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In China, citrus Huanglongbing (HLB) disease is caused by the Candidatus Liberibacter asiaticus bacterium, which is carried by the Asian citrus psyllid Diaphorina citri Kuwayama. It was hypothesized that the epidemic of the HLB may related with the rate of bacterium presence in the insect vector and bacterium content in plant tissues, as well as the phyllosphere microbe communities changes. This study systematically analyzed the presence or absence of Ca. L. asiaticus in citrus tree leaves and in the insect vector D. citri over a 6-year period using real-time PCR. In addition, changes in the number of bacteria carried by D. citri over 12 months were quantified, as well as the relationship between the proportion of D. citri carrying Ca. L. asiaticus and the proportion of plants infected with Ca. L. asiaticus were analyzed. Results showed that the proportion of D. citri carrying bacteria was stable and relatively low from January to September. The bacteria in citrus leaves relatively low in spring and summer, then peaked in December. The proportion of D. citri carrying bacteria gradually declined from 2014 to 2019. The proportion of D. citri carrying Ca. L. asiaticus showed a significant positive correlation with the proportion of diseased citrus. The phyllosphere bacterial and fungal communities on the healthy citrus leaf were significantly different with the disease leaf in April and December. Pathogenic invasions change the citrus phyllosphere microbial community structure. It could be summarized that citrus Huanglongbing correlated with incidence of Diaphorina citri carrying Candidatus Liberibacter asiaticus and citrus phyllosphere microbiome.
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Highlights

	(1) We monitored citrus Huanglongbing (HLB) for 6 years to obtain enough samples and accumulate long-term continuous data to analyze the spread and prevalence of Huanglongbing in Zhejiang Province, China.

	(2) The number of pathogenic bacteria in citrus leaves and the rate of insect vector Diaphorina citri carrying bacterium was lowest in spring and highest in December.

	(3) Phyllosphere microorganisms of citrus are correlated with HLB.





Introduction

Citrus Huanglongbing (HLB) disease has been reported over 50 countries around the world, which causes serious damage to the citrus industry (Faghihi et al., 2009; Gottwald, 2010; Lopes et al., 2010). HLB is caused by a group of bacteria called Candidatus Liberibacter that inhabit in the phloem of citrus trees. Three species of HLB-causing bacterium have been reported: Candidatus Liberibacter africanus, Candidatus Liberibacter asiaticus and Candidatus Liberibacter americanus. The bacteria can infect different tissues of host plant once invading, and then affect plant growth and development, such as causing metabolism disorders, leaves yellowing, fruits deformity, and roots rot (Pustika et al., 2008; Koh et al., 2012; Etxeberria et al., 2009; Johnson et al., 2014). Infected citrus trees will be significantly shortened profitable lifetimes and lower yields (Gottwald, 2010).

In plant pathological systems, many parasites infect plants and increase their prevalence by host vectors. HLB is transmitted by insect vectors feeding on the phloem of citrus foliage. The HLB causing by africanus species is transmitted by the African citrus psyllid Trioza erytreae. Meanwhile, the HLB causing by the asiaticus and americanus species is transmitted by the Asian citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Liviidae) (Grafton-Cardwell et al., 2013). Studies have shown that HLB disease in China is caused by Ca. L. asiaticus, which is associated with the vector D. citri (Hall et al., 2013). Suitable growth area of the bacteria and the insect hosts has been expanded with the rising winter temperatures in recent decades due to global warming (Wang et al., 2020). Bacteria are acquired by D. citri when they feed on the infected plant, after that, bacteria will proliferate in D. citri and maintain throughout the life history of the adult psyllid (Aubert and Quilici, 1984; Tabachnick, 2015; Luo et al., 2016). Citrus HLB is optimal and limitted by temperature conditions (Narouei-Khandan et al., 2015). However, there is still no long-term quantitative monitoring of bacterial content levels in different hosts, and lack of understanding of this aspect.

The population dynamics of insects are closely related to the growth rhythm, desirable food intake and nutritional quality of host plants (Wallner, 1987). The phenological characteristics of host plants will affect the growth of insects, leading to genetic variation among insect individuals and genetic differentiation among insect populations (Knolhoff and Heckel, 2014). Although tremendous progress has been made in understanding the ecological and evolutionary underpinnings of the Liberibacter disease pyramid, little is known about the quantitative relationship between these factors in the pyramid.

The phyllosphere (aboveground part of terrestrial plants) is an important niche of the plant, inhabited by diverse microbes which are collectively called the phyllosphere microbiome (Vorholt, 2012). The phyllosphere microorganisms could influence host plant by affecting nutrient acquisition, promoting host stress tolerance, altering plant hormones, and mediating plant pathogen interactions (Stone et al., 2018). The phyllosphere microbiomes were found to differ between infected and uninfected citrus leaves by melanose pathogen, and part of the phyllosphere microbiome shift could positively affect plant performance against pathogen invasion (Li et al., 2022).

In this study, we hypothesizes that the epidemic of the HLB may related with the rate of bacterium presence in the insect vectors and bacterium content in plant tissues, as well as the phyllosphere microbe communities. Citrus unshiu orchards in different regions of Zhejiang and Hunan Province were systematically analyzed to determine the level of threat from HLB disease (Figure 1). The number of D. citri carrying Ca. L. asiaticus over time was quantified. The phyllosphere microbiomes of healthy citrus leaves and HLB diseased leaves were investigated in April and December to understand the correlation among phyllosphere microbial community structure, HLB disease and seasonal effects. The aim of this study is to determine the influence of the bacteria carrier rate of D. citri in citrus orchards at different growth stages, in order to provide a theoretical basis for future exploring the ecological regulation and comprehensive control of D. citri and Ca. L. asiaticus.




Figure 1 | Illustration of the major citrus growing areas (orange and blue), HLB happened areas (orange) adapted from Dala-Paula et al. (2018) and Liu et al. (2012) (A), and the sampling areas in Zhejiang (B) and Hunan (C) province.





Materials and methods


Orchards location and sample collection

For monitoring the D. citri carring Ca. L. asiaticus over a six-year period from 2014 to 2019, random sites from locations in different counties in the south of Zhejiang Province were chosen for sample collecting (Figure 1, Table 1).


Table 1 | Proportion of Diaphorina citri carrying Candidatus Liberibacter asiaticus bacteria in orchards in southern counties in Zhejiang Province from 2014 to 2019.



All the C. unshiu trees monitored were over 12 years old and at the high yield stage. In each site, 60 psyllids were collected from one C. unshiu tree and stored into an individual 1.5-ml tubes, then frozen at –20°C for the future tests. DNA was extracted from 30 psyllids randomly selected from the 60 psyllids (the other 30 psyllids were stored for backup) and processed to detect and quantify Ca. L. asiaticus.

For monitoring the rate of D. citri and C. unshiu leaves carring Ca. L. asiaticus changes during the year, An orchards in Yueqing (Zhejiang Province), in which the disease incidence rate were over 90.0%, were sampled by using five-point sampling of the orchards, once a month for 12 months from May 2015 to April 2016. Five leaf samples were also collected from the same point where the insects collected to determine the bacterial content in the midvein. Approximately 45–70 insects were collected around the 20th day of each month. Thirty insects of each month were processed to determine the presence of the bacterium.

To determine the rate of D. citri carring Ca. L. asiaticus in orchard with different disease incidence, psyllids were also collected by using five-point sampling of the orchards in the early August from 22 orchards in Huangyan, Yueqing, Wenling and Yuhuan (Zhejiang Province) in 2019 (Table 2).


Table 2 | To study the relationship between the proportion of diseased plants and the proportion of D. citri carrying the bacterium, 22 different orchards located in Huangyan, Yuhuan, Wenling,and Yueqing were investigated.



Ten healthy and HLB leaves were collected by using five-point sampling within an area of 600 m2 for phyllosphere microbiome study at each sampling point in April (Spring) and December (Autumn), respectively, in Yongzhou (Hunan Province) in 2018. Ten leaf samples of each sampling point were mixed put into a sterile bag and refrigerated at -80°C. Every sterile bag contained 10 leaves which were cut into tiny pieces and the samples mixed into 4 treatments which are healthy Apirl (SK), diseased Apirl (SB), healthy December (AB) and diseased December (AK), before subsequent processing. The phyllosphere microorganisms were collected following the procedures of Xie et al. (2015). The microbes were filtered by a 0.22 μm filter microfiltration membrane using the air pump filtration, and then the samples were stored at -80°C for subsequent DNA extraction.



Detection and quantification of Ca. L. asiaticus

The insects or leaves were crushed with a glass rod, and DNA was extracted using the CTAB extraction method. 400µL prechilled buffer (100 mmol/L Tris-HCl, 10 mmol/L EDTA, 700 mmol/L NaCl, pH 8.0) was added into the crushed powder, then added 500µL 65°C preheated buffer (2% CTAB, 50mmol/L Tris-HCl, 10 mmol/L EDTA, 800 mmol/L NaCl, pH 8.0). Samples were mixed and incubated at 65°C for 120 min, during which mixing the samples by inverting the tubes gently per 20 min. After that, add 450µL chloroform and mix by inverting the tubes and centrifuge 2 minutes at 12000r, the aqueous phase (above the white interface layer) to a clean microtube (then discard the rest), add 1 μL RNase (DNase-free) and incubate for 30 min at 37°C. Add 0.6 mL of isopropanol (2/3 of the recovered volume). Gently invert the microtube to be sure mixing is complete. Leave to precipitate for overnight at room temperature to precipitated the DNA, spin 15 min at 12000r at 4°C to pellet the DNA, remove the supernatant carefully, then wash the pellet once or twice with cold EtOH, spin 15 min at max speed, 4°C, remove supernatant and dry the pellet by leaving tube open, resuspend pellet in sterile H2O, store at -20°C (Winnepenninckx et al., 1993). The bacterium was quantified using RT-qPCR, The primers pair: 5’-CAAGG AAAGA GCGTA GAA-3’ and 5’-CCTCA AGATC GGGTA AAG-3’ were used. The PCR is carried by 25μL system with 2μL DNA and 0.3 μmol/L primers and 1X PCR master mix, on the iCycler™(Bio rad, USA) marchin with the program of 94°C, 5 minute, 40 cycles of 95°C, 5 second, 59°C, 15 second, and 72°C, 45 second, ended with 72°C, 7 minute. A standard curve was prepared and calculated using T vectors with DNA fragments of the target bacterial gene (382 bp) insertion. Copy numbers of T vectors were diluted to obtain copy numbers of 10, 102, 103, 104, 105, 106 for a standard curve. The standard linear regression (Y=a+bX) of the log concentration of the target DNA copies(Y) versus the mean Ct value(X) were obtained (Li et al., 2008).



DNA extraction, PCR amplification and pyrosequencing for phyllosphere microbiome

The total DNA was extracted from phyllosphere samples according to the manufacturer’s protocol using the MP FastDNA® SPIN Kit for soil (MP Biochemicals, Solon, OH, USA). The PCR amplification were performed following Luo et al. (2019). The bacterial and fungi forward and reverse primers with a unique 12 nt barcode were included as the modification in the study, respectively. The bacterial and fungal ITS regions were amplified as previously described by Kong et al. (2019). PCR products were purified with an E.Z.N.A. ® Gel Extraction Kit, pooled in equimolar amounts using Qubit (CA, USA). And mixed PCR products were sequenced (2×250 bp) on an Illumina MiSeq platform by ANNOROAD Gene Technology Co., Ltd. (Beijing, China) according to standard protocols.

Raw sequence data reads were processed with an in-house pipeline (http://mem.rcees.ac.cn:8080). In brief, a separate sample was generated according to a series of 12-bp barcodes and primers, and allowing for one mismatch. Paired-end reads (overlap > 30 bp) were combined by the FLASH program (Magoc & Salzberg, 2011). The combined sequences (Quality Score < 20) were filtered by Btrim program (Kong, 2011). Then the sequences with either an ambiguous base or the sequence length less than 200 bp were discarded. The UPARSE algorithms were used to detect and remove chimera sequences (Edgar, 2013). Low abundance OTUs (≤ 1 count) were eliminated from the OTU table. The microbial representative sequences for each OTU were assigned to taxonomic groups using the RDP Classifier database (Silva database 132 version) and UNITE database (Version 12.01.2017) (Abarenkov et al., 2010). The data were resampled randomly with the lowest sequence number (17,590 for bacteria and 27,286 sequences for fungi). The resampled OTU table was used for the subsequent analysis. In this study, all the microbial raw sequences were deposited in the SRA database short-read archive PRJNA844183.



Statistical analysis

To plot the curve to fit the relationship between D. citri bacterial infection rate and the HLB incidence, the linear mixed model uses the lmer function performed in the “nlme” package, and all statistical analyses were performed in the R3.2.5 (R Core Team, 2016). The Chao1 and Inv_Simpson index were used to assess the difference of α diversity indices between healthy and diseased citrus phyllosphere samples. The weighted principal coordinate analysis (PCoA) based on UniFrac matrix and nonparametric permutational multivariate (PERMANOVA) based on Bray Curtis were used to assess the difference of microbial community structure between healthy and disease phyllosphere samples (Anderson, 2001; Caporaso et al., 2010).




Results


Quantitative detection of bacteria in the insect vector D. citri

In total, 1037 insect samples were collected from different sites in the south of Zhejiang Province over a six year-period from 2014 to 2019. Of these samples, the presence of the bacterium was detected in 319 D. citri samples using RT-qPCR (Table 1). Copy numbers of the bacterium gene per nanogram of DNA ranged from approximately 104 to 109 (Figure 2), however, 104–106 copy numbers of the bacterium gene were detected in the majority of samples. Approximately 104 copy numbers of the bacterium gene per nanogram of DNA were found in 47 samples, 105 in 81 samples, and 106 in 98 samples. The copy number of the bacterium gene per nanogram of DNA was 85.6% in 105–106. However, only eight samples were found with more than 109 copy numbers of the bacterium gene per nanogram of DNA. These samples were collected from orchards located in the counties of Jiaojiang (2), Wenling (1), and Yuhuang (3) in 2014 and Wenling (2) in 2015. Although D. citri carrying bacteria were found in orchards in all counties, some D. citri samples lacked bacteria (Table 1).




Figure 2 | The detected amount of Candidatus Liberibacter asiaticus bacterium DNA by qPCR.





Proportion of D. citri carrying the Ca. L. asiaticus bacterium over a six-year period

Among the 1037 samples, the proportion of D. citri carrying Ca. L. asiaticus decreased and finally stabilized over time. In 2014, D. citri were found at 220 sites and, D. citri were found to be carrying the bacterium in 92 sites accounting for 41.8% of these sites. In 2015, D. citri were found at 82 sites and D. citri were found to be carrying the bacterium in 27 sites accounting for 32.9% these sites. By 2016, 2017, 2018, and 2019, D. citri were found at 114, 144, 130, and 347 sites but D. citri were only found to be carrying the bacterium at 30.7% (35), 28.5% (41), 26.2% (34) and 25.9% (90) of these sites, respectively (Figure 3, Table 1).




Figure 3 | Proportion of Diaphorina citri carrying the pathogen Candidatus Liberibacter asiaticus between 2014 and 2019.





Changes in the proportion of D. citri carrying the bacterium throughout the year

Analysis of D. citri collected from a diseased orchards in Yueqing revealed that more than 30% of D. citri were carrying Ca. L. asiaticus throughout the year (Figure 4B). The proportion of D. citri carrying Ca. L. asiaticus gradually decreased from January to March and was stable and relatively low from May–September, then gradually increased and peaked in December (Figure 4B). The content of Ca. L. asiaticus in the citrus leaves was greatest in December. The content of Ca. L. asiaticus in the citrus leaves was relatively low in the fall and spring (close to 30% in May, June, September, and March). In spring and summer (February, April, May, June, and August), the bacterial content of citrus leaves was lowest, but reaching a high peak in December (Figure 4A).




Figure 4 | Proportion of. Monthly changes in Candidatus Liberibacter asiaticus bacterial content in citrus leaves over the course of a year (A), and monthly changes in proportion of Diaphorina citri carrying the Candidatus Liberibacter asiaticus bacterium over the course of a year (B).





Relationship between the proportion of diseased plants and the proportion of D. citri carrying the bacterium

In total, 6600 Citrus. unshiu plants were investigated in 22 different orchards located in Huangyan, Yuhuan, Wenling, and Yueqing (Table 2). Based on investigations of 300 trees at each location, the proportion of diseased trees ranged from 0–98.5% (Table 2). Two hundred insects were collected at each location and were tested by RT-qPCR to determine the presence or absence of the bacterium. The proportion of diseased trees and the proportion of D. citri carrying the bacterium showed a significant positive correlation, and the number of plants showing symptoms of HLB increased as the proportion of D. citri carrying the bacterium increased (R2 = 0.93, P<0.01, Figure 5).




Figure 5 | Correlation between the proportion of citrus plants with symptoms of HLB and the proportion of Diaphorina citri carrying the bacterium Candidatus Liberibacter asiaticus.





The phyllosphere microbiomes differ between healthy and HLB citrus in April and December

A total of 1626061 and 913399 high-quality sequences for bacteria and fungi were obtained after quality control of the original data using high-throughput sequencing technology. There were 17,590-184,257 for bacterial sequences and 27286-80816 for fungal sequences of each sample. Inv_Simpson index and Chao1 were used to evaluate α diversity of phyllosphere microorganisms with different treatments. The bacterial α diversity and the fungal α diversity in healthy leaves were significantly higher than that in diseased leaves in spring. But in autumn, there was no significant difference in α diversity of microbial communities between healthy and diseased citrus leaves (Figure 6).




Figure 6 | The α diversity indices of bacteria (A) and fungi (B) SBB, phyllosphere bacterial samples of spring disease leaves; SKB, phyllosphere bacterial samples of spring healthy leaves; ABB, phyllosphere bacterial samples of autumn disease leaves; AKB, phyllosphere bacterial samples of autumn healthy leaves; SBF, phyllosphere fungal samples of spring disease leaves; SKF, phyllosphere fungal samples of spring healthy leaves; ABF, phyllosphere fungal samples of autumn disease leaves; AKF, phyllosphere fungal samples of autumn healthy leaves. *P < 0.05, ***P < 0.001.



PERMANOVA and pCoA based on bray_cuits distance matrix were used to analyze phyllosphere microbial differences among different leaf group samples. The pCoA results showed that bacterial and fungal sampled in the phyllosphere healthy and diseased citrus leaves at the same time, could be completely separated (SBB and SKB, ABB and AKB). The phyllosphere bacterial and fungal samples in healthy and diseased citrus leaves at two time points were compared respectively, and there were also significant differences between SBB and ABB, and SKB and AKB groups (Figure 7). The results of dissimilarity analysis also showed that there was a significant difference in the phyllosphere microorganisms between healthy and diseased citrus leaves sampled in the same time and between healthy and diseased citrus leaves in different seasons (Table S1).




Figure 7 | The pCoA of bacteria (A) and fungi (B) based on bray_cuits distance. SBB, phyllosphere bacterial samples of spring disease leaves; SKB, phyllosphere bacterial samples of spring healthy leaves; ABB, phyllosphere bacterial samples of autumn disease leaves; AKB, phyllosphere bacterial samples of autumn healthy leaves; SBF, phyllosphere fungal samples of spring disease leaves; SKF, phyllosphere fungal samples of spring healthy leaves; ABF, phyllosphere fungal samples of autumn disease leaves; AKF, phyllosphere fungal samples of autumn healthy leaves.





The changes in bacteria and fungi OTUs by HLB pathogen invasion

In order to further study the phyllosphere microbial population structure of healthy and diseased leaf samples, the OTUs that were common and unique among these groups were analyzed and were plotted as a Venn plot (Figure 8). A total of 702 bacterial OTUs and 896 fungal OTUs were obtained. According to the results of Venn diagram, 124 (bacteria) and 109 (fungi) common OTUs were found in the phyllosphere samples of different treatments (Figure 8A). There were 269 common bacterial OTUs found in ABB group and AKB group, while 67 and 93 unique OTUs were found respectively in the two groups. And 206 common bacterial OTUs were found in SBB group and SKB group, while 65 and 193 unique OTUs were found in the two groups respectively. Besides, there were 163 and 515 common fungal OTUs found between ABF and AKF, SBF and SKF group (Figure 8B). 27 and 85 unique OTUs were found in ABF and AKF group, while 176 and 78 unique OTUs were found in SBB and SKB group, respectively.




Figure 8 | The analysis of united and shared OTU of bacteria (A) and fungi (B). SBB, phyllosphere bacterial samples of spring disease leaves; SKB, phyllosphere bacterial samples of spring healthy leaves; ABB, phyllosphere bacterial samples of autumn disease leaves; AKB, phyllosphere bacterial samples of autumn healthy leaves; SBF, phyllosphere fungal samples of spring disease leaves; SKF, phyllosphere fungal samples of spring healthy leaves; ABF, phyllosphere fungal samples of autumn disease leaves; AKF, phyllosphere fungal samples of autumn healthy leaves.






Discussion

Citrus HLB has become the most important quarantine disease in citrus-producing areas all over the world (Abdullah et al., 2009; Martinez et al., 2009; Bové, 2014; Puttamuk et al., 2014; da Graça et al., 2015). Once infected, the quite few of options to prevent the disease from spreading further, one of which is to cut off symptomatic branches. Since the development of the citrus industry and the scale of the expansion of citrus in world trade in recent years, clarifying the mechanism of the spread of Ca. L. asiaticus to find an effective control method for HLB is urgently required.

Ca. L. asiaticus has a long incubation period, therefore, infected citrus plants do not show symptoms of HLB during the early stages. In order to distinguish diseased plants from healthy plants, the RT-qPCR method is usually used to detect whether Ca. L. asiaticus bacteria are present (Fujikawa et al., 2013). In this study, Ca. L. asiaticus and the insect vector D. citri were detected from almost all southern citrus-producing regions of Zhejiang. This confirmed previous reports that HLB is an aggressive disease in citrus plantations and that it is widely distributed and spreading rapidly in Zhejiang Province (Zhou, 2020).

The dynamic of insect population is closely related to the growth rhythm and desirable food intake of insects, as well as the nutritional quality of host plants (Wallner, 1987). In addition, the phenological characteristics of host plants will also affect the growth of insects, leading to genetic variation among insect individuals and genetic differentiation among insect populations (Knolhoff and Heckel, 2014). Although tremendous progress has been made in understanding the ecological and evolutionary underpinnings of the Liberibacter disease pyramid, little is known about the quantitative relationship between these factors in the pyramid. By dynamically monitoring the bacterial content in the midvein of diseased leaves over the course of a year, we observed that values in December were more than 100 times higher than they were from March to May. This may be that citrus trees are cold-tolerant and evergreen, therefore, still lush in the fall, which significantly increasing the life span of D. citri (George et al., 2020). In addition, whether host plants can develop shoots in early spring and over the whole winter will affect the diapause of the insect population, which could exert a high selection pressure on the insect population to adapt to this extended host resource, and lead to species differentiation (Danks, 2013; Joyce et al., 2016). Furthermore, the chemoreceptors of insect are essential for the recognition and perception of plant secondary metabolites. Plant-eating insects can become conditioned to the host’s secondary metabolites and chemical constituents, which leads to change in insect behavior and drive host-associated differentiation (Powell et al., 2006; Medina et al., 2014). Moreover, the main rainy season in this area is from March to May. This long period of rain scours the bacterial communities on citrus trees, decreasing the number of bacteria on the leaves. From the beginning of July, the quantity of bacteria on leaves gradually increases. Ca. L. asiaticus can stand with high temperatures (Hoffman et al., 2013; Lopes et al., 2013). Our analyses showed that D. citri carried more bacteria in January and December than at other times, indicating that D. citri also has a certain level of cold tolerance. The D. citri life span is generally from spring to winter, by which time bacteria have fully proliferated in its body and, hence, the December insects were found to carry the most bacteria. In addition, large numbers of D. citri with bacterium were attracted to very few shoots in December. The abundance of D. citri on citrus shoots was highest in August and October, which is when their feeding and reproduction peaks. The rate of bacterial transmittance and population density also increased which may be related to the biotic factors that influence D. citri populations such as temperature and food. Although temperature is the main factor affecting the growth and development of insect, humidity has little effect on its survival and growth (Shang et al., 2013). D. citri carry a low level of bacteria in spring, which may be affected by climate and the bacterial content of the host tissue.

We found that the spread of HLB in Zhejiang Province was limited from 2014 to 2019. In 2014, D. citri-carrying bacteria were found at 41.8% of sites. By 2015, the level had dropped to 32.9% and by 2019 the level had dropped even further to 25.9%. This phenomenon may be related to the removal of diseased plants to control HLB. D. citri has a poor ability to fly long distances (Sakamaki, 2005). Long-range flight is made up of multiple short-range flights and relies on short-range wind diffusion. As a result, citrus HLB epidemics are dependent on sources of the pathogens and movement of the insect vectors. The removal of diseased plants therefore has a significant effect on controlling the spread of HLB (Abdullah et al., 2009; Bové, 2014).

Based on our observations, we showed a significant relationship between the plant infection rate and the proportion of D. citri carrying the bacterium (Figure 5). Our analysis showed that high levels of HLB disease in orchards correlate with high frequencies of D. citri-carrying bacteria. Coy and Stelinski (2015) found that infection levels of Ca. L. asiaticus in D. citri populations across Florida (USA) ranged from 37.5% to 100%, which was similar to the diverse infection levels found in different orchards in this study. Lee et al. (2015) have described a transmission mechanism that explains the high numbers of Ca. L. asiaticus-positive psyllids in retail environments based on an infection experiment. In retail environments, there are ample opportunities for each newly arriving the newly developed cluster of young leaves of healthy plant to be colonized by resident infected-psyllids, only after 15 days of being inoculated by Ca. L. asiaticus, the plants are infectious and transmit the pathogens to the next generation of psyllids. In this study of naturally infected orchards, we conclude that there is a relationship between the proportion of D. citri carrying the bacterium and the incidence of HLB disease. This correlation might due to that the physiological and biochemical characteristics of plants that have been infected with Ca. L. asiaticus may affect the behavior and performance of D. citri on susceptible plants. In addition, plant defense responses induced by the bacterial infection may indirectly affect D. citri by increasing the attractiveness of infected plants. Ca. L. asiaticus can also indirectly affect the adaptability of D. citri, which also affects the epidemic of citrus HLB. Host plant changes promote the genetic variation of insect adaptability and affects the genetic diversity and genetic structure of the insect population (Feder, 1995; Medina et al., 2014). D. citri infected with Ca. L. asiaticus bacteria spend more time feeding and show higher levels of fecundity than bacteria-free D. citri (Duan et al., 2009; Cen et al., 2012). Ca. L. asiaticus bacteria obtain nutrients and energy for their own invasion and proliferation by regulating the metabolic activities of substances in D. citri (Duan et al., 2009). These studies also indicated it must be correlation between the D. citri carrying with Ca. L. asiaticus and HLB disease incidence.

Controlling D. citri is the premise and foundation for preventing citrus HLB (Manjunath et al., 2008). At present, disease control strategies mainly involve chemical, physical, or biological methods of control. D. citri has a strong reproductive ability. Although chemical control has an obvious control effect on these insects (Boina et al., 2011), it is impossible to eliminate the insects completely, and chemical control can lead to resistance and enhance the reproductive ability of the insects. In addition, chemical control methods cause serious pollution and chemical residues can accumulate in the environment. As a result, the development of accurate and efficient pesticides to control D. citri has become a focus of research (Qureshi and Stansly, 2010). In this study, the proportion of the insect population carrying the bacterium changed over the course of the year, peaking in winter. Even though the insect population may be small, the application of pesticides could still be important to reduce the potential risk of Ca. L. asiaticus infection. Hybridization of resistant varieties using molecular biology and molecular breeding is another strategy for HLB control. No HLB symptoms were found in transgenic plants after grafting them with HLB-infected plants (Dutt et al., 2008). However, in the main citrus-producing industrial belt, controlling D. citri has been the main focus, and diseased plants have been destroyed by digging out and removing diseased trees (Wang and Trivedi, 2013), as well as high-density planting and shoot control to reduce D. citri feeding, strengthening field and orchard cultivation and management, and enhancing plant disease resistance, which can control citrus HLB to a great extent. Our observation of a reduction in disease levels in Zhejiang Province of China indicate that the application of these methods has had a significant effect on reducing the HLB disease epidemic. The phyllosphere (aboveground part of terrestrial plants) is an important niche of the plant, inhabited by diverse microbes which are collectively called the phyllosphere microbiome (Vorholt, 2012). The phyllosphere microorganisms could influence host plant by affecting nutrient acquisition, promoting host stress tolerance, altering plant hormones, and mediating plant pathogen interactions (Stone et al., 2018). The phyllosphere microbiomes were found to differ between infected and uninfected citrus leaves by melanose pathogen, and part of the phyllosphere microbiome shift could positively affect plant performance against pathogen invasion (Li et al., 2022).

Our analysis showed that there were significant differences among different healthy citrus leaves and HLB diseased leaves in April and December (Figure 7). The finding was consistent with Li et al. (2022), which also reported the changes of microbe community of citrus phyllosphere due to the invasion of fungal pathogen Diaporthe citri. HLB has been found to cause decreased relative abundance and/or expression activity of rhizoplane-enriched taxonomic and functional properties, hence collectively resulting in impaired plant host-microbiome interactions (Zhang et al., 2017). Our data showed that the effect of HLB may also apply on phyllosphere. It indicated that, in the early stage of citrus HLB, diversity of phyllosphere microorganisms is not only affected by the disease, but also regulated by seasonal factors. In spring, phyllosphere microorganisms showed a reverse trend of changes at bacteria and fungi in response to pathogenic invasion. The Venn results indicated that the OTUs number of diseased phyllosphere bacteria taxa were lower than Apirl citrus, but higher in December leaves phyllosphere fungal samples in both diseased and healthy leaves (Figure 8). The number of bacteria decreases, and fungi increases in the presence of pathogenic bacteria, which indicates that microbial communities exhibit ubiquitous taxa with special functions selected during pathogenic bacteria invasion.



Conclusions

Through the long-term observation of citrus HLB, we conclude that there is a significant positive correlation between the level of citrus HLB in an orchard and proportion of Ca. L. asiaticus-carrying D. citri. The outbreak and spread of HLB in Zhejiang Province are declining. The number of bacteria in citrus leaves and the rate of D. citri carrying bacterium varies with seasonal factor. The phyllosphere bacterial and fungal communities were significantly different between healthy and disease phyllosphere in April and December. Pathogenic invasions change the citrus phyllosphere microbial community structure.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

YM, EW, ZZ, and YH planted the experiment. YM, EW, MZ, and ZZ carry on the experiment. YW, LD, H-eZ, TT, WX, LL, XF, and LY analysis data. LY, LL, and YH write the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study is funded by The National Key R & D Program of China (2021YFD1400800) and Key R & D Program of Hunan Province, China (2022NK2052).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.964193/full#supplementary-material



References

 Abarenkov, K., Nilsson, R. H., Larsson, K. H., Alexander, I. J., Eberhardt, U., Erland, S., et al. (2010). The UNITE database for molecular identifcation of fungi-recent updates and future perspectives. New Phytol. 186 (2), 281–285. doi: 10.1111/j.1469-8137.2009.03160.x

 Abdullah, T. L., Shokrollah, H., Sijam, K., and Abdullah, S. N. A. (2009). Control of huanglongbing (HLB) disease with reference to its occurrence in Malaysia. Afr. J. Biotechnol. 8 (17), 4007–4015.

 Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26 (1), 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

 Aubert, B., and Quilici, S. (1984). Biological control of the African and Asian citrus psyllids (Homoptera: Psylloidea), through euliphid and encrytid parasites (Hymenoptera). J. Am. Assoc. Gynecol. Laparosc. 11 (4), 543. doi: 10.5070/c52nd04219

 Boina, D. R., Youn, Y., Folimonova, S., and Stelinski, L. L. (2011). Effects of pymetrozine, an antifeedant of hemiptera, on Asian citrus psyllid, Diaphorina citri, feeding behavior, survival and transmission of Candidatus liberibacter asiaticus. Pest Manag Sci. 67 (2), 146–155. doi: 10.1002/ps.2042

 Bové, J. M. (2014). Huanglongbing or yellow shoot, a disease of gondwanan origin: Will it destroy citrus worldwide? Phytoparasitica 42, 579–583. doi: 10.1007/s12600-014-0415-4

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

 Cen, Y., Zhang, L., Xia, Y., Guo, J., Deng, X., and Zhou, W. (2012). Detection of Candidatus liberibacter asiaticus In Cacopsylla (Psylla) citrisuga (Hemiptera: Psyllidae). Florida Entomol. 95 (2), 304–311. doi: 10.2307/23268549

 Coy, M. R., and Stelinski, L. L. (2015). Great variability in the infection rate of 'Candidatus liberibacter asiaticus' in field populations of Diaphorina citri (Hemiptera: Liviidae) in Florida. Florida Entomol. 98, 356–357. doi: 10.1653/024.098.0157

 da Graça, J., Kunta, M., Sétamou, M., Rascoe, J., Li, W., Nakhla, M., et al. (2015). Huanglongbing in Texas: Report on the first detections in commercial citrus. J. Citrus Pathol. 2 (1), 27939. doi: 10.5070/C421027939

 Danks, H. V. (2013). “Insect life-cycle polymorphism,” in Theory, evolution and ecological consequences for seasonality and diapause control, vol. 52. (Dordrecht, Netherlands: Springer Science, Business Media).

 Dala-Paula, B. M., Raithore, S., Manthey, J. A., Baldwin, E. A., Bai, J., Zhao, W., et al. (2018). Active taste compounds in juice from oranges symptomatic for Huanglongbing (HLB) citrus greening disease,. LWT 91, 518–525. doi: 10.1016/j.lwt.2018.01.083

 Duan, Y. P., Zhou, L. J., Hall, D. G., Li, W. B., Doddapaneni, H., Lin, H., et al. (2009). Complete genome sequence of citrus huanglongbing bacterium, candidatus liberibacter asiaticus’ obtained through metagenomics. Mol. Plant Microbe Interac. 22 (8), 1011–1020. doi: 10.1094/MPMI-22-8-1011

 Dutt, M., Omar, A., Orbovic, V., Barthe, G., and Grosser, J. W. (2008). Progress towards incorporation of antimicrobial peptides for disease resistance in citrus. Proc. Int. Citrus Congress. 12 (3), 256–264.

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10 (10), 996–998. doi: 10.1038/nmeth.2604

 Etxeberria, E., Gonzalez, P., Achor, D., and Albrigo, G. (2009). Anatomical distribution of abnormally high levels of starch in HLB-affected Valencia orange trees. Physiol. Mol. Plant Pathol. 74 (12), 76–83. doi: 10.1016/j.pmpp.2009.09.004

 Faghihi, M. M., Salehi, M., Bagheri, A., and Izadpanah, K. (2009). First report of citrus huanglongbing disease on orange in Iran. Plant Pathol. 58 (4), 793–793. doi: 10.1111/j.1365-3059.2009.02051.x

 Feder, J. L. (1995). The effects of parasitoids on sympatric host races of rhagoletis pomonella (Diptera: Tephritidae). Ecology 76 (3), 801–813. doi: 10.2307/1939346

 Fujikawa, T., Miyata, S. I., and Iwanami, T. (2013). Convenient detection of the citrus greening (Huanglongbing) bacterium ‘Candidatus liberibacter asiaticus’ by direct PCR from the midrib extract. PloS One 8, e57011. doi: 10.1371/journal.pone.0057011

 George, J., Kanissery, R., Ammar, E., Cabral, I., Markle, L. T., Patt, J. M., et al. (2020). Feeding Behavior of Asian Citrus Psyllid [Diaphorina citri (Hemiptera: Liviidae)] Nymphs and Adults on Common Weeds Occurring in Cultivated Citrus Described Using Electrical Penetration Graph Recordings. Insects 11 (1), 48. doi: 10.3390/insects11010048

 Gottwald, T. R. (2010). Current epidemiological understanding of citrus huanglongbing. Annu. Rev. Phytipathol. 48 (17), 119–139.

 Grafton-Cardwell, E. E., Stelinski, L. L., and Stansly, P. A. (2013). Biology and management of Asian citrus psyllid, vector of the huanglongbing pathogens. Annu. Rev. Entomol. 58 (1), 413–432. doi: 10.1146/annurev-ento-120811-153542

 Hall, D. G., Richardson, M. L., Ammar, E.-D., and Halbert, S. E. (2013). Asian Citrus psyllid, diaphorina citri, vector of citrus huanglongbing disease. Entomol Exp. Appl. 146, 207–223. doi: 10.1111/eea.12025

 Hoffman, M. T., Doud, M. S., Williams, L., Zhang, M., and Duan, Y. P. (2013). Heat treatment eliminates ' candidatus liberibacter asiaticus' from infected citrus trees under controlled conditions. Phytopathology 103 (1), 15–22. doi: 10.1094/PHYTO-06-12-0138-R

 Johnson, E. G., Wu, J., Bright, D. B., and Graham, J. H. (2014). Association of ‘Candidatus liberibacter asiaticus’ root infection, but not phloem plugging with root loss on huanglongbing-affected trees prior to appearance of foliar symptoms. Plant Pathol. 63 (2), 290–298. doi: 10.1111/ppa.12109

 Joyce, A. L., Chicas, M. S., Cervantes, L. S., Paniagua, M., Scheffer, S. J., and Solis, M. A. (2016). Host-plant associated genetic divergence of two diatraea spp. (Lepidoptera: Crambidae) stemborers on novel crop plants. Ecol. Evol. 6, 8632–8644. doi: 10.1002/ece3.2541

 Knolhoff, L. M., and Heckel, D. G. (2014). Behavioral assays for studies of host plant choice and adaptation in herbivorous insects. Annu. Rev. Entomol. 59, 263–278. doi: 10.1146/annurev-ento-011613-161945

 Koh, E. J., Zhou, L., Williams, D. S., Park, J., Ding, N., Duan, Y. P., et al. (2012). Callose deposition in the phloem plasmodesmata and inhibition of phloem transport in citrus leaves infected with ‘Candidatus liberibacter asiaticus’. Protoplasma 249, 687–697. doi: 10.1007/s00709-011-0312-3

 Kong, X., Jin, D., Wang, X. X., Zhang, F. S., Duan, G. L., Liu, H. J., et al. (2019). Dibutyl phthalate contamination remolded the fungal community in agro-environmental system. Chemosphere 215, 189–198. doi: 10.1016/j.chemosphere.2018.10.020

 Kong, Y. (2011). Btrim: A fast, lightweight adapter and quality trimming program for next-generation sequencing technologies. Genomics 98 (2), 152–153. doi: 10.1016/j.ygeno.2011.05.0090

 Lee, J. A., Halbert, S. E., Dawson, W. O., Robertson, C. J., Keesling, J. E., and Singer, B. H. (2015). Asymptomatic spread of huanglongbing and implications for disease control. Proc. Natl. Acad. Sci. U.S.A. 112 (24), 7605–7610. doi: 10.1073/pnas.1508253112

 Li, W., Li, D., Twieg, E., Hartung, J. S., and Levy, L. (2008). Optimized quantification of unculturable candidatus liberibacter spp. in host plants using real-time PCR. Plant Dis. 92 (6), 854–861. doi: 10.1094/PDIS-92-6-0854

 Liu, Y., Heying, E., and Tanumihardjo, S. A. (2012). History, global distribution, and nutritional importance of citrus fruits. Comprehansive Rev. Food Sci. Food safety. 11 (6), 530–545. doi: 10.1111/j.1541-4337.2012.00201.x

 Li, P. D., Zhu, Z. R., Zhang, Y., Xu, J., Wang, H., Wang, Z., et al. (2022). The phyllosphere microbiome shifts toward combating melanose pathogen. Microbiome 10, 56. doi: 10.1186/s40168-022-01234-x

 Lopes, S. A., Frare, G. F., Camargo, L. E. A., Wulff, N. A., Teixeira, D. C., and Bassanezi, R. B. (2010). Liberibacters associated with orange jasmine in Brazil: incidence in urban areas and relatedness to citrus liberibacters. Plant Pathol. 59 (6), 1044–1053. doi: 10.1111/j.1365-3059.2010.02349.x

 Lopes, S. A., Luiz, F., Martins, E. C., Fassini, C. G., Sousa, M. C., Barbosa, J. C., et al. (2013). ‘Candidatus liberibacter asiaticus’ titers in citrus and acquisition rates by diaphorina citri are decreased by higher temperature. Plant Disease. 97 (12), 1563–1570. doi: 10.1094/PDIS-11-12-1031-RE

 Luo, X. Z., Yen, A. L., Powell, K. S., Wu, F. N., Wang, Y. J., Zeng, L. X., et al. (2016). Feeding behavior of Diaphorina citri (Hemiptera: Liviidae) and its acquisition of 'Candidatus liberibacter asiaticus', on huanglongbing-infected citrus reticulata leaves of several maturity stages. Florida Entomol. 98 (1), 186–192. doi: 10.1653/024.098.0132

 Luo, L., Zhang, Z., Wang, P., Han, Y., Jin, D., Su, P., et al. (2019). Variations in phyllosphere microbial community along with the development of angular leaf-spot of cucumber. AMB Express 9 (1), 1–13. doi: 10.1186/s13568-019-0800-y

 Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27 (21), 2957–2963. doi: 10.1093/bioinformatics/btr507

 Manjunath, K. L., Halbert, S. E., Ramadugu, C., Webb, S., and Lee, R. F. (2008). Detection of ‘Candidatus liberibacter asiaticus’ in diaphorina citri and its importance in the management of citrus huanglongbing in Florida. Phytopathology 98, 387–396. doi: 10.1094/PHYTO-98-4-0387

 Martinez, Y., Llauger, R., and Batista, L. (2009). First report of ‘Candidatus liberibacter asiaticus’ associated with huanglongbing in Cuba. Plant Pathol. 58, 389. doi: 10.1111/j.1365-3059.2008.01997.x

 Medina, R., Szendrei, Z., Harrison, K., Isaacs, R., Averill, A., Malo, E., et al. (2014). Exploring host-associated differentiation in the north American native cranberry fruitworm, acrobasis vaccinii, from blueberries and cranberries. Entomol Exp. Appl. 150 (2), 136–148. doi: 10.1111/eea.12143

 Narouei-Khandan, H. A., Halbert, S. E., Worner, S. P., and van Bruggen, A. H. C. (2015). Global climate suitability of citrus huanglongbing and its vector, the Asian citrus psyllid, using two correlative species distribution modeling approaches, with emphasis on. Eur. J. Plant Pathol. 144, 655–670. doi: 10.1007/s10658-015-0804-7

 Powell, G., Tosh, C. R., and Hardie, J. (2006). Host plant selection by aphids: behavioral, evolutionary, and applied perspectives. Annu. Rev. Entomol. 51, 309–330. doi: 10.1146/annurev.ento.51.110104.151107

 Pustika, A. B., Subandiyah, S., Holford, P., Beattie, G. A. C., Iwanami, T., and Masaoka, Y. (2008). Interactions between plant nutrition and symptom expression in mandarin trees infected with the disease huanglongbing. Australas. Plant Dis. Notes. 3 (25), 112–115. doi: 10.1007/BF03211261

 Puttamuk, T., Zhou, L., Thaveechai, N., Zhang, S., Armstrong, C. M., and Duan, Y. (2014). Genetic diversity of ‘Candidatus liberibacter asiaticus’ based on two hypervariable effector genes in Thailand. PloS One 9, e112968. doi: 10.1371/journal.pone.0112968

 Qureshi, J. A., and Stansly, P. A. (2010). Rate, placement and timing of aldicarb applications to control Asian citrus psyllid, diaphorina citri kuwayama (Hemiptera: Psyllidae), in oranges. Pest Manage. Sci. 64 (125), 1159–1169. doi: 10.1002/ps.1612

 R Core Team (2016). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing).

 Sakamaki, Y. (2005). Possible migration of the Asian citrus psyllid, diaphorina citri kuwayama (Homoptera: Psyllidae) between and within islands. Occasional Papers Kagoshima Univ. Res. Center Pacific Islands. 42, 121–125.

 Shang, X. L., Yang, M. F., Zhang, C. R., Cai, L., and Qiu, T. (2013). Effects of temperature on the growth and development of pyralis farinalis (lepidoptera:yralidae),one insect used for producing insect tea in china. Acta Entomologica Sinica. 56, 671–679.

 Stone, B. W. G., Weingarten, E. A., and Jackson, C. R. (2018). The Role of the phyllosphere microbiome in plant health and function. Annu. Plant Rev. Online. doi: 10.1002/9781119312994.apr0614

 Tabachnick, W. J. (2015). Diaphorina citri (Hemiptera: Liviidae) vector competence for the citrus greening pathogen 'Candidatus liberibacter asiaticus'. J. Econ Entomol. 108 (3), 839. doi: 10.1093/jee/tov038

 Vorholt, J. A. (2012). Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10, 828–840. doi: 10.1038/nrmicro2910

 Wallner, W. E. (1987). Factors affecting insect population dynamics: Differences between outbreak and non-outbreak species. Annu. Rev. Entomol. 32 (1), 317–340. doi: 10.1146/annurev.en.32.010187.001533

 Wang, N., and Trivedi, P. (2013). Citrus huanglongbing: A newly relevant disease presents unprecedented challenges. Phytopathology 103 (42), 652–665. doi: 10.1094/PHYTO-12-12-0331-RVW

 Wang, R., Yang, H., Wang, M., Zhang, Z., Huang, T., Wen, G., et al. (2020). Predictions of potential geographical distribution of diaphorina citri (Kuwayama) in China under climate change scenarios. Sci. Rep. 10, 9202. doi: 10.1038/s41598-020-66274-5

 Winnepenninckx, B., Backeljau, T., and De Wachter, R. (1993). Extraction of high molecular weight DNA from molluscs. Trends Genet. 9 (12), 407. doi: 10.1016/0168-9525(93)90102-n

 Xie, W. Y., Su, J. Q., and Zhu, Y. G. (2015). Phyllosphere bacterial community of foating macrophytes in paddy soil environments as revealed by illumina high throughput sequencing. Appl. Environ. Microbiol. 81 (2), 522. doi: 10.1128/AEM.03191-14

 Zhang, Y., Xu, J., Riera, N., Jin, T., Li, J., and Wang, N. (2017). Huanglongbing impairs the rhizosphere-to-rhizoplane enrichment process of the citrus root-associated microbiome. Microbiome 5, 97. doi: 10.1186/s40168-017-0304-4

 Zhou, C. (2020). The status of citrus huanglongbing in China. Trop. Plant Pathol. 45, 279–284. doi: 10.1007/s40858-020-00363-8



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hu, Meng, Yao, Wang, Tang, Wang, Dai, Zhao, Zhang, Fan, Luo, Xiang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-964193-g006.jpg
15

A 400

o o]
=

xapui uosdwig Auj

*
o o o
o o o
(3] N -

Loeyn

0

SKB ABB AKB

SBB

SKB ABB AKB

SBB

15

B 400

k%%

o [Te]
-

xapul uosdwis™ Auj

*

o o o
o o o
(3 N -

Loeyn

SKF ABF AKF

SBF

SKF ABF AKF

SBF





OEBPS/Images/fpls-13-964193-g001.jpg
I 118
I vo HB

Legend

% Sampling places

Continents

®  Cities (population > 5 Million)

5,000

2,500

5,000 Ki lometer

240

50 Sampling places

PERCERT)
Kiometer






OEBPS/Images/fpls-13-964193-g008.jpg
A AKB SBB

AKF SBF






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Citrus Huanglongbing correlated with incidence of Diaphorina citri carrying Candidatus Liberibacter asiaticus and citrus phyllosphere microbiome

      

        		

          Highlights

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Orchards location and sample collection

          



          		

            Detection and quantification of Ca. L. asiaticus

          



          		

            DNA extraction, PCR amplification and pyrosequencing for phyllosphere microbiome

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Quantitative detection of bacteria in the insect vector D. citri

          



          		

            Proportion of D. citri carrying the Ca. L. asiaticus bacterium over a six-year period

          



          		

            Changes in the proportion of D. citri carrying the bacterium throughout the year

          



          		

            Relationship between the proportion of diseased plants and the proportion of D. citri carrying the bacterium

          



          		

            The phyllosphere microbiomes differ between healthy and HLB citrus in April and December

          



          		

            The changes in bacteria and fungi OTUs by HLB pathogen invasion

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-964193-g003.jpg
The proportion of D.citri carrying the bacterium (%)

80

Y =2.7469+0.9843*X-0.0241* X >+0.0002* X *;
R?*=0.9262; P<0.01.

20 40 60 80
The proportion of HLB diseased plants (%)

100





OEBPS/Images/table2.jpg
tag Location Samled Investigated % of deseased  Tested The number of % oftested insects carrying

time trees trees insects tested insects carrying bacterium
bacterium

1 Huangyan  Aug-05 300 0 200 13 6.5
2 Huangyan  Aug-05 300 0 200 7 35
3 Huangyan  Aug-02 300 23.1 200 28 14

4 Huangyan  Aug-02 300 12.3 200 11 5.5
5 Huangyan  Aug-02 300 11.67 200 13 6.5
6 Huangyan — Aug-05 300 0 200 7 35
7 Huangyan — Aug-04 300 7 200 26 13

8 Huangyan  Aug-04 300 129 200 26 13

9 Huangyan  Aug-04 300 13.1 200 20 10
10 Huangyan  Aug-04 300 7 200 27 13:5
11 Huangyan  Aug-04 300 12.9 200 28 14
12 Huangyan  Aug-04 300 13.1 200 20 10
13 Yueging Aug-04 300 49.2 200 34 17
14 Yueging  Aug-04 300 67 200 60 30
15  Yueqing  Aug-04 300 91.7 200 85 4.5
16  Yueqing Aug-04 300 98.5 200 134 67
17 Yueging  Aug-04 300 98 200 134 67
18 Wenling Aug-04 300 64.8 200 74 37
19  Wenling  Aug-04 300 76.9 200 32 16
20 Yuhuan Aug-02 200 100 200 156 78
21 Yuhuan Aug-02 200 32 200 6 3

22 Yuhuan Aug-02 300 1.5 200 3 15





OEBPS/Images/fpls-13-964193-g005.jpg
2016 2017 2018 2019

2014 2015

- (- - S
w < o @\

(04, )WINLId)IR(Q AY) SUIALIRI 147107 Jo uonaodoad ayg |

Year





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/fpls.2022.964193_cover.jpg
’ frontiers

in Plant Science

Citrus Huanglongbing
correlated with incidence
of Diaphorina citri carrying
Candidatus Liberibacter
asiaticus and citrus
phyllosphere microbiome





OEBPS/Images/fpls-13-964193-g007.jpg
e SBB O SKB A ABB 4 AKB

PCoA2(17.79%)

06 -04 02 00 0.2 0.4 0.6

pCoA1(74.75%)
e SBFoOo SKF A ABF & AKF

PCo0A2(9.21%)

-04 -0.2 0.0 0.2 0.4
pCoA1(72.78%)





OEBPS/Images/fpls-13-964193-g004.jpg
The bacterial content of
the leaves (10*/ng)

522 6/24 7/22 8/22 9/21 10/20 11/16 12/22 1/25 2/21 3/21 4/20

70

60

50

40 -~

The proportion of D.citri
carrying the bacterium(%)
i

30

522 6/24 7/22 8/22 9/21 10/20 11/16 12/22 1/25 2/21 3/21 4/20
Date





OEBPS/Images/fpls-13-964193-g002.jpg
Percentage
2.51%

10.34% | 14.73% 10

o?
10°
I 10’
[ 10°
e

[ ~25.39%

30.72%





OEBPS/Images/table1.jpg
Years

2014

2015

2016

2017

2018

2019

locations and No.of Samples took

Cangnan (10), Ruian (10), Ouhai (10),
Yongjia (10), Yueqing (10), Longquan (10),
Yunhe (10), Qingtian(20), Songyang(10),
Liandu (10), Yuhuan (10),Wenling(10),
Lugqiao (10), Jiaojiang (10), Linhai (10),
Shanmeng (10), Xianju (10), Ninghai (10),
Xiangshan (10), Yongkang (20)

Wenling (30), Liandu (30), Ninghai (12),
Huangyan (10)

Yuhuang (20), Wenling (20), Lugiao (30),
Jiaojiang (30), Linhai (10), Shanmeng (14)
Yongjia (24), Yueqing (60), Wenling (30),
Liandu (30)

Ruian (30), Longwan (40), Yueqing (40),
Wenling (10), Linhai (10)

Taishun (30), Wenling (20), Ruian (15)
Longwan (63), Yueqing (61), Cangnan (97),
Huangyan (17), Liandu (13), Qingtian (31)

No.of Samples detected with HLB

Cangnan (6), Ruian (7), Ouhai (3),
Yongjia (3), Yueqing (6), Longquan (4),
Yunhe (5), Qingtian (4), Songyang (9),
Liandu (8), Yuhuan (10), Wenling (4),
Lugiao (4), Jiaojiang (4), Linhai (1),
Shanmeng (3), Xianju (0), Ninghai (3),
Xiangshan (1), Yongkang (4)

Wenling (13), Liandu (11), Ninghai (0),
Huangyan (3)

Yuhuang (10), Wenling (10), Lugiao (10),
Jiaojiang (10), Linhai (10), Shanmeng (10),
Yongjia (3), Yueqing (18), Wenling (10),
Liandu(10)

Ruian (6) Longwan (10), Yueging (10),
Wenling (0), Linhai (8)

Taishun (3), Wenling (15), Ruian (4)
Longwan (34), Yueqing (7), Cangnan (23),
Huangyan (1), Liandu (0), Qingtian (3)





