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Abstract

Background
Huanglongbing (HLB) is a major botanical pandemic of citrus crops caused by Candidatus Liberibacter
asiaticus (Clas). It is important to understand the different mechanisms involved in interaction of
pathogen with plants to develop novel management strategy against HLB. However, until now there has
been no control strategy to manage this disease in vitro and on large scale in citrus grove. We found that,
indigenous endophyte Bacillus subtilis L1-21, a patented strain isolated from healthy citrus tree, may
have the potential to reduce the impact of pathogen through restructuring of core endophytes.

Results
A novel half-leaf method was developed to test the e�cacy of B. subtilis L1-21 against Clas.
Concentration of B. subtilis L1-21 at 104 cfu ml− 1 resulted in a 1000-fold reduction in Clas copy densities
per gram of leaf midrib (107 to 104) by 4 d after treatment. With endophytes, where HLB incidence was
reduced to < 3% and Clas copy density was reduced from 109 to 104 pathogen g− 1 of diseased leaf
midrib. We found that 16 of 93 tree samples became Clas-free and functional pathways and pathogen
resistance genes were regulated in diseased citrus trees after treatment.

Conclusions
This is the �rst large-scale study using an indigenous endophyte and shows its potential utility in
sustainable disease management through strengthening the citrus microbiome.

Introduction
Huanglongbing (HLB), which is a major and uncontrollable disease of citrus trees resulting in signi�cant
yield losses [1], is caused by the phloem limited α-proteobacteria ‘Candidatus Liberibacter asiaticus’
(Clas), ‘Ca. Liberibacter africanus’, ‘Ca. Liberibacter americanus’[2] and ‘Ca. Liberibacter caribbeanus [3].
The nutrient-de�cient bacterium, Clas may cause imbalances in host metabolism due to consumption of
host nutrients[4]. The main vector of Clas is the Asian citrus psyllid (ACP), Diaphorina citri and
understanding the mechanisms involved in pathogen-plant interaction is essential for the development of
novel HLB management strategies[5, 6]. Approaches to control HLB include screening for small molecule
inhibitors[7], combinations of stock and scion[8], graft-based chemotherapy[9, 10] and transgenic
technology[11, 12]; however, none of these methods provides successful and effective disease
management.

In citrus biocontrol programmes, plant defense mechanisms may be modulated by microbes to maintain
long term colonization inside the host and eliminate effects of the Clas pathogen[13], but effects of
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disease development on microbe communities are unclear[14–16]. For example, disease progression
may negatively affect microbe community structure[17]. Biocontrol of plant pathogens has yielded
effective results using bacteria under laboratory conditions[18–20] and moderate effects under �eld
conditions[21], but the potential of indigenous bacteria as economically useful biocontrol agents of plant
pathogens has not been investigated. This approach may be used to manage citrus disease caused by
phloem-limited α-proteobacteria[2], because there is evidence for negative effects on pathogen titers of
Clas of changes in microbe population dynamics during HLB disease progression[22–24].

Plant diseases lead to perturbations of the host microbiome[25], so it is important to understand
associated effects and the role of key bacteria on productivity. Thus, the aim of this study was to
quantify effects of regular applications of indigenous endophytes (Bacillus subtilis) isolated from healthy
citrus trees to diseased trees on Clas pathogen reduction and analyse pathways for pathogen resistance
to introduced endophytes. We found the pathogen was successfully eliminated from diseased citrus trees
since the introduction of endophytes using our novel half-leaf method, alongside other management
tools.

Results
Bacillus subtilis suppression of Clas in the laboratory

We used indigenous endophyte Bacillus subtilis L1-21 against Clas in the leaf midrib by means of citrus
half-leaf method (Fig. 1a, b) maintained under room temperature in Eppendorf tube. Copy density of Clas
in leaf material was reduced by 5 d after treatment with the endophyte at 104 and 106 cfu ml-1 (Fig. 1c);
similarly, the antibiotics used in this experiment also reduced Clas copy density (Fig. 1d). Subsequent
dilutions of the endophyte validated the results, con�rming that Clas copy density inside the citrus leaf
midrib was reduced by a single application of the endophyte.

To further con�rm the e�cacy of the endophyte against Clas, we used half-leaf method to test for
pathogen copy density in one half of the leaf present in Petri dish treated with a single application of
endophyte (104 and 106 cfu ml-1) or penicillin antibiotic (as a positive control) and LB broth and water
(as negative controls). Presence of the pathogen was con�rmed using standard qPCR analysis (see
Methods), and density (copies g-1) was calculated based on a standard curve generated by cloning 382
bp of a speci�c DNA fragment located in the ribosomal protein (rplj). Thus, the recombinant plasmid was
designated as pMD18T-rplJ-HLB, and pathogen density was derived from treatment CT values of the
standard curve [26]. qPCR ampli�cation e�ciency was 99% and melt curves con�rmed speci�city of the
results. Initial copy densities of the pathogen in the leaf midribs treated with endophyte L1-21 (104 and
106 cfu ml-1), penicillin, LB and water were 1.12×107, 1.23×106, 4.71×105, 2.38×105 and 1.51×106,
respectively (Fig. 1e; Table S3). Application of the endophyte reduced Clas copy density in the leaf
midribs 1000-fold (1.12×107 to 3.72×104) and 100-fold (1.23×106 to 3.93×104) by 4 d after a single
treatment of 104 cfu ml-1 and 106 cfu ml-1 (Fig. 1g; Table S3) of the endophyte, respectively. Half-leaf
method was also employed to check the pathogen reduction in individual leaves using top and bottom
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parts to con�rm validation of results, and we showed that Clas could be reduced to more than 90% after
3-4 d (Table S4).

Prior to application of the endophyte, microbe endophyte density in the citrus leaves was 105 cfu g-1;
following a single treatment with endophytic strain L1-21, density increased to 109 cfu g-1 (Fig. 1f, h).
Application of penicillin initially decreased leaf midrib microbe density, but this effect subsided with time
as endophyte density returned to pre-treatment levels. Endophyte density was unaffected by the LB and
water treatments. Application of penicillin reduced Clas copy density in diseased citrus leaves 10-fold
(4.71×105 to 1.64×104), and there was no effect of LB or water controls by 4 d after treatment. These
results clearly indicated that application of the endophytes reduced pathogen density in diseased citrus
leaves.

E�cacy of short-term �eldapplications of Bacillus subtilisagainst Clas

In 2017-18, we tested the e�cacy of B. subtilis L1-21 against Clas in two diseased citrus groves (100%
HLB prevalence) containing 16 and 4-year old citrus trees, respectively, based on the assumption that it
may play an important role in the prevention of colonization and development of the pathogen in citrus
trees. We treated the Clas-infected mandarin groves with contrasting applications of the endophyte,
antibiotics and bio-fertilizers to determine the most effective management strategy (Fig. 2). HLB affected
citrus grove was completely recovered after 6-7 months of successful treatment with indigenous
endophyte (Fig. 2b, c). Antibiotics and bio-fertilizers were applied once at the start of the experiment, and
endophytes were applied monthly, following leaf sampling to check densities of Clas and the endophyte.
Prior to the start of the experiment, all citrus trees were tested for the total number of endophytes present
inside each tree (Fig. 3a). B. subtilis L1-21 applied to the citrus trees spread to neighbouring, untreated
trees (Fig. S1), so we tested microbe diversity of all citrus trees. Density of Clas and endophytes were
measured monthly in leaf samples collected from each of the 162 citrus trees using conventional and
nested PCR techniques (Fig. 3b-d). Health of leaves were improved following treatment with the
endophyte for one year, where they changed from yellow to green, and we found negative effects of Clas
on endophytic microbe community structure of citrus tree. Citrus trees were monitored monthly to assess
visual disease symptoms, and following one year of monthly applications of B. subtilis L1-21, Clas
density in the trees had been reduced. In the �rst quarter of experiment, the number of diseased trees had
reduced to <100, where trees that had been characterised by yellowed and mottled leaves began to
develop more robust shoots and leaves. The leaf density of citrus endophytes was initially reduced by the
application of antibiotics, but later recovered to more than 107 cfu g-1. By the second quarter of the
experiment, the number of diseased trees had reduced to 69, in which endophytes density was similarly
increased; by the �nal quarter, the number of diseased citrus trees had been reduced to three and trees in
the grove �nally yielded fruit suitable for the commercial market. Thus, we con�rmed that the endophyte
B. subtilis L1-21 was the most effective control agent for the management of HLB and a reliable and
cheap option for citrus growers worldwide. Strengthening citrus microbe diversity using an endophyte
with diverse antagonistic activities through trunk injection and foliar spray application may elevate
microbe diversity in diseased citrus trees to levels where Clas pathogen may more easily be controlled
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(Fig. 3e). Previously, we found the number of endophyte types was lower in diseased citrus trees,
indicating that greater diversity of indigenous citrus endophytes may contribute to the control of Clas in
diseased trees[24].

The copy density of Clas in leaf samples was reduced following 6 months of monthly treatments with B.
subtilis L1-21 (Fig. 3f-g), con�rming our hypothesis that indigenous citrus endophytes may reduce
disease incidence in the �eld by >95% (Fig. 4a-f). After a year of monthly applications of the endophyte,
levels of B. subtilis L1-21 in citrus leaf material increased from 103 to around 109 cfu g-1 in most trees,
showing that indigenous endophytes may represent a novel management strategy for the control of Clas
in citrus plants. We have found similar effects of this endophyte on Clas in 2 other citrus groves in the
study region and one each in the Maguan and Yongshan counties of Yunnan province (Fig. S2).

Effects of long-term �eld applications of Bacillus subtilis on Clas

To con�rm the results from the one-year �eld experiments, we regularly treated diseased citrus groves,
comprising 525 trees, with B. subtilis L1-21 in 2018-19; these regular applications reduced copy density of
Clas in the citrus trees, so that the number of diseased trees was reduced. We selected 93 among the 525
trees, which represented three replicates of 31 trees, and found that after one year, regular applications of
the endophyte had reduced the copy density of Clas from 109 to 104 g-1 of leaf midrib (Fig. 5a) (99%
control; Table 5). Clas copy density was very high in April 2018, but decreased within 3 months (Fig. 5b).
In April 2019, we found 16 of the 93 diseased trees contained 100 copies of the pathogen g-1 of leaf
material, while 39 contained <100 copies, representing 91.39% reduction in Clas pathogen copy density
(Fig. 5c), and there was a decrease in the number of yellow leaves and shoots and an increase in the
growth of new shoots (Fig. 5d). Our �ndings indicated that Clas pathogen density remained constant in
around 25% of the citrus trees during endophyte treatment and was undetected in 16 of the diseased
citrus trees in April 2019. Thus, Clas was successfully eliminated from the diseased citrus trees by B.
subtilis L1-21.

Analysing disease responsive genes

Further, molecular mechanisms in citrus plants after introduction of endophytes to diseased trees
resulted in the up-regulation of important genes responsible for pathogen/disease resistance, chaperone
family protein and respiratory burst oxidase, and differentially expressed pathogen resistance genes
involved in different pathways may improve plant defences during biotic stress. We selected the top 20
abundant KEGG pathways that were triggered following application of the endophyte (Fig. 6) on diseased
trees. The major upregulated KEGG pathways included biosynthesis of secondary metabolites; plant-
pathogen interaction; and phenylpropanoid biosynthesis (padj<0.05) (Fig. 6a). In treatment of healthy
citrus trees, major KEGG enrichment pathways comprised biosynthesis of secondary metabolites;
metabolic pathways; biosynthesis of amino acids; and, phenylpropanoid biosynthesis (padj<0.05) (Fig.
6b). Upregulated pathogen resistance genes (in response to Clas) following endophyte application are
pathogenesis-related 4 (PR4, Ciclev10029328m.g, Ciclev10029327m.g, Ciclev10029528m.g,
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Ciclev10029536m.g), disease resistance protein (CC-NBS-LRR class) family (Ciclev10030667m.g,
Ciclev10024849m.g, Ciclev10024854m.g), chitin elicitor receptor kinase 1 (LYSM RLK1)
(Ciclev10017678m.g), respiratory burst oxidase homologue D (RBOHD, Ciclev10027774m.g), mitogen-
activated protein kinase 1 (MPK1, Ciclev10001531m.g), Chaperone protein htpG family protein (HSP90.5,
Ciclev10030743m.g), CRINKLY4 related 3 (CCR3, Ciclev10030732m.g), and phloem protein 2-A12
(Ciclev10021489m.g) (Fig. 6c; Table S6) and downregulated genes involved in pathogen resistance were
heat shock protein 70 (Ciclev10027981m.g) and 17.6 kDa class II heat shock protein
(Ciclev10009756m.g), which are responsible for protein folding, indicating that the citrus trees treated
with endophytes had previously contained Clas (Tables S7-S11). All read data are available in the SRA
database (BioSample accession numbers SAMN15323747-SAMN15323758).

Secondary metabolites expression

Secondary metabolites play an important role in defense mechanism of citrus trees and other plants.
Signi�cant regulation was noted in the diseased citrus leaves after treatment with endophytes indicating
the positive affect of these agents against Clas pathogen. Important genes related to secondary
metabolites are related to metabolism of terpenoids and polyketides. Geranylgeranyl pyrophosphate
synthase 1 (Ciclev10012067m.g), isopentenyl diphosphate isomerase 1 (Ciclev10012312m.g),
hydroxymethylglutaryl-CoA synthase/HMG-CoA synthase/3-hydroxy-3-methylglutaryl coenzyme A
synthase (Ciclev10020042m.g), and squalene synthase 1 (Ciclev10028537m.g) are the important genes
upregulated in the diseased citrus trees after treatment with endophytes (padj<0.05). Lipoxygenase 2
(Ciclev10014199m.g) involved in jasmonic acid mediated response in leaves, aldehyde dehydrogenase
3F1 (Ciclev10025492m.g), and GroES-like zinc-binding dehydrogenase family protein
(Ciclev10020620m.g) are responsible for metabolism of lipids. Other important genes related to
regulation of secondary metabolites are peroxidase superfamily protein (Ciclev10021010m.g), branched-
chain amino acid transaminase 2 (Ciclev10001429m.g), S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein (Ciclev10026344m.g, Ciclev10012561m.g), and aldehyde
dehydrogenase 2C4 (Ciclev10010514m.g) (Table S7). The oxidative stress created by Clas pathogen
inside citrus trees are detoxi�ed through genes such as glutathione S-transferases (Ciclev10008944m.g,
Ciclev10032702m.g, Ciclev10033001m.g, Ciclev10005808m.g, Ciclev10005812m.g), thus helping the
citrus trees to showed tolerance to HLB. Two genes for phenylalanine ammonia-lyase
(Ciclev10027913m.g, Ciclev10027912m.g) were upregulated when endophytes were applied to healthy
citrus trees.

Protein folding, chaperones, heat shock proteins

The most important mechanism involved in the disease symptoms of huanglongbing are the down
regulation of heat shock proteins, and product of these genes protect the protein folding and function
during pathogen attack. The correct function is maintained in the phloem and leaves in the presence of
these genes. We found that the genes responsible for protein folding are up regulated in the citrus trees
treated with endophyte such as Chaperone DnaJ-domain superfamily protein (Ciclev10002683m.g,
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Ciclev10016883m.g, Ciclev10009810m.g), Chaperone protein htpG family protein (Ciclev10030743m.g),
and Co-chaperone GrpE family protein (Ciclev10008685m.g). The fold change for all of these genes were
more than 1 and the FDR ratio was (padj<0.05). Ubiquitin mediated protein degradation plays an
important role in plant-pathogen interactions. There are 10 ubiquitin related genes regulated after
endophyte treatment inside the citrus trees, 9 of them were up-regulated and 1 was down-regulated. The
up-expressed genes are ubiquitin-conjugating enzyme/RWD-like protein (Ciclev10021040m.g), Plant U-
Box 15 (Ciclev10003715m.g), Transducin/WD40 repeat-like superfamily protein (Ciclev10007255m.g),
senescence-associated E3 ubiquitin ligase 1 (Ciclev10030698m.g), Ubiquitin carboxyl-terminal hydrolase
family protein (Ciclev10003568m.g), U-box domain-containing protein kinase family protein
(Ciclev10018795m.g), plant U-box 29 (Ciclev10001380m.g), Rad23 UV excision repair protein
family(Ciclev10011886m.g), and ubiquitin 4 (Ciclev10012291m.g). F-box/RNI-like superfamily protein
(Ciclev10001527m.g) responsible for folding, sorting and degradation of proteins was downregulated
(Table S8).

Genes responsible for photosynthesis and carbohydrate metabolism

The HLB affected citrus leaves results in downregulation of important genes involved in photosynthesis
processes. In the present study, we also showed that when diseased citrus leaves were treated with
indigenous endophytes, only one of the gene ferrodoxin 3 (Ciclev10029499m.g) related to photosynthesis
was up-expressed while two genes, APE1 (Ciclev10012434m.g) and PSB28 (Ciclev10022322m.g) related
to acclimation of photosynthesis to environment and photosystem II reaction center, respectively were
down-expressed indicating the pathogen is present inside the diseased leaves. Signi�cant genes
responsible for ethylene (Ciclev10000608m.g, Ciclev10014617m.g, Ciclev10031204m.g) were up-
regulated. HLB causes accumulation of starch inside the phloem and other photosynthetic cells, resulting
in blockage of important nutrients inside leaves. We found that our endophytes treatment resulted in
downregulation of beta glucosidase 46 (Ciclev10014887m.g) and beta glucosidase 11
(Ciclev10019719m.g), which are responsible for starch accumulation. It has been reported that Clas
pathogen negatively affected the metabolism of carbohydrate inside citrus trees. The present study
found that some of the genes were upregulated related to carbohydrate metabolism when endophytes
application was employed. Signi�cant genes are aldehyde dehydrogenase 3F1 (Ciclev10025492m.g),
Galactose mutarotase (Ciclev10012004m.g),GroES-like zinc-binding dehydrogenase
(Ciclev10020620m.g), hydroxymethylglutaryl-CoA synthase / HMG-CoA synthase / 3-hydroxy-3-
methylglutaryl coenzyme A synthase (Ciclev10020042m.g), Alpha amylase(Ciclev10007401m.g),
arginosuccinate synthase (Ciclev10019860m.g), and phosphoglucose isomerase 1 (Ciclev10000603m.g)
with log fold change (LFC) of 1.77, 1.69, 1.57, 1.47, 1.45, 1.14, and 1.01, respectively, with FDR
(padj<0.05) (Table S9).

Related to cell wall breakdown

The genes involve in cell wall breakdown are mostly expressed in the citrus leaves affected with
huanglongbing, indicating the symptoms development are associated with these genes in HLB
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progression. The cellulose/transferases are all associated with the cell wall breakdown. Our study
indicated that cellulose synthase/transferases (Ciclev10007586m.g, Ciclev10023570m.g,
Ciclev10014586m.g) genes are down regulated after applying endophytes, which is the main genes in
breakdown of cell wall (Table S10).

Transcription factors

A total of 23 important transcription factors were identi�ed when citrus trees were treated with
endophytes (Table S11). Among them 18 TFs are upregulated and 5 are down-expressed. These
transcription factors has important role in plant defense response, biotic and abiotic stress, plant
immunity, leaf senescence, stomatal movement, and jasmonate metabolism. Several families of
transcription factors, such as WRKY (11, 28, 33, 40, 50, 55), MYB (1, 15, 116), and EIN3
(Ciclev10000608m.g) are associated with the plant immunity and defense up-expressed in the citrus trees
after endophyte treatments. The WRKYs transcription factors are also involved in the tolerance to Clas
pathogen in citrus. Heat shock transcription factor A4A (Ciclev10015413m.g) and heat shock
transcription factor A8 (Ciclev10015541m.g) are up-expressed in the citrus leaves indicating the
important regulator in several environmental stress. The other important TFs responsible for plant
defense mechanism are respiratory burst oxidase homologue D (Ciclev10027774m.g) and Leucine-rich
repeat protein kinase family protein (Ciclev10019897m.g), expressed to a log fold change of 4.02 and
2.29, respectively (padj<0.05) (Table S11).

Discussion
In order to demonstrate speci�c role of endophytes to manage more devastating disease of citrus, we
isolated and identi�ed indigenous endophytes from the different symptomatic, asymptomatic and
healthy leaves from different locations of citrus growing regions in China [26]. Endophyte with maximum
growth-inhibitory effects, L1-21 belonging to Bacillus subtilis, was chosen as surrogate’s strain to manage
the citrus HLB in the �eld. We tested e�cacy of B. subtilis L1-21, which showed marked pink colonies
differences among all isolated endophytes, resulting in as an indicator endophyte isolated from citrus
trees in the experimental �elds. Novel half-leaf method advanced understanding of pathogen exclusion
within the midrib. Presence of the endophyte in the citrus leaf midrib excluded the pathogen, indicating its
role in plant defence by limiting pathogen survival or transmission inside the host plant. In in vitro
experiment, we sprayed endophytes on diseased citrus leaves, and 4 d after application, pathogen copy
density had been reduced 1000-fold times, representing 100% disease control compared with the negative
control. These results indicate disease suppression activities, such as retardation of quorum sensing
activities by pathogen diffusible antibacterial compounds, nutrient competition, plant growth hormones,
siderophores that chelate toxic materials, and competition for survival, may have occurred with �eld
applications of endophytes, need to study in more detail that limited in planta transmission of the
pathogen. Endophyte application positively regulated other microbes in citrus leaves, indicating native
bacteria diversity was unaffected. It is likely that healthy and asymptomatic citrus trees harbour disease
suppressive endophytic bacteria that may resist antimicrobial compounds in the host plant phloem and,
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perhaps, contribute to protection against the Clas pathogen. We found there was no effect on Clas copy
density in diseased citrus leaves of treatment with LB and water as controls, indicating that reduction of
the pathogen within the leaf was due to application of B. subtilis L1-21. Citrus endophytes, such as
Methylobacterium and Sphingomonas, are involved in the protection of plants against various
devastating pathogens[27, 28].

The reduction of the pathogen is associated with competition for the nutrients among pathogen and
endophytes, substances release by endophytes that could have possible interference with the pathogen
quorum-sensing signaling [29, 30]. Endophyte colonization in citrus host reduce Clas pathogen or their
colonization could be retarded due to substances in the form of antibiotics or lipopeptides, bacteriocin
proteins produce via endophytes [31]. Core microbiomes present in citrus host may be regulated by these
endophytes, creating possibility to stop colonization of pathogen, most probably through induced
systemic resistance (ISR) [32, 33]. Further, systemic resistance in host against pathogen is generated
through specialized bioactive compounds synthesized by endophytes [34].

Currently, Clas pathogen was reduced due to use of antibiotics (Oxytetracycline hydrochloride, Penicillin G
potassium, Ampicillin and others) in the greenhouse and �eld experiments but these are phytotoxic and
persist as residues inside fruits [35, 36]. Our �eld experiment demonstrated successful management of
Clas pathogen in HLB-diseased citrus with regular applications of B. subtilis L1-21. Pathogen copy
density in the diseased trees was reduced to < 10 g− 1 of leaf midrib, and growth of green leaves and
shoots was increased, including in previously moribund trees (Fig. S4); similarly, marketable fruit yields
improved. However, the underlying mechanisms of effects of endophytes on reductions in Clas copy
density and disease development remain unclear. We assume that reduction of the pathogen may be
related to increase within-plant endophyte density, because previous work has shown that Clas present
inside citrus leaves regulated HLB symptoms positively and the leaf microbiome negatively [17, 24].
Pathogen exclusion effects were related to the increased density of B. subtilis L1-21 within the diseased
trees, due to application of the endophyte treatment. To determine in planta endophyte interactions with
Clas, we �rst quanti�ed their pre-treatment densities in the diseased trees. Following treatment with B.
subtilis L1-21, there were increases in endophyte densities in the citrus trees and lower densities of
pathogens. Notably, high copy densities of Clas remained present in diseased trees that were not treated
with the endophyte. Thus, our study con�rmed that population dynamics of native citrus bacteria
affected Clas pathogen titers [14, 23].

The diseased citrus trees after application of endophytes resulted in up-regulation of important genes in
citrus plants responsible for pathogen/disease resistance, chaperone family protein, and respiratory burst
oxidase. The differentially expressed pathogen resistance genes involved in different pathways help the
plant defense during biotic stress. Diverse mechanisms present in plants keep away pathogen and
parasite from attack. Most important are dominant disease resistance (R) genes which encodes for
leucine-rich repeat (NB-LRR) proteins providing resistance to pathogens through avirulence (Avr) genes
[37]. Activation of 3 disease resistance genes (CC-NBS-LRR) (RPS5) may induce the defense response
against pathogen. None of the RPS5 gene was activated in the citrus trees without endophytes.
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Resistance to citrus HLB is generated in host through over expression of an Arabidopsis NPR1 [38] also
supported our �ndings. Combination of these pathogen resistance genes can uplift the citrus plants
against HLB more easily rather functioning alone. Nine molecular mechanism are elucidated recently
about the mechanisms involved in resistance genes against the attack of pathogens [39]. There is direct
perception of the pathogen associated molecular patterns (PAMPs), that are linked to partial or full
disease resistance to pathogen. Our results indicate that strengthening the bacterial endophytic
microbiome of diseased citrus trees may improve the management of Clas in HLB-infected trees.

Conclusions
Clas pathogen density in citrus trees is driven by an inversely proportional density of endophytes.
Potential endophyte B. subtilis L1-21 for the management of citrus HLB using novel half-leaf method in
vitro demonstrated that treatment of diseased citrus leaves with the endophyte reduced pathogen density
in diseased leaf midribs by 1000-fold. Based on the results presented here, how the potential endophyte
leads to restructuring of bacterial endophyte in diseased citrus groves are presented in Fig. 7. In the �eld
experiments, regular applications of the endophyte resulted in reductions in diseased citrus canopy from
> 90% to < 3% within a year, and diseased trees began to develop new shoots, healthy green leaves and
yielded marketable fruits. Pathogen inside diseased trees was reduced by the endophyte to a level that
elicited economic bene�ts to the farmer. Although the suppressive mechanism of endophyte against
pathogen requires further exploration, however, we gained more insights about multiple activated disease
resistance and secondary metabolites genes in HLB-affected citrus trees that lead to defence against
pathogen post-treatment with endophyte. Several genes including photosynthesis, carbohydrate and
those involved in cell wall breakdown have role in controlling Clas disease progression were
downregulated after application of potential endophyte. Our study is the �rst initiative to highlight
restructuring of the citrus bacterial endophytes by indigenous endophytes to mitigate the devastating
disease HLB in economically important citrus crops.

Methods
Bacterial strain and culture conditions

The endophytic strain B. subtilis L1-21, for which the genome has been sequenced, was selected for the
greenhouse and citrus �eld experiments (Binchuan, Yunnan province, China). The endophyte B. subtilis
L1-21 was stored in 40% glycerol (v/v) at -80 ºC; stock culture was renewed every 4 months on LB agar
and cultivated for 24-48 h to check stability of the potential endophyte. A pure culture of L1-21 was grown
until the late log phase in LB broth for 24-48 h at 37 ºC in a shaking incubator (150 rpm). The colony
forming units (cfu ml-1) of the endophyte were checked using contrasting dilutions in sterile distilled
water with 0.1% Tween 20 and plated on LB agar before foliar spraying on the citrus trees.

Novel half-leaf method
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We designed a novel citrus half-leaf method to quantify leaf Clas copy density prior to and after
treatment application. Firstly, DNA was extracted from one half of a diseased leaf using the CTAB method
[24, 40], and conventional PCR analysis, using the primer set Cal-R/Cal-F[41], was followed by nested PCR
analysis, using the primer set CG03F/CG05R[42], for con�rmation of “Ca. Liberibacter asiaticus”. Primers
used in this study are listed in Extended Table S1. Once con�rmed as infected with the Clas pathogen, the
other half of the citrus leaf was treated with 104-106 cfu ml-1 of endophytes in a 5-mL Eppendorf tube and
the antibiotics penicillin (100 µg µl-1) dissolved in distilled water, spinosad (100 µg µl-1) dissolved in
hexane solution and shenqimycin (100 µg µl-1) dissolved in distilled water as positive controls. LB and
distilled water were used as negative controls. The Eppendorf tubes were kept for 96 h at room
temperature, followed by extraction of DNA from the leaf midribs. The 16S rDNA gene was ampli�ed as
discussed previously [24]. The weight of each half leaf was recorded prior to the experiment. Each
treatment comprised three replicate Eppendorf tubes that each contained six diseased citrus leaves. The
experiment was repeated �ve times. Treatment effects on Clas pathogen were tested by loading the
ampli�ed product on 1% agarose gel. In another experiment testing for Clas pathogen and endophytes
elevation, DNA was extracted from one half of a diseased leaf using the CTAB method [40] and ampli�ed
with the same primers as previously. Once the leaf was con�rmed as infected with Clas, the other half of
the leaf was kept in a 180-mm Petri dish with 104 and 106 cfu ml-1 of endophytes or penicillin (100 µg µl-
1) dissolved in distilled water. LB and distilled water were used as controls. The Petri dishes were kept at
room temperature; then, DNA was extracted from the midribs and present endophytes were isolated.
Brie�y, for endophyte isolation, leaves were washed in tap water and surface sterilized using 35% bleach
(2% active Cl ) and 70% (vol/vol) ethanol for 2 min each; then, the leaves were rinsed three times in sterile
water [13, 40]. The weight of each leaf half was recorded prior to the experiment. Each treatment
comprised three replicates of 12 diseased citrus leaves (6 random top and bottom half leaves, each), and
the experiment was repeated �ve times. Changes in Clas copy density were tested from 0-4 d, based on Ct
values of pathogen copies g-1 of citrus leaf that were calculated using the standard curve generated
previously; changes in endophyte density were recorded daily as log cfu g-1 of citrus leaf midrib.

 Real-time PCR analysis of half-leaf data

The PCR reaction was performed in a 25-µl reaction mixture containing 1×PCR buffer (SYBR Green
Master Mix; Bio-Rad), 0.8 µl of each primer (CQULA04R/CQULA04F) and the appropriate amount of DNA
template in a RT-PCR system (Step One Real Time PCR System, Applied Biosystems, United States) used
the following programme: 95 °C for 1 min, 45 cycles at 95 °C for 15 s, 59 °C for 15 s and 72 °C for 45 s.
During the extension step (72 °C for 45 s) of each cycle, the instrument collected a �uorescent signal
generated from SGI �uorescent dye that was non-speci�cally bound to dsDNA. To analyze PCR
ampli�cation speci�city, a melt-curve analysis was conducted as follows: 95 °C for 1 min and 55 °C for 1
min; then, the temperature was increased by 0.5 °C every 10 s from 55 to 95 °C. The melt curve was
plotted according to the manufacturer's instructions (Bio-Rad, United States). The recombinant plasmid
was constructed and a standard curve was generated accordingly [43].
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Study site and sample processing

The experimental �eld site was located at Binchuan, Dali City, Yunnan province, China (100.5754° E,
25.8272° N), with an average annual temperature of 33-35 ºC and total annual rainfall of about 1000
mm. Foliar symptoms in one citrus grove, 16 years old, indicated >90% severe Clas disease infection, and
the second citrus grove, 4 years old, which was located 2 km from the �rst, exhibited 100% Clas infection.
Two �eld trials were conducted from 2017-19: in one citrus grove, 162 trees (Fig. 2) were treated with
contrasting treatments; and in the second grove, 93 of 525 trees were selected (three replicates of 31
trees) for Clas titer test. Prior to the start of each trial, a �eld survey was carried out to visually determine
individual tree HLB severity and quantify Clas titers using Clas-speci�c primers in PCR and qPCR
analyses. The soil treatments at the citrus groves comprised Fertilizer 1 (rape seed cape with Bacillus
amyloliquefaciens Y2, as a root-growth promoting agent); Fertilizer 2 (rape seed cape without Bacillus
amyloliquefaciens Y2); and, no rape seed cape as a control (F0). We applied 5 kg of fertilizer to each tree
around a water drip of about 20 cm deep. The antibiotic, and endophytes are listed in Table S2.

Field endophyte treatment application

Two injection ports per tree, located at the opposite sides of the trunk at approximately 20 cm above the
union bud, were made by drilling 30 mm into the xylem tissue using a 7.14-cm drill bit. Antibiotic and
endophyte treatments were injected from a pressurized bottle into each port using a drip micro infusioner
at the recommended pressure (<50 psi). The �rst injection was done with penicillin (0.1%) for 4 d on 54
trees, with 27 trees as a control. The second injection was done 2 weeks after the antibiotic treatment
with the endophyte (106 cfu ml-1) on 54 trees. We also applied 106 cfu of the endophyte ml-1 or penicillin
as a monthly foliar spray on 27 trees for each treatment, until all leaves were wet, in the early morning or
late evening. All the experiments were arranged as three replicates of three trees in a randomized
complete block design.

Isolation of endophytes from citrus trees

The diversity of endophytic bacteria was estimated from three replicates of six citrus tree leaves that were
removed from the trees and transported to the laboratory in a cooler with ice. Leaf samples were
immediately washed in tap water to remove soil and then immersed in 70% ethanol for 30 s, washed with
fresh sodium hypochloride solution (2.5% available Cl−) for 1 min, rinsed in 70% ethanol for 30 s and
washed three times with sterile distilled water. As a sterility check, a 100-μl sample of the third rinse water
was plated onto Luria Bertani (LB) medium[40]. For isolation of endophytes, 1 g of leaf material was
macerated in 9 ml of sterilized distilled water using a sterilized mortar and pestle. The homogenate was
used to make serial dilutions and 100 µl of 102-105 cfu ml-1 was plated on LB agar. Endophytes were
isolated from three replicates of treatment samples collected on the �rst week of each month in 2017-18.
Changes in endophyte density and Clas titer were recorded; number of endophytes were counted and
expressed as cfu g-1 of citrus leaf.
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Clas DNA extraction and PCR ampli�cation

Leaf samples from all treatments were collected monthly from the citrus groves to quantify Clas titer.
Leaves were treated as above before DNA extraction. Methods for DNA extraction, PCR and qPCR were
those described previously.

Citrus tree growth conditions and treatments in the greenhouse

Citrus mandarin plants were grown under glasshouse conditions and diseased (D vs LD) and healthy
trees (H vs LH) were selected based on qPCR analysis of pathogen copy density, as described previously.
Plants were grown in similar soil conditions in plastic pots (310 × 210 mm; height and width), and leaves
were collected at 0 and 6 h after foliar spraying with the endophyte concentration of 105 cfu ml-1. We
randomly collected three replicates of six leaves from each citrus tree. In addition, same number of leaves
were stored for each of the treatment at -80 ºC.

RNA extraction, library construction and sequencing

Frozen citrus leaves were milled to a powder in a mortar with liquid nitrogen. Total RNA was extracted
and mRNA was enriched by removing rRNA using a Ribo-ZeroTM Magnetic Kit (Epicentre). RNA
fragmentation was performed in the presence of fragmentation buffer and cDNA was extracted by
reverse transcription. Then, second-strand cDNA were synthesized by DNA polymerase I, RNase H, dNTP
and a buffer, and the cDNA fragments were puri�ed with a QiaQuick PCR extraction kit and end repaired,
to which poly (A) was added and ligated to Illumina sequencing adapters. The ligation products were size
selected by agarose gel electrophoresis, ampli�ed by PCR and sequenced using Illumina HiSeqTM2500
by Gene Denovo Biotechnology Co. (Guangzhou, China). Raw sequencing data has been deposited to the
Sequence Read Archive (SRA) under BioProject PRJNA640485 and is available at the following reviewer-
access link: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA640485/. Metadata �le related to these
deposited sequences have been included as additional �le 1.

Differentially expressed genesanalysis

The edgeR package (http://www.r-project.org/) was used to identify differentially expressed genes (DEGs)
across three biological replicates per treatment. We identi�ed genes with a fold change ≥2 and a false
discovery rate (FDR) <0.05 as signi�cant DEGs that were then subjected to enrichment analysis of GO
functions and KEGG pathways[44]. All DEGs were mapped to GO terms in the Gene Ontology database
(http://www.geneontology.org/), gene numbers were calculated for every term and signi�cantly enriched
GO terms in DEGs compared to the genome background were de�ned by hypergeometric distribution. The
calculated p-value was FDR corrected, where FDR ≤0.05 was the threshold.

Statistical analysis

Endophytic bacteria populations were calculated, based on average logarithm (base 10) cfu values, and
analysed using GraphPad Prism 5 (San Diego, CA, USA). Pathogen copies g-1 of diseased citrus leaf



Page 15/26

material were calculated using a standard curve value. Treatment effects were tested using analysis of
variance in IBM SPSS Statistics 22.0, and treatment means were compared using Duncan’s multiple
range test at P < 0.05.
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Figure 1

Citrus half leaf method for reduction of Clas and elevation of endophytes in the diseased citrus leaves
from 0-4 days. Sketch of citrus leaf used in novel citrus-half leaf experiment. (A) whole citrus leaves
showing HLB symptoms; (B) leaf was parted into two parts; the �rst part was used to detect the Clas
pathogen using conventional and qPCR; after con�rmation the second part was used in the experiment
for B. subtilis L1-21 treatment. Red arrows indicate leaf midribs used for extraction of DNA for
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convetional and qPCR;(C) diseased citrus leaves were treated with endophytes (103-106 cfu/ml) and
antibiotics such as penicillin (100 µg µl-1 and 500 µg µl-1), shenqinmycin (100 µg µl-1) and spinosad(100
µg µl-1); Lane 9, water control; Lane 10, positive control; (D) before application; Lane 1, citrus leaf sample
treated with Penicillin; Lane 2, leaf samples treated with spinosad; Lane 3, citrus leaves treated with
shenqinmycin; Lane 4, sample in LB medium treated with the endophytes without shaking; Lane 5, 6,
samples in LB medium and water respectively on shaker; Lane 7, diseased citrus leaf in water only; Lane
8, positive control; After application: Lane 9, indicated reduction of Clas pathogen with different
treatments including penicillin; Lane 10, spinosad; Lane 11, shenqinmycin; Lane 12, endophyte treatment
in LB medium without shaking; Lane 13, endophyte treatment in LB medium with shaking; Lane 14,
samples in water on with shaking (E) pathogen copies per gram of leaves midrib using 104 and 106
cfu/ml of endophyte treatment one time. Pathogen copies/gram were calculated based on the standard
curve of recombinant plasmid pUC18-382-HLB generated through qPCR. Penicillin was used as a positive
control. LB medium and water were used as negative control treatments. Three biological replicates were
used for each treatment and each replicate consisted of 12 diseased leaves(including 6 top and bottom
half leaves each). The experiment was repeated �ve times; (F), other endophytes diversity in the diseased
citrus leaves after application of endophytes and penicilin; (G) pathogen copies per gram of leaves using
104 and 106 cfu/ml of endophyte and water treatment one time; (H) recovery of treated endophytes from
the diseased citrus leaves during different time intervals with different treatments. The populations of
endophytic bacteria were calculated based on average logarithm (base 10) of bacteria recovered from the
plant leaves. The detection limit (1 x 102 cfu/leaves) was treated as log 0 for mean calculation. The log
cfu values were analyzed with GraphPad Prism 5 (San Diego, CA, USA). The values are the means ± the
standard deviation of 4 replicates with statistical signi�cance difference among different treatments (P ≤
0.05).

Figure 2
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Inhibition and exclusion of Clas pathogen in diseased �elds after application of B. subtilis L1-21. (A) area
with blue colour represents the citrus �elds where the experiments were performed in diseased citrus
trees; (B) diseased citrus �elds (yellow colour displayed HLB affected trees) before endophyte B. subtilis
L1-21 application. A total of 162 diseased citrus trees were treated with the endophyte; (C) green trees,
and trees with orange fruit depicted the control effect in diseased citrus trees. One citrus tree present in
the �gure represents a total of three trees in the �eld. B. subtilis L1-21 shown in pink colour represent its
characteristics colony morphology. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 3

Endophytes diversity and reduction of Clas pathogen. (A) in March 2017, the diseased citrus trees were
checked for possible assessment endophyte before starting experiment; (B) in April 2017, all the trees
treated with Fertilizer 1 with Bacillus amyloliquefaciens Y2;The X-axis represents endophytes and
penicillin injection through trunk (1); endophyte injection (2); Penicillin spray (3); Endophyte spray (4);
Penicillin injection (5); Control CK1 and CK2 (6,7); (C) fertilizer 2 with Bacillus amyloliquefaciens Y2; CK2
and CK3 (6,7) ; (D) no organic fertilizer (F0) was used as control; CK3 and CK1 (6,7) and indigenous
endophytes showing number increase of endophytes due to dispersal of endophytes in all the trees even
control samples; (E) Endophytes population during different sampling times along with; (F) successive
reduction of Clas pathogen inside disease trees using conventional PCR and (G) Nested PCR. The
populations of endophytic bacteria were calculated based on average logarithm (base 10) of bacteria
recovered from the plant leaves. The log cfu values were analyzed with GraphPad Prism 5 (San Diego,
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CA, USA). The values are the means ± the standard deviation with statistical signi�cance difference
among different treatments with different letters (P ≤ 0.05).

Figure 4

Management of huanglongbing in the diseased canopy in Binchun county, Yunnan. (A) diseased citrus
tree in early March; (B) successful treatment for 2 months with endophytes resulted in the more vigorous
citrus growth; (C-F) after 6 months of application with Bacillus subtilis L1-21 in the diseased citrus grove
resulted in more than 95% control effect of the Clas pathogen, trees showed more robust, healthy
shooting, and with some of the trees yielding normal fruits.
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Figure 5

A total of 93 citrus diseased sampled trees were treated with endophytes and Clas pathogen were
monitored throughout the study period from April 2018 to April 2019. (A) CT values obtained through
qPCR were changed to pathogen copies per gram of citrus leaf using standard curve generated from
pUC18-382 recombinant plasmid; (B) number of citrus trees displayed reduction of Clas pathogen during
different time intervals, April-September 2018, and January, March, April 2019. Each repeat contains 31
citrus trees; (C) percentage reduction of pathogen across month-wise indicating reduction of pathogen
from time to time; (D) citrus leaves showing yellow symptoms before application of endophytes (April,
2018), to more greenish leaves with the different time intervals decreasing pathogen copies 107 to 10
Clas/gram citrus leaf midribs.
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Figure 6

Regulation of important pathways and pathogen resistance genes in response to Bacillus subtilis L1-21.
The top 20 KEGG enrichment pathway analysis of differentially expressed genes in the untreated and
endophyte treated citrus trees (padj<0.05). (A) Diseased trees treated with endophytes; (B) Healthy trees
treated with endophytes; (C) Pathogen resistance genes upregulated in the diseased citrus trees after
treated with endophyte L1-21; * corrected p-value <0.05.
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Figure 7

Concluding sketch illustrating the different events taking place in the diseased citrus �elds through
restructuring bacterial endophytes for management of HLB disease. (A) Indigenous endophyte Bacillus
subtilis L1-21, displaying marked pinkish colonies, was isolated from healthy citrus plants; (B) Diseased
citrus trees with more pathogen and less endophytes were inoculated with the endophyte B. subtilis L1-
21; (C) Endophyte L1-21 shifted the bacterial endophytic community and exclude/restricted the pathogen
colonization in diseased citrus trees from two different regions by regular application for one year; (D)
The recovered tree showing more robust leaves and fruits; (E) Pathogen resistance genes were
upregulated in diseased citrus host after application of potential endophyte B. subtilis L1-21.
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