amplification cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s, with a 10-min final extension at 72 °C. Sterile water was used as a negative control for all PCRs. Subsequently, PCR products were visualized on 2% agarose gels. High throughput sequencing was conducted using the Illumina Miseq platform (Illumina, California, CA, USA) and the read length used a PE300 manufactured by Shanghai Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).




2.6. Bioinformatic Processing of Amplicon Datasets


Paired-end reads were merged using FLASH (v1.2.7) [24] based on unique barcodes. Subsequently, reads were truncated by removing barcode and adapter sequences and quality-filtered using fastp (0.19.6) [25]. Amplicon sequence variants (ASVs) were identified using the QIIME2 (version 2020.2) [26] pipeline with recommended parameters. This process generated de-noised high-quality sequences generated by DADA2 with single-nucleotide resolution based on the error profiles within samples [27]. Taxonomic assignments were made using the Naive Bayes consensus taxonomy classifier implemented in QIIME2 and the SILVA 16S rRNA database (v138). All of the processing steps for our 16S rRNA gene fragment library were performed on the free online Majorbio Cloud Platform (cloud.majorbio.com, (accessed on 11 December 2020)).




2.7. Statistical Analyses


The significance of differences in the alpha diversity was tested with the Kruskal-Wallis test, and the beta diversity was assessed by the similarities test (ANOSIM, analysis of similarities). Both were integrated in the QIIME 2 pipeline. The statistical significance of differences in qPCR data was assessed with a one-tailed Student’s t test (* p < 0.05; ** p < 0.01; *** p < 0.001) using SPSS version 16.0 (IBM, Armonk, NY, USA).




2.8. Phylogenetic Analysis


To investigate the evolutionary relationships of the identified ASVs in D. citri, the obtained 16S sequences (Table S1) were aligned using ClustalW with default settings [28]. A phylogenetic tree based on this alignment was constructed in MEGA v5.05 using the neighbor-joining method, and bootstrap values were calculated based on 1000 replicates [29].




2.9. Determination of Bacterial Abundance by Quantitative Real-Time PCR (RT-qPCR)


To confirm our amplicon sequencing results, an RT-qPCR approach was implemented to determine the relative abundance of each phylum. The primers used are listed in Table S2. Male and female psyllid adults were collected as described above. DNA was extracted using the QIAGEN Dneasy Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s specifications with 10 biological replicates, and each replicate included 10 male or female D. citri adults. RT-qPCR was performed using a LightCycler® 96 PCR detection System (Roche, Basel, Switzerland) with mixtures containing 5 μL of NovoStart SYBR qPCR SuperMix (Novoprotein, Shanghai, China), 0.5 μL of each primer (0.2 mM), 0.5 μL of template DNA, and 2.5 μL of nuclease-free water. Amplification was performed using the following conditions: 10 min at 95 °C, 40 cycles for 10 s at 95 °C, 20 s at 60 °C, and a final cycle for 20 s at 72 °C. Two reference genes, GADPH and actin, were used to normalize the 16S rRNA gene copy numbers using qBASE [30].





3. Results


3.1. Assessment of the Amplicon Dataset Obtained from D. citri


The sequencing on the Illumina HiSeq 2500 platform (Illumina, California, CA, USA), targeting the V3-V4 hypervariable regions of the bacterial 16S rRNA gene in psyllids, yielded 5,824,440 raw reads (1,753,156,440 bp) in total. After quality-filtering, 601,640,661 bp of data were retained, with an average length of 423 bp (Table S3). Chao l rarefaction curves were used to estimate the within-sample diversity. The α-diversity indices plateaued at less than 32,000 reads sampled. This indicated that the sequencing performed was sufficient to assess the diversity within all samples (Figure 1A).




3.2. Taxonomic Composition of the Bacterial Community


The analysis of the bacterial community composition of D. citri indicated that Proteobacteria (99.93%) was the most dominant phylum. All other phyla (e.g., Firmicutes, Bacteroidota, Deinococcota, and Actinobacteriota) occurred in significantly lower abundances (<0.1%). Two classes of Proteobacteria accounted for a fraction of more than 0.1%. These classes were assigned to Gammaproteobacteria, with 72.68%, Oxalobacteraceae and Alphaproteobacteria, with 27.25%, and Anaplasmataceae (Table S4).




3.3. Bacterial Diversity of D. citri under Different Temperature Treatments


Three clustering algorithms, including principal components analysis (PCA), principal coordinate analysis (PCoA), and non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarities, were used to estimate the differences in these bacterial communities at the genus level after temperature treatments with male and female D. citri adults. Four biological replicates from females (or males) formed one group with three temperature treatments and showed a divergence in the genus-level clustering between the different temperature treatment groups (Figure 1B–D), and the bacterial structure varied at the genus level (Figure 2A).



Based on the DADA2 algorithm, 27 ASVs were identified from the three different temperature treatments. These 27 ASVs were assigned to 10 orders, 10 families, 10 genera, and 11 species based on our phylogenetic tree (Figure 2B). Among these, the high-temperature treatment groups showed a relatively lower bacterial diversity and contained 16 ASVs that were assigned to five genera, five families, five orders, five classes, and four phyla. Low-temperature treatment groups showed a moderate bacterial diversity, containing 18 ASVs assigned to six genera, six families, six orders, five classes, and four phyla. The normal-temperature groups harbored a relatively higher bacterial diversity than the high-temperature group and contained 24 ASVs assigned to nine genera, nine families, nine orders, seven classes, and five phyla (Table S5).



Profftella occurred in the highest proportion among the bacterial community in all samples. This order accounted for an average of 80.88% under the low-temperature treatment, 75.00% under the high-temperature treatment, and 73.64% under the normal-temperature treatment.



The symbiont Wolbachia was detected at an average proportion of 19.05% under the low-temperature treatment, 24.99% under the high-temperature treatment, and 26.35% under the normal-temperature treatment (Figure 3). Other bacteria at the genus level were present in a lower abundance (less than 0.1%) in D. citri adults (Table S6).




3.4. Symbiotic Community Dynamics of D. citri Are Affected by Temperature and Gender


Sequencing data indicated that the relative abundance of the dominant bacteria, Profftella and Wolbachia, differed significantly under the tested temperatures (Figure 4A). At a low temperature, male adults showed a higher proportion of Profftella (mean = 81.59%) than at higher temperatures (mean = 71.77%). At a high temperature, male adults showed a higher proportion of Wolbachia (mean = 28.22%) than at low temperatures (mean = 18.39%) (Figure 3). Other treatment comparisons were not significantly different (Figures S1 and S2).



When genders were compared, the abundances of the dominant symbiotes, Profftella and Wolbachia, were significantly different (Figure 4B). At a high temperature, females (mean = 78.22%) showed a higher proportion of Profftella than males, and males (mean = 28.22%) showed a higher proportion of Wolbachia than females (Figure 3). Other treatment comparisons were not significantly different.




3.5. RT-qPCR Validation


The two most abundant bacteria, Profftella and Wolbachia, for which amplicon sequencing indicated differential abundance in the different temperatures and gender groups assessed, were selected for further RT-qPCR confirmation. RT-qPCR results showed that Profftella was most abundant in the low-temperature-treated individuals. Wolbachia was most abundant in high-temperature-treated D. citri males (Figure 5A). Moreover, in these high-temperature treatments, Profftella had a relatively higher abundance in females, and Wolbachia had a higher abundance in males (Figure 5B). Overall, our RT-qPCR results were consistent with our amplicon sequencing data and two-factor analyses (Tables S7 and S8), confirmeing the temperature and gender-related dynamics of bacterial symbionts.





4. Discussion


In the present study, a targeted approach was implemented to assess whether and how the temperature stress affects bacterial symbionts of D. citri. Symbiotic microbes are known to be impacted by the environmental stress exposure of their hosts. Some of these have been previously shown to be involved in insect responses to the temperature, which can also affect the relationship between a host and its microbes [31]. Thermal changes can impact host’s metabolism and reduce the host’s survival and lifespan under extreme conditions [32]. To study the association between symbionts and temperature changes, the microbial community of a psyllid was evaluated at different temperatures by analyzing female and male hosts separately. We expected that when an insect host experiences temperature stress, it can lead to a fitness change of its symbionts. For example, heat stress led to the depletion of obligate endosymbionts (Buchnera), decreased fertility, and delayed developmental times in the pea aphid, Acyrthosiphon pisum [33]. Moreover, at high temperatures, the gut symbiont populations of stinkbugs were disturbed, leading to decreased host growth and reduced survival. The temperature can affect the stability of symbionts, and the subsequent symbiont instability can be the ‘Achilles’ heel’ of a host.



Symbiont and microbiome studies on D. citri are still relatively rare. Thus, detailed bacterial functions and the symbiont–host interplay in D. citri are still not fully resolved. Based on previous studies, D. citri has three endosymbionts from the egg stage until the adult stage, including the Candidatus species Carsonella ruddii and Profftella armature and Wolbachia [10]. The symbiont titer was shown to gradually increase with the development of D. citri until the adult stage. Female adult psyllids were shown to have increased symbiont titers before their egg laying [10,34]. In our study, the endosymbiont Candidatus Carsonella ruddii was not detected, while the two other symbionts were present. We speculated that this endosymbiont was not the dominant symbiont in D. citri in China.



Profftella, as a unique obligate symbiont in D. citri [35], can produce diaphorin, which is a polyketide toxic to various eukaryotic organisms, and can protect D. citri to avoid its predation [36]. Moreover, it can provide essential vitamins to D. citri to ensure its nutritional balance. Under the treatments conducted in the present study, Profftella occurred at higher proportions in D. citri females than males. Moreover, its proportion decreased in the high-temperature group but increased proportionally in the low-temperature group.



Wolbachia is a widespread facultative symbiont that is estimated to infect more than half of all insect species. It is involved in various important functions, such as male-killing, feminization, parthenogenesis, and cytoplasmic incompatibility [37], and has previously been exploited to curb dengue fever transmission between humans and mosquitoes [38]. Wolbachia can also be involved in other functions, such as supplying nutrition to a host to enhance the host’s reproduction [39]. In D. citri, a spanning analysis found that it can harbor four different strain types. Recent studies investigated the Wolbachia strain types in D. citri in global citrus colonies. Other studies reported that Wolbachia titers increased when healthy D. citri adults acquired CLas from a diseased plant [40,41].



In the present study, Wolbachia occurred in high proportions in all treatment groups. Wolbachia has been previously found to be highly temperature sensitive in many insect hosts [42], possibly affecting host–symbiont interactions. Moreover, it was observed that D. citri males had a higher heat resistance than females [43], but this biological phenomenon remains unexplained. Based on our results, we speculate that when the psyllid faces a high temperature stress, its symbiotic Wolbachia is activated. This might stimulate gene expression (e.g., heat shock proteins) [44] to assist the psyllid in maintaining a stable physiological function and improve the psyllid’s heat resistance. Our study only focused on D. citri symbiont dynamics under different temperatures and genders; therefore, a detailed examination remains to be done in future. A critical barrier facing mechanistic studies will be eliminating the specific symbionts in D. citri to obtain infected and uninfected psyllid strains. This will facilitate detailed assessments of how distinct symbionts might facilitate the survival and fitness of D. citri when exposed to environmental stress factors.




5. Conclusions


In summary, we assessed the microbial composition and population dynamics of D. citri. We studied its bacterial communities at different temperatures and differentiated between male and female hosts. The two known symbionts, Profftella and Wolbachia, were predominant in all of the samples. The proportions of these symbionts changed with the temperature, which provides evidence that this effect might be exploitable to reduce a psyllid’s fitness. Further work is required to elucidate the underlying mechanisms and functional implications of these observed symbiont dynamics.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/insects12121054/s1: Table S1. The 16S sequences used for constructing the phylogenetic tree; Table S2. Primer sequences used for quantitative real-time PCR; Table S3. Overview of 16S rRNA gene fragment sequencing dataset obtained with D. citri; Table S4. Bacterial community composition (%) in D. citri at different taxonomic levels under different temperatures (only taxa with a relative abundance > 0.1% are shown); Table S5. Bacterial community composition in different samples of D. citri. Total counts are provided for different sample types at the specified taxonomic resolutions; Table S6. The bacterial community of D. citri at the different taxonomic level and their abundance in different temperature treatments; Table S7. The Wolbachia and Profftella proportion of male adults under the high and low-temperature treatments by Two-factor analyses; Table S8. The Wolbachia and Profftella proportion of male and females under the high-temperature treatments by Two-factor analyses; Figure S1. Comparison of the bacterial community dynamics with same-gender of D. citri in different temperature treatments; Figure S2. Comparison of the bacterial community dynamics of D. citri at the same temperature but different gender.





Author Contributions


R.-X.J., F.S. and J.-J.W. conceived and designed the experiments. R.-X.J., F.S., H.-B.J. and W.D. contributed materials and performed the experiments. R.-X.J. and T.C. analyzed the data. R.-X.J., F.S. and J.-J.W. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the China Agriculture Research System of MOF and MARA and the 111 Project (B18044).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data reported in this manuscript are available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Matsuura, Y.; Kikuchi, Y.; Hosokawa, T.; Koga, R.; Meng, X.Y.; Kamagata, Y.; Nikoh, N.; Fukatsu, T. Evolution of symbiotic organs and endosymbionts in lygaeid stinkbugs. ISME J. 2012, 6, 397–409. [Google Scholar] [CrossRef]

	



Dong, Y.; Manfredini, F.; Dimopoulos, G.; Schneider, S.D. Implication of the mosquito midgut microbiota in the defense against malaria parasites. PLoS Pathog. 2009, 5, e1000423. [Google Scholar] [CrossRef]

	



Douglas, A.E. Nutritional interactions in insect-microbial symbioses: Aphids and their symbiotic bacteria Buchnera. Annu. Rev. Entomol. 1998, 43, 17–37. [Google Scholar] [CrossRef]

	



Philipp, E.; Moran, N.A. The gut microbiota of insects-diversity in structure and function. FEMS Microbiol. Rev. 2013, 37, 699–735. [Google Scholar] [CrossRef]

	



Shigenobu, S.; Stern, D.L. Aphids evolved novel secreted proteins for symbiosis with bacterial endosymbiont. Proc. R. Soc. B. 2013, 280, 20121952. [Google Scholar] [CrossRef] [PubMed]

	



Berasategui, A.; Salem, H.; Paetz, C.; Santoro, M.; Gershenzon, J.; Kaltenpoth, M.; Schmidt, A. Gut microbiota of the pine weevil degrades conifer diterpenes and increases insect fitness. Mol. Ecol. 2017, 26, 4099–4110. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.J.; Han, X.; Hong, X.Y. Various infection status and molecular evidence for horizontal transmission and recombination of Wolbachia and Cardinium among rice planthoppers and related species. Insect Sci. 2013, 20, 329–344. [Google Scholar] [CrossRef]

	



Cai, T.W.; Zhang, Y.H.; Liu, Y.; Deng, X.Q.; He, S.; Li, J.H.; Wan, H. Wolbachia enhances expression of NlCYP4CE1 in Nilaparvata lugens in response to imidacloprid stress. Insect Sci. 2021, 28, 355–362. [Google Scholar] [CrossRef] [PubMed]

	



Bayles, B.R.; Thomas, S.M.; Simmons, G.S.; Grafton-Cardwell, E.E.; Daugherty, M.P. Spatiotemporal dynamics of the Southern California Asian citrus psyllid (Diaphorina citri) invasion. PLoS ONE 2017, 12, e0173226. [Google Scholar] [CrossRef]

	



Boykin, L.M.; Bagnall, R.A.; Frohlich, D.R.; Hall, D.G.; Hunter, W.B.; Katsar, C.S.; Mckenzie, C.L.; Rosell, R.; Shatters, R.G. Twelve polymorphic microsatellite loci from the Asian citrus psyllid, Diaphorina citri Kuwayama, the vector for citrus greening disease, huanglongbing. Mol. Ecol. Notes 2007, 7, 1202–1204. [Google Scholar] [CrossRef]

	



Hall, D.G.; Richardson, M.L.; Ammar, E.D.; Halbert, S.E. Asian citrus psyllid, Diaphorina citri, vector of citrus huanglongbing disease. Entomol. Exp. Appl. 2013, 146, 207–223. [Google Scholar] [CrossRef]

	



Thomas, S.M.; Simmons, G.S.; Daugherty, M.P. Spatiotemporal distribution of an invasive insect in an urban landscape: Introduction, establishment and impact. Landsc. Ecol. 2017, 32, 2041–2057. [Google Scholar] [CrossRef]

	



Halbert, S.E.; Manjunath, K.L. Asian citrus psyllids (Sternorrhyncha: Psyllidae) and greening disease of citrus: A literature review and assessment of risk in Florida. Fla. Entomol. 2004, 87, 330–353. [Google Scholar] [CrossRef]

	



Huang, C.Y.; Araujo, K.; Sáncheza, J.N.; Kund, G.; Thumble, J.; Roper, C.; Godfrey, K.E.; Jin., H.L. A stable antimicrobial peptide with dual functions of treating and preventing citrus Huanglongbing. Proc. Natl. Acad. Sci. USA 2021, 118, e2019628118. [Google Scholar] [CrossRef]

	



Bale, J.S.; Masters, G.J.; Hodkinson, I.D.; Awmack, C.; Bezemer, T.M.; Brown, V.K.; Butterfield, J.; Buse, A.; Coulson, J.C.; Farrar, J. Herbivory in global climate change research: Direct effects of rising temperature on insect herbivores. Glob. Chang. Biol. 2002, 8, 1–16. [Google Scholar] [CrossRef]

	



Hubhachen, Z.; Madden, R.D.; Dillwith, J.W. Influence of rearing temperature on triacylglycerol storage in the pea aphid, Acyrthosiphon pisum. Arch. Insect Biochem. 2018, 99, 2. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Yuan, M.Y.; Liu, Y.; Guo, C.L.; Liu, T.X.; Zhang, Y.J.; Chu, D. First evidence for thermal tolerance benefits of the bacterial symbiont Cardinium in an invasive whitefly, Bemisia tabaci. Pest Manag. Sci. 2021, 77, 5021–5031. [Google Scholar] [CrossRef]

	



Martini, X.; Pelz-Stelinski, K.S.; Stelinski, L.L. Factors affecting the overwintering abundance of the Asian citrus psyllid (Hemiptera: Liviidae) in Florida citrus (Sapindales: Rutaceae) orchards. Fla. Entomol. 2016, 99, 178–186. [Google Scholar] [CrossRef]

	



Degnan, P.H.; Ochman, H. Illumina-based analysis of microbial community diversity. ISME J. 2012, 6, 183–194. [Google Scholar] [CrossRef] [PubMed]

	



Jenny, J.G.F.; Diana, N.D.G.; Nelson, T.P. Bacterial communities of Aphis gossypii and Myzus persicae (Hemiptera: Aphididae) from pepper crops (Capsicum sp.). Sci. Rep. 2019, 9, 5776. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhang, S.; Luo, J.Y.; Wang, C.Y.; Lv, L.M.; Cui, J.J. Bacterial communities of the cotton aphid Aphis gossypii associated with Bt cotton in northern China. Sci. Rep. 2016, 6, 22958. [Google Scholar] [CrossRef]

	



Hall, D.G.; Hentz, M.G. Asian citrus psyllid (Hemiptera: Liviidae) tolerance to heat. Ann. Entomol. Soc. Am. 2014, 107, 641–649. [Google Scholar] [CrossRef]

	



Zhang, R.M.; He, S.Y.; Wu, W.; Huang, Y.J.; Zhu, C.Y.; Xiao, F.; Liu, Z.Y.; Zeng, J.W. Survival and lifespan of Diaphorina citri on non-host plants at various temperatures. Crop Pro. 2019, 124, 104841. [Google Scholar] [CrossRef]

	



Magoc, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27, 2957–2963. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, 884–890. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.W.; Wilm, A.; Lopez, R. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef]

	



Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 2011, 28, 2731–2739. [Google Scholar] [CrossRef] [PubMed]

	



Hellemans, J.; Mortier, G.; De-Paepe, A.; Speleman, F.; Vandesompele, J. qBase relative quantification framework and software for management and automated analysis of real-time quantitative PCR data. Genome Biol. 2007, 8, R19. [Google Scholar] [CrossRef]

	



Corbin, C.; Heyworth, E.R.; Ferrari, J.; Hurst, G. Heritable symbionts in a world of varying temperature. Heredity 2016, 118, 10–20. [Google Scholar] [CrossRef] [PubMed]

	



Macmillan, H.A. Dissecting cause from consequence: A systematic approach to thermal limits. J. Exp. Biol. 2019, 222, jeb191593. [Google Scholar] [CrossRef]

	



Dossi, F.; Consoli, F.L. Gross morphology and ultrastructure of the female reproductive system of Diaphorina citri (Hemiptera: Liviidae). Zoologia 2014, 31, 162–169. [Google Scholar] [CrossRef]

	



Hosseinzadeh, S.; Shams-Bakhsh, M.; Mann, M.; Fattah-Hosseini, S.; Bagheri, A.; Mehrabadi, M.; Heck, M. Distribution and variation of bacterial endosymbiont and “Candidatus Liberibacter asiaticus” titer in the Huanglongbing insect vector, Diaphorina citri Kuwayama. Microb. Ecol. 2019, 78, 206–222. [Google Scholar] [CrossRef]

	



Nakabachi, A.; Piel, J.; Malenovsky, I.; Hirose, Y. Comparative genomics underlines multiple roles of Profftella, an obligate symbiont of psyllids: Providing toxins, vitamins, and carotenoids. Genome Biol. Evol. 2020, 12, 1975–1987. [Google Scholar] [CrossRef] [PubMed]

	



Nakabachi, A.; Fujikami, M. Concentration and distribution of diaphorin, and expression of diaphorin synthesis genes during Asian citrus psyllid development. J. Insect Physiol. 2019, 118, 103931. [Google Scholar] [CrossRef]

	



Bordenstein, S.R.; O’Hara, F.P.; Werren, J.H. Wolbachia-induced incompatibility precedes other hybrid incompatibilities in Nasonia. Nature 2001, 409, 707–710. [Google Scholar] [CrossRef] [PubMed]

	



Walker, T.; Johnson, P.H.; Moreira1, L.A.; Ormaetxe, I.I.; Frentiu1, F.D.; McMeniman1, C.J.; Leong, Y.S.; Dong, Y.; Axford, J.; Kriesner, P. The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti populations. Nature 2011, 476, 450–453. [Google Scholar] [CrossRef]

	



Ju, J.F.; Bing, X.L.; Zhao, D.S.; Guo, Y.; Xi, Z.; Hoffmann, A.A.; Zhang, K.J.; Huang, H.J.; Zhang, X. Wolbachia Supplement biotin and riboflavin to enhance reproduction in planthoppers. ISME J. 2020, 14, 676–687. [Google Scholar] [CrossRef]

	



Ghanim, M.; Fattah-Hosseini, S.; Levy, A.; Cilia, M. Morphological abnormalities and cell death in the Asian citrus psyllid (Diaphorina citri) midgut associated with Candidatus Liberibacter asiaticus. Sci. Rep. 2016, 6, 33418. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Coy, M.R.; Kingdom, G.; Pelz-Stelinski, K.S. Wolbachia infection density in populations of the Asian citrus psyllid (Hemiptera: Liviidae). Environ. Entomol. 2014, 43, 1215–1222. [Google Scholar] [CrossRef] [PubMed]

	



Strunov, A.; Kiseleva, E.; Gottlieb, Y. Spatial and temporal distribution of pathogenic Wolbachia strain wMelPop in Drosophila melanogaster central nervous system under different temperature conditions. J. Inverteb. Pathol. 2013, 114, 22–30. [Google Scholar] [CrossRef]

	



Hussain, M.; Akutse, K.S.; Ravindran, K.; Lin, Y.; Bamisile, B.S.; Qasim, M.; Chandra, K.D.; Wang, L. Effects of different temperature regimes on survival of Diaphorina citri and its endosymbiotic bacterial communities. Environ. Microbiol. 2017, 19, 3439–3449. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.X.; Song, Z.R.; Zhang, Y.Y.; Hoffmann, A.A.; Hong, X.Y. Spider mites singly infected with either Wolbachia or Spiroplasma have reduced thermal tolerance. Front. Microbiol. 2021, 12, 706321. [Google Scholar] [CrossRef] [PubMed]








[image: Insects 12 01054 g001 550] 





Figure 1. Rarefaction curves of α-diversity indices and β-diversity plots of bacterial communities in D. citri by temperature. (A) Chao I diversity index. Samples’ cluster analysis plot of the bacterial communities (B–D) of D. citri adults at different temperatures, at the genus level. (B) Principal components analysis (PCA). (C) Principal coordinates analysis (PCoA). (D) Non–metric multidimensional scaling (NMDS) analysis. The different color circles and triangles correspond to samples from D. citri adults. FNT and MNT: female and male under a normal temperature (26 °C); FHT and MHT: female and male under a high temperature (42 °C); FLT and MLT: female and male under a low temperature (15 °C). Every group used four biological replicates of D. citri. 
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Figure 2. Impact of different temperature treatments of D. citri on the compositions of bacterial communities. (A) Chord diagram of relative abundance classified at the genus taxonomic level. (B) Phylogenetic analysis of the bacterial community identified in D. citri based on amplicon sequence variant (ASV) sequences. A tree was constructed using the neighbor–joining method via MEGA 5.05. Bootstrap support values for 1000 samples were provided on the branches (only showing values above 50%). The ASV sequences used for constructing the phylogenetic tree are listed in Table S2. FNT and MNT: female and male under a normal–temperature treatment (26 °C); FHT and MHT: female and male under a high–temperature treatment (42 °C); FLT and MLT: female and male under a low-temperature treatment (15 °C). Every group had four biological replicates of D. citri. 
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Figure 3. Impact of different temperature treatments of D. citri on the compositions of bacterial communities. The colors indicate the relative abundance, ranging from blue–gray (a lower relative abundance) to red–gray (a higher relative abundance). The dominant ASV proportion in male and female adults of D. citri under different temperature treatments and the relative abundances of the bacterial distributions of the top 50 abundant genera present in the microbial community are depicted. FNT and MNT: female and male under a normal–temperature treatment (26 °C); FHT and MHT: female and male under a high-temperature treatment (42 °C); FLT and MLT: female and male under a low–temperature treatment (15 °C). Every group had four biological replicates of D. citri. 
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Figure 4. Comparison of the bacterial community in MLTs and MHTs and in FHTs and MHTs. (A) Males in low– and high–temperature treatments. (B) Females and males in high-temperature treatments. Student’s t-test was used to statistically determine the significant differences between males and females of D. citri under low–temperature or normal–temperature treatments (* p < 0.05; ** p < 0.01). FHT and MHT: female and male under high temperature (42 °C); MLT: male under low temperature (15 °C). Every group had four biological replicates of D. citri. 
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Figure 5. RT-qPCR validation of high-abundance bacteria (Profftella and Wolbachia) both in (A) MLT and MHT and (B) FHT and MHT, as well as a high relative abundance (>0.1%). The relative expression level of ASV 16S rRNA is an index of the bacterial abundance. Two reference genes, GADPH and actin, were used to normalize the 16S rRNA expression level in qBASE. The mean (±SE) expression level was based on 10 biological replicates. Significant differences between MLT and MHT and between FHT and MHT of D. citri were compared by Student’s t-test and are indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). FHT and MHT: female and male under a high-temperature treatment (42 °C); MLT: male under a low-temperature treatment (15 °C). Every group had four biological replicates of D. citri. 
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