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selected phloem-specific promoter GRP1.8, these con-
structs were transferred into the citrus genome. All of the 
cecropin B genes were efficiently expressed in the phloem 
of transgenic plants. Over more than a year of evaluation, 
the transgenic lines exhibited reduced disease severity. 
Bacterial populations in transgenic lines were significantly 
lower than in the controls. Two lines, in which bacterial 
populations were significantly lower than in others, showed 
no visible symptoms. Thus, we demonstrated the potential 
application of the phloem-specific expression of an antimi-
crobial peptide gene to protect citrus plants from HLB.
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Introduction

Huanglongbing (HLB), also known as citrus greening, is 
currently the most devastating disease of citrus worldwide. 
The disease is associated with the phloem-limited bac-
terium Candidatus Liberibacter asiaticus (Calas) (Duan 
et  al. 2009). This disease is spread by the Asian citrus 
psyllid (ACP) vector, Diaphorina citri (Bové 2006). This 
disease was first reported in China in the early twentieth 
century, and has now rapidly spread throughout the citrus-
growing areas (Bové 2014). Calas has a wide host range 
and can infect most rutaceous species and some solana-
ceous species (Duan et al. 2009; Wang and Trivedi 2013). 
HLB-diseased citrus plants often show yellow shoots, 
asymmetric blotchy mottling of older leaves, and inverted 
fruit coloring. At advanced disease stages, twig dieback, 
tree decline, and tree mortality occur, causing tremendous 
losses to the citrus industry. HLB management mainly 
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includes quarantine measures to prevent infected plant 
materials from entering HLB-free orchards, destruction of 
infected trees, and controlling psyllid populations as much 
as possible (Bové 2006). However, disease management is 
not only very difficult, but also expensive. No efficient cure 
is currently available for infected plants.

The replacement of susceptible citrus cultivars with 
those showing field resistance is a potential way to control 
HLB. However, citrus improvement using conventional 
breeding is difficult and time consuming because of numer-
ous issues, such as male/female sterility, a long juvenile 
period, a high degree of heterozygosity, and polyembryony 
(Donmez et  al. 2013; Gong and Liu 2013). Genetic engi-
neering, which has been widely employed to produce dis-
ease-resistant materials without greatly altering the existing 
genetic background, is still the fastest method for improv-
ing existing citrus cultivars. Recently, Dutt et  al. (2015) 
showed that the expression of an Arabidopsis NPR1 gene in 
transgenic citrus exhibits enhanced resistance against HLB.

Different genetic strategies have been used to construct 
disease-resistant plants, including the expression of antimi-
crobial genes from plant and non-plant organisms, as well 
as the use of host disease-response pathway components 
(Gurr and Rushton 2005b). Because no resistant cultivars 
or active resistance genes have been found in citrus, it is 
difficult to generate, through a molecular breeding pro-
gram, resistant materials using only citrus genes. Moreover, 
the expression of antibacterial genes from plant sources has 
resulted in only modest levels of protection against patho-
gens because plant pathogens have already evolved toler-
ances to these plant-derived proteins (Coca et al. 2006). In 
contrast, the expression of genes encoding antimicrobial 
peptides (AMPs) from animal, fungal, or bacterial species 
in transgenic plants has conferred higher levels of protec-
tion and a broad spectrum of resistance against pathogens 
(Holásková et al. 2015).

AMPs are important components of the innate immune 
defense system against microbial pathogens in nearly all 
living organisms, including insects, mammals, and plants 
(Holásková et al. 2015; Salas et al. 2015). They are active 
against a broad range of pathogenic organisms and, when 
compared with traditional antibiotics, they kill bacteria rap-
idly. The modes of AMP action may involve interactions 
between the peptides and the microbial membrane, fol-
lowed by pore formation, which can lead to one or more of 
the following: bacterial membrane disruption, cytoplasmic 
leakage, and interference with intracellular macromolecule 
synthesis (Melo et  al. 2009; Nawrocki et  al. 2014; Straus 
and Hancock 2006). Cecropins, which are natural lytic 
peptides found in Antheraea pernyi, Hyalophora cecropia, 
and Bombyx mori, possess antibacterial activities (Jaynes 
et al. 1993; Sharma et al. 2000). Even at low concentrations 
(0.1–5 µM), cecropins show antibacterial activities against 

a number of Gram-negative and some Gram-positive bac-
teria, but do not affect eukaryotic cells (Chen et al. 1997; 
Holásková et  al. 2015; Mills and Hammerschlag 1993). 
This makes them potentially useful for engineering bacte-
rial resistance in plants. Moreover, in the cecropin family, 
cecropin B shows the strongest activity against Gram-nega-
tive bacteria and, therefore, has been used to increase plant 
resistance against bacterial diseases (He et  al. 2011; Jan 
et al. 2010; Jaynes et al. 1993; Sharma et al. 2000).

In this study, a phloem-specific promoter, GRP1.8, 
and three synthesized cecropin B genes (CB, PRlaCB, 
and PRlaCBer) were assessed to determine whether they 
could be used to engineer resistance to citrus HLB. The 
three genes were designed to enable the accumulation of 
the cecropin B peptide in the cytoplasm and apoplast, as 
well as in the lumen of the endoplasmic reticulum (ER). 
Under the control of the GRP1.8 promoter, the expression 
of the cecropin B gene in the phloem tissues, where Calas 
resides, significantly decreased the host’s susceptibility to 
HLB.

Materials and methods

Plant and growth conditions

Tarocco blood orange (Citrus sinensis Osbeck) was cho-
sen for the transformation experiments. Citrus seeds were 
collected from the National Citrus Germplasm Reposi-
tory, Chongqing, China. Seed regeneration was performed 
as described by Zou et  al. (2008). The basal medium for 
plant culturing was Murashige and Skoog (MS) medium 
(Murashige and Skoog 1962) supplemented with 30 g  l−1 
sucrose and solidified with 2  g  l−1 Gelrite (Promega, 
Fitchburg, WI, USA). The pH was adjusted to 5.8 before 
autoclaving.

Plasmid construction

Three synthesized cecropin B genes were constructed 
for plant transformation (Supplementary Fig.  1a). First, 
the synthesized CB gene, without a signal peptide, was 
designed to retain cecropin B in the cytoplasm. Second, the 
synthesized PR1aCB gene was designed to secret the cecro-
pin B peptide into the apoplastic space. Finally, the synthe-
sized PR1aCBer gene was designed to retain cecropin B in 
the lumen of the ER. In the PR1aCB and PR1aCBer con-
structs, the signal sequence from a secreted plant protein, 
the tobacco PR1a protein (Cornelissen et  al. 1987), was 
fused to the N terminus of the cecropin B sequence. In the 
PR1aCBer construct, an ER retention signal sequence was 
fused to the C terminus of the mature cecropin B. All of the 
genes were fully synthesized by Invitrogen. The sequence 
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AACAAUGGC (underlined translation start codon) was 
inserted between positions −4 and 5 for efficient transla-
tion (Lutcke et al. 1987). BamHI and SalI sites were intro-
duced immediately upstream and downstream of these gene 
sequences.

The gene fragments were digested by BamHI/SalI and 
inserted into a BamHI/SalI-digested pGN vector (Zou et al. 
2014a) to generate an intermediate vector. In the pGN vec-
tor, the gus::npt-II fusion gene (Datla et al. 1991), under the 
control of the CaMV 35S promoter, was used as the selecta-
ble marker and reporter for the genetic transformation 
of citrus mediated by Agrobacterium. Finally, a selected 
phloem-specific promoter (Supplementary Table  1), 
GRP1.8, from the French bean (Phaseolus vulgaris) was 
amplified with flanking HindIII and BamHI restriction 
sites (Supplementary Table 2) and inserted upstream of the 
synthesized cecropin B genes in the intermediate vector 
to yield the pGC, pGA, and pGE plant expression vectors 
(Supplementary Fig.  1b). In these vectors, the expression 
levels of the synthesized cecropin B genes were controlled 
by the GRP1.8 promoter. All of the constructs were verified 
by restriction analyses and DNA sequencing. Each plasmid 
was introduced independently into A. tumefaciens EHA 
105 by electroporation using the Gene PulserTM Xcell sys-
tem (Bio-Rad, Hercules, CA, USA). Transformants were 
selected on YEB (Vervliet et al. 1975) solid medium sup-
plemented with 50 mg/L kanamycin, and further confirmed 
by restriction enzyme and PCR analyses.

Plant transformation

The Agrobacterium-mediated transformation of Tarocco 
blood orange epicotyl explants was performed as previ-
ously described (Zou et al. 2014b). Because the gus::npt-II 
fusion reporter gene was present in these constructs (Sup-
plementary Fig. 1b), kanamycin-resistant shoots were first 
analyzed by β-glucuronidase (GUS) histochemical staining 
to identify transformants (Jefferson et  al. 1987; Zou et  al. 
2008). GUS-positive shoot tips were grafted on Troyer 
citrange [Poncirus trifoliata (L.) Raf. × C. sinensis (L.) 
Osbeck] seedlings in vitro. The recovered shoots were fur-
ther grafted onto Troyer citrange seedlings in the green-
house. As a control, the pGN vector (Zou et  al. 2014a) 
without cecropin B gene was also introduced into Tarocco 
blood orange.

Molecular confirmation of the transgenic plants

The integration of foreign genes in transgenic lines was 
confirmed by PCR analysis. Total genomic DNA was 
prepared using the Plant DNeasy Prep Kit (Qiagen, Bei-
jing, China). The primers g-f/c-r were used to amplify 
GRP1.8::CB and GRP1.8::PRlaCB cassettes in pGC and 

pGA-containing transgenic lines, while g-f/e-r primers 
were used to amplify the GRP1.8::PRlaCBer cassette in 
pGE-containing transgenic lines (Supplementary Fig.  1b 
and Supplementary Table 2). The predicted fragments were 
755, 1009, and 1025  bp long for pGC-, pGA-, and pGE-
containing transgenic lines, respectively. PCR reactions 
were carried out as follows: 94 °C for 5 min and 30 cycles 
of 94 °C for 30 s, 60 °C for 1 min, and 72 °C for 8 min, fol-
lowed by a final extension at 72 °C for 10 min.

Southern blot analysis was also applied to confirm gene 
integration and the copy number of transgenes in the citrus 
genome. In total, 35 µg of genomic DNA from each trans-
genic and control plants was digested with HindIII, sub-
jected to electrophoresis in a 0.8% (w/v) agarose gel, trans-
ferred onto a nylon membrane (Hybond-N+; Amersham 
Biosciences, Buckinghamshire, UK) and cross-linked to 
the membrane with ultraviolet irradiation. The digoxigenin-
labeled PCR product of the gus fragment (Supplementary 
Fig. 1b) was used as the probe. DNA labeling, hybridiza-
tion, and immunological detection were carried out accord-
ing to the manufacturer’s instructions (DIG High Prime 
DNA Labeling and Detection Starter Kit II; Roche, Basel, 
Switzerland).

Quantitative reverse transcription‑polymerase chain 
reaction (qPCR)

RNA extraction was constructed according to the instruc-
tions of the EASYspin Plant RNA Extraction kit (Aidlab, 
Beijing, China). cDNA was synthesized from 1  µg total 
RNA with an iScript cDNA Synthesis kit (Bio-Rad). The 
primers qCB-f/qCB-r (Supplementary Table 2) were used 
to detect the synthesized cecropin B gene in transgenic 
plants. Transcripts of the citrus actin gene (GenBank 
Accession No. GU911361.1), as an internal control, were 
detected with the primers CtAct-f/CtAct-r (Supplementary 
Table  2). cDNAs were amplified in 10-µL reaction mix-
tures using 2 × iQ™ SYBR Green Supermix (Bio-Rad). 
PCR reactions were carried out as follows: a pretreatment 
at 95 °C for 5  min followed by 40 amplification cycles 
of 95 °C for 20  s and 60 °C for 1  min. Experiments were 
repeated three times. Using the WT control as a reference, 
transgene expression levels were calculated as described by 
Zou et al. (2014b).

Western blot analysis

Citrus protein extraction was performed following the 
instructions of the Plant Protein Extraction kit (KeyGEN 
BioTECH, Jiangsui, China). Briefly, 40  µg total proteins 
per sample were separated by 18% (wt/vol) SDS–PAGE 
and electrotransferred onto a polyvinylidene difluoride 
nylon membrane (Millipore Corp., Burlington, MA, USA). 
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Immunodetection was performed using 0.5  µg/ml poly-
clonal rabbit anti-Cecropin B antibody (Abcam, Shang-
hai, China) as the primary antibody and a goat anti-rabbit 
HRP-conjugated secondary antibody (Abgent, San Diego, 
CA, USA), which had been diluted to 1:2500. Hybrid sig-
nals were detected according to the Opti-4CN Substrate kit 
manual (Bio-Rad), and the images were recorded on X-ray 
film.

Microscopic observations

WT and transgenic tissues were prepared for light micro-
scopic observations. Sample preparations of paraffin-
embedded sections were performed as previously described 
(Aritua et  al. 2013). The 20-μm cross-sections were 
made using a KD-1508A microtome (KEDI Instrumental 
Equipment Co. Ltd, Zhejiang, China). The samples were 
observed using a BX51 system microscope equipped with a 
DP70 digital camera (Olympus, Tokyo, Japan).

Immunohistochemical localization of cecropin B

The cecropin B protein immunolocalization procedure 
was performed essentially as described previously (Hou 
and Huang 2005). Briefly, 1 µg/ml polyclonal rabbit anti-
Cecropin B antibody (Abcam) was used to blot cecropin B 
proteins in citrus tissue. After the first and second immu-
noreactions, the slides were rinsed three times in RSR 
solution (10  mM PBS, 0.1% Tween-20, 0.8% BSA, 0.8% 
NaCl) and once in PBS (pH 7.4). The slides were incubated 
with 100 µL of western blotting 3,3′,4,4′-diaminobenzidine 
staining kit (BOSTER, Wuhan, China) for approximately 
1 h in the dark at room temperature. The samples were pho-
tographed with a light microscope system.

HLB resistance analysis

Citrus samples containing Calas were harvested from nat-
urally infected sweet orange (Citrus sinensis Osbeck) in 
a citrus orchard in Guilin, Guangxi Province, China. The 
scions were reproduced and maintained in Tarocco blood 
sweet orange by grafting in a greenhouse with restricted 
access. Using the primers Cla16s-f/Cla16s-r (Supplemen-
tary Table  2), the presence of the Calas pathogen in the 
plants was confirmed by PCR.

Transgenic and control lines were propagated by graft-
ing on Troyer citrange rootstock in the greenhouse, and 
all of the plant growth was directed by maintaining only a 
single stem. After 1 year, three well-grown plants per line 
were selected to evaluate resistance to HLB. The inocula-
tion was performed by graft transmission from axillary 
buds containing the Calas pathogen to transgenic stems. 
Each tested plant was inoculated with three infected buds. 

The inoculated and non-inoculated plants, which acted as 
controls, were maintained in a greenhouse at the Citrus 
Research Institute in Chongqing, China. The Calas patho-
gen levels in plants was quantified every 3  months using 
the qPCR method.

The Calas bacterial populations were tested according to 
the protocol of Tatineni et al. (2008) with some modifica-
tions. Three leaves per plant were selected randomly to be 
tested. Their midrib tissues were pooled and DNA was iso-
lated from the pooled tissues. Using the 2 × iQ™ SYBR 
Green Supermix (Bio-Rad), the Calas 16S and citrus 18S 
genes were amplified using qCla16s-f/ qCla16s-r and 
Ct18s-f /Ct18s-r primers, respectively (Supplementary 
Table 2). The bacterial populations per µg citrus DNA were 
calculated using the formula: Calas cells µg−1 citrus 
DNA =

[

10(−0.2718×Ct16S+10.624)∕10(−0.2749×Ct18S+4.0531)
]

× 10
3

(

12.7 < Ct
16S

< 31.3 and 8.4 < Ct
18S

< 26.5
)

 (Supplemen-
tary Fig.  2). The data analysis was performed using the 
SPSS v22.0 statistical package (IBM Corp., Armonk, NY, 
USA). Data are presented as the means ± standard devia-
tions. Significant differences were subjected to a Tukey’s 
test (P < 0.05).

Results

Production of transgenic citrus plants

Based on the amino acid sequence of the cecropin B from 
the Chinese tasar moth (A. pernyi) (Jaynes et  al. 1993), 
three codon-optimized cecropin B genes, CB, PR1aCB, 
and PR1aCBer, which were designed to locate cecropin B 
protein in the cytoplasm, apoplastic space, and ER, respec-
tively, were synthesized (Supplementary Fig. 1). Moreover, 
to express these genes specifically in citrus phloem, four 
phloem-associated promoters were analyzed using the gene 
encoding GUS as a reporter in Tarocco blood orange (Sup-
plementary Table  1). Histochemical staining showed that 
the GRP1.8 promoter from the French bean had phloem-
specific expression characteristics in Tarocco blood orange 
and was the most efficient promoter compared with the oth-
ers tested (Supplementary Fig. 3). Thus, this promoter was 
selected to direct the expression of the synthesized cecro-
pin B genes in citrus, and the corresponding vectors, pGC, 
pGA, and pGE, were constructed (Supplementary Fig. 1).

These constructs were introduced into the genome of 
Tarocco blood orange by an Agrobacterium-mediated 
transformation. Transgenic plants were screened based on 
GUS activity using histochemical staining. Transformation 
efficiencies of ~10% were observed. GUS-positive shoots 
were grafted on Troyer citrange seedlings in  vitro, and 
the recovered shoots were further grafted onto 2-year-old 
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Troyer citrange rootstocks in the greenhouse. In total, 17 
pGC, 22 pGA, and 32 pGE independent lines, contain-
ing the GRP::CB, GRP::PR1aCB, and GRP::PR1aCBer 
transgenes, respectively, were recovered in this study.

Molecular confirmation of transgenic plants

The presence of the cecropin B gene in GUS-positive plants 
was confirmed by PCR (Fig. 1a). Specific fragments, con-
firming the integration of GRP1.8::CB, GRP1.8::PR1aCB, 
and GRP1.8::PR1aCBer cassettes into the citrus genome, 
were detected in corresponding transformants. These spe-
cific fragments were not detected in WT control plants.

Southern blotting was also used to verify stable 
transgene integration and copy number in transgenic plants. 
One to five integration events were detected in the analyzed 
lines. No hybridizing bands were detected in WT control 
plants, or in the pGC9 and pGC15 lines. Representative 
Southern blot results are shown in Fig. 1b–d.

According to PCR and Southern blot data, 15 pGC-, 
22 pGA-, and 32 pGE-containing transgenic lines were 
used to investigate the cecropin B transcript levels in their 
veins by qPCR. Representative results are shown in Fig. 2. 
High cecropin B expression levels were detected in all of 
these transgenic lines although variable levels of transgene 

Fig. 1  Molecular confirmation of transgenic citrus plants. a PCR 
analysis of transgenic plants. The primers g-f/c-r, g-f/a-r, and 
g-f/e-r were used to confirm the integration of GRP1.8::CB (gc), 
GRP1.8::PRlaCB (ga), and GRP1.8::PRlaCB (ge) cassettes into the 
citrus genome, respectively. The predicted fragments were 755, 1009, 
and 1025  bp long, respectively. a representative 10 lines per vector 

are shown. The amplified fragments were further confirmed by DNA 
sequencing. Lane M, DNA molecular size marker; lane WT, tem-
plate from wild type; other lanes, templates from transgenic lines. 
b–d Southern blot analysis of transgenic plants. Total genomic DNA 
of transgenic plants was digested with HindIII, electrophoresed, and 
probed with a digoxigenin-labeled amplified fragment of the gus gene
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expression were detected. No transgenic transcript was 
detected in the WT controls.

Evaluation of transgenic citrus’ resistance to HLB

The resistance levels of the 69 independent transgenic 
lines were evaluated in the greenhouse. To evaluate the 
resistance of transgenic plants to pathogens, control and 

propagated transgenic plants were inoculated by grafting 
them with axillary buds containing the Calas pathogen. 
First, three replicated clones per line were inoculated by 
graft infection. After 3 months, the presence and population 
levels of the Calas pathogen in the leaf tissues of transgenic 
lines were determined by qPCR (Table  1). In our study, 
threshold values above 31.3 were taken to indicate that no 
bacteria were detected in the citrus plant (Supplementary 

Fig. 2  Real-time PCR analysis of the expression levels of synthetic 
cecropin B in (a) pGA-, (b) pGC-, and (c) pGE-containing transgenic 
citrus plants. Total RNA from veins were extracted for PCR analysis. 

The expression levels of citrus actin were used as the internal control. 
Relative expression levels were calculated compared with the WT 
control. WT wild type
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Fig. 2). As shown in Supplementary Table 3, 22 out of 69 
transgenic lines had bacterial population levels significantly 
lower than those in both the WT and pGN controls. After 
another 3  months, the 22 lines showing enhanced resist-
ance were tested further by qPCR. Eight (pGA5, pGA6, 
pGA12, pGA21, pGC8, pGC16, pGE3, and pGE6) of these 
lines still had significantly lower bacterial cell levels com-
pared with control plants (Table 2). After 1 year of evalua-
tion, the bacterial population levels in the eight transgenic 
lines were still significantly lower than those of the WT and 
pGN controls (Table 2). Our test showed that no significant 
difference in Calas populations was detected between the 
WT and pGN controls. In the line pGA6 and pGC8, the 
bacterial population levels were significantly lower than in 

the other lines (Table 2). These data showed that transfor-
mation with the cecropin B gene could significantly inhibit 
Calas reproduction in citrus.

After 6  months of infection, the majority of the plants 
tested, including control plants, began to develop symp-
toms in new leaves and new flush, and in another 6 months, 
the control plants showed severe symptoms. However, the 
line pGA6 and pGC8 showed no visual symptoms for the 
duration of the experiment (Fig.  3a–c). Moreover, during 
2  years of greenhouse evaluation, there were still no vis-
ible symptoms in the pGA6 and pGC8 lines (Fig.  3d, e), 
and their bacterial population levels were still significantly 
lower than that in the control (Fig. 3f).

Light microscopy analyses showed differences between 
the midribs from transgenic and WT control plants 
12 months after infection (Fig. 4). The number of cell lay-
ers in the phloem of enhanced resistant transgenic plants 
was far fewer than in the control. In transgenic plants, the 
phloem cell walls were markedly thinner than in the con-
trol. These results indicate that the overexpression of cecro-
pin B could significantly inhibit the abnormal hyperplasia 
of the infected phloem cells.

Expression characteristics of cecropin B in transgenic 
plants

The expression characteristics of cecropin B under control 
of the phloem-specific promoter GRP1.8 were investigated 
by in situ hybridization using a cecropin B polyclonal anti-
body. First, transgene expression in the veins of these lines 
was analyzed by western blotting (Supplementary Fig. 4). 
Positive signals, indicating the presence of the mature 
cecropin B peptide, were detected in all of the transgenic 
lines with enhanced disease resistance. Cecropin B was 
not detected in the WT control. The in  situ hybridization 

Table 1  Quantification of Calas populations in transgenic lines by 
qPCR analysis

The mean threshold cycle values (Ct) at 3, 6, 9, and 12 months after 
infection (MAI) were investigated. Standard errors were calculated 
from three plants per line
pGN transgenic control with pGN vector, WT wild type

Line Ct value of Calas 16S gene

3 MAI 6 MAI 9 MAI 12 MAI

pGA5 30.36 ± 1.09 29.39 ± 1.10 28.17 ± 1.12 25.99 ± 1.08
pGA6 31.04 ± 0.85 30.47 ± 0.68 30.26 ± 0.61 29.76 ± 0.57
pGA12 31.01 ± 1.64 30.33 ± 1.13 26.03 ± 1.35 24.60 ± 0.86
pGA21 30.84 ± 1.84 29.07 ± 1.46 27.82 ± 2.00 25.55 ± 0.55
pGC8 31.61 ± 0.97 30.55 ± 1.29 29.77 ± 1.31 31.21 ± 1.45
pGC16 30.76 ± 1.81 30.08 ± 1.25 28.35 ± 0.63 28.92 ± 0.46
pGE3 32.35 ± 1.59 31.36 ± 1.06 25.79 ± 2.07 25.98 ± 3.41
pGE6 30.03 ± 1.45 27.81 ± 1.96 25.48 ± 1.28 22.69 ± 1.00
pGN 21.62 ± 1.45 18.53 ± 1.24 16.36 ± 0.75 16.06 ± 1.51
WT 21.13 ± 0.56 17.85 ± 0.85 16.90 ± 0.60 16.66 ± 0.60

Table 2  Quantification of 
Calas populations in transgenic 
lines by qPCR analysis

The bacterial populations (Calas cells µg−1 of citrus DNA) 6, 9, and 12 months after infection (MAI) were 
investigated. Standard errors were calculated from three plants per line. Different letters to the upper-right 
of the values indicate significant differences from the WT control based on a Tukey’s test (P < 0.05)
pGN transgenic control with pGN vector, WT wild type

Line Bacterial population (Calas cells µg−1 of citrus DNA)

6 MAI 9 MAI 12 MAI

pGA5 1.36 × 104 ± 5.43 × 103 c 3.46 × 104 ± 1.91 × 103 c 1.54 × 106 ± 2.05 × 105 b

pGA6 1.69 × 104 ± 2.38 × 103 c 1.84 × 104 ± 7.09 × 103 c 2.93 × 104 ± 8.79 × 103 c

pGA12 6.49 × 104 ± 2.87 × 104 bc 8.58 × 104 ± 4.86 × 104 bc 2.46 × 105 ± 1.46 × 105 b

pGA21 5.57 × 104 ± 4.18 × 104 bc 3.04 × 105 ± 2.70 × 105 b 9.57 × 105 ± 7.09 × 103 b

pGC8 1.33 × 104 ± 1.21 × 104 bc 2.22 × 104 ± 1.53 × 104 bc 5.38 × 103 ± 2.02 × 103 c

pGC16 2.28 × 104 ± 1.92 × 104 bc 7.49 × 104 ± 3.41 × 104 bc 5.32 × 104 ± 4.37 × 103 b

pGE3 3.44 × 103 ± 4.87 × 103 c 8.29 × 105 ± 4.79 × 105 b 1.10 × 106 ± 8.84 × 105 b

pGE6 7.03 × 104 ± 2.88 × 104 bc 4.94 × 105 ± 2.47 × 105 b 7.47 × 106 ± 2.76 × 106 b

pGN 1.47 × 108 ± 1.12 × 108 a 2.08 × 108 ± 6.24 × 107 a 2.57 × 108 ± 7.78 × 107 a

WT 1.75 × 108 ± 6.28 × 107 a 1.93 × 108 ± 9.92 × 107 a 2.09 × 108 ± 4.11 × 107 a
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analysis showed that the cecropin B protein was detected 
specifically in the phloem of the midribs (Fig. 5). The data 
were in agreement with the results of GUS staining for 
GRP1.8::GUS citrus (Supplementary Fig.  3). Moreover, 
the in  situ hybridization analysis revealed high levels of 
cecropin B expression in companion cells and some weak 
expression in sieve elements.

Discussion

HLB is one of the oldest citrus diseases, being recognized 
over a century ago. However, this disease was largely 
ignored until its recent outbreak affected the global citrus 
industry (da Graca et al. 2016). Calas causes HLB and is 
capable of infecting all known commercial citrus varieties 

Fig. 3  Evaluation of HLB resistance in transgenic citrus lines grow-
ing in a greenhouse. a HLB symptoms in transgenic lines pGA6 and 
pGC8 and a wild type (WT) control 6  months after infection. Red 
arrows indicate the sites where the infected scions were grafted. b 
pGA6 and c wild type, close-ups of flush and leaves. d, e HLB symp-
toms in transgenic line pGA6 and a wild type (WT) control 18 and 
24  months after infection, respectively. f Quantification analysis of 

Calas populations in the transgenic line pGA6 and pGC8. The bacte-
rial populations (Calas cells µg−1 of citrus DNA) 18 and 24 months 
after infection were investigated using qPCR. Standard errors were 
calculated from three plants per line. Different letters on top of the 
bars indicate significant differences from the WT control based on a 
Tukey’s test (P < 0.05)
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Fig. 4  Microscopic analyses of midribs of transgenic (pGA6) and 
wild type (WT) plants 12  months after graft infection. The slides 
were stained with 0.5% Fast green FCF. Light microscopy of the mid-

rib cross-sections showing the phloem, xylem, and parenchymal cells. 
Pa parenchyma, Ph phloem, Xy xylem, F phloem fibers. Bar 50 µm

Fig. 5  Localization of the cecropin B protein in transgenic plants by 
in  situ hybridization. Midrib sections from transgenic and nontrans-
genic lines were hybridized using the polyclonal rabbit anti-cecropin 

B antibody. The data from the line pGC8, pGA6, and pGE3 are pre-
sented. WT wild type, Pa parenchyma, Ph phloem, Xy xylem. Bar 
50 µm
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and several close relatives, resulting in dramatic economic 
losses (Wang and Trivedi 2013). Because no resistant culti-
vars have been identified, the introduction of selected genes 
from other species into citrus is a promising approach to 
improve the resistance of citrus cultivars against HLB dis-
ease. In this study, three synthesized cecropin B genes were 
introduced into Tarocco blood orange (C. sinensis Osbeck) 
to produce transgenic plants resistant to HLB. The pre-
sented data showed that the overexpression of cecropin B 
in the phloem significantly decreased the host’s susceptibil-
ity to HLB.

Successfully producing new plant cultivars with 
enhanced pathogen resistance through the expression of 
transgenic antibacterial genes is dependent on the nature 
of the recipient plant, the specific pathogen, and the gene 
source. During the early stages of plant responses to patho-
gen infection, AMPs, together with antimicrobial metabo-
lites and stress-related proteins, act as components of a non-
specific basal defense mechanism (Bent and Mackey 2007; 
Holásková et al. 2015). Insect cecropin peptides, including 
cecropin B, have attracted attention from plant biotechnol-
ogists because of their high toxicity against many impor-
tant plant pathogens. In the present study, cecropin B from 
the Chinese oak silkworm (A. pernyi) was chosen for the 
genetic improvement of citrus because both the inducible 
and purified antibacterial peptides from Escherichia coli-
immunized Chinese oak silkworms showed in  vitro kill-
ing capabilities against HLB-associated pathogens (Zhang 
et  al. 1995). Data presented here indicated that the over-
expression of cecropin B in citrus resulted in an enhanced 
resistance to HLB disease, implying that cecropin B has 
in vivo capabilities against HLB-associated pathogens. To 
our knowledge, the use of cecropin B is the first successful 
engineering of resistance to the HLB-associated pathogen, 
Calas.

The expression of cecropin B in plants has produced var-
iable and contradictory results regarding disease resistance. 
The transgenic expression of cecropin B in tobacco plants 
did not confer resistance to bacterial infections (Florack 
et  al. 1995; Hightower et  al. 1994), while transgenic rice 
and tomato plants expressing the gene showed enhanced 
resistance to bacterial diseases (Jan et  al. 2010; Sharma 
et al. 2000). The failure to develop pathogen resistance was 
due to the degradation of the peptide by host proteases pre-
sent in the intracellular space (Mills et al. 1994). Secreting 
cecropin B into the host apoplastic space was considered 
to efficiently protect the peptide from potential cecropin-
degrading proteolytic activities (Coca et  al. 2006; Flo-
rack et al. 1995; Jan et al. 2010). According to the modes 
of AMP action (Band and Weiss 2015; Shaw et al. 2006), 
the direct interactions between antibacterial peptides and 
the microbial membrane are key steps for the killing func-
tions of antibacterial peptides. Moreover, phytopathogenic 

bacteria normally multiply in the intercellular space before 
attacking plant cells (Alfano and Collmer 1996). Thus, 
secreting antibacterial peptides to the host apoplastic space 
facilitates the interaction between peptides and pathogens, 
thereby enhancing the efficacy of the antibacterial activity 
(Boscariol et  al. 2006; Coca et  al. 2006; Jan et  al. 2010). 
Interestingly, Coca et  al. (2006) showed that targeting 
cecropin A from the giant silk moth Hyalophora cecropia 
into the ER was a useful method for protecting rice plants 
against the rice blast fungus Magnaporthe grisea. Thus, 
the strategy behind directing the subcellular localization 
of AMP peptides should be based on the targeted patho-
gen’s colonization sites in the plant. Theoretically, retain-
ing antibacterial peptides in the citrus cytoplasm should 
be a preferred strategy for cecropin B to effectively battle 
Calas because the pathogen multiplies in the host cells (Fu 
et al. 2014; Hilf et al. 2013; Zhang et al. 2011). However, in 
some studies, it was demonstrated that cecropin B peptides 
are highly susceptible to degradation by plant cytoplas-
mic proteases and that this susceptibility varies from one 
plant species to another (Cui et al. 2008; Mills et al. 1994). 
Thus, there is no guarantee that a peptide that was effec-
tive in one host against one pathogen will be effective in a 
different host against a different pathogen. In citrus, there 
are no reports on the susceptibility of the cecropin B pep-
tide to endogenous plant proteases or its antibacterial activ-
ity against Calas. In this study, three synthetic cecropin B 
genes, which were each designed to deliver the cecropin B 
peptide to a single site, the intercellular space, cytoplasm, 
or ER, were used to investigate cecropin B-associated 
resistance against HLB. Our results showed that 18% (4 
out of 22) pGA lines demonstrated enhanced resistance, 
while 13% (2 out of 15) pGC, and 6% (2 out of 32) pGE 
transgenic lines had enhanced resistance during the 1-year 
evaluation period, indicating that delivering the cecropin B 
peptide into the intercellular space more efficiently killed 
the HLB pathogen. In  situ hybridization (Fig.  5) showed 
that delivering cecropin B into the intercellular space could 
allow the peptides into the host cytoplasm where Calas 
existed. Passive diffusion into the cytoplasm may allow 
cecropin B peptides to kill cytoplasmic pathogens.

Calas transmission into citrus was usually performed 
by grafting infected citrus tissues (bud, bark, or leaf 
tissue) or by exposure to the ACP vector because the 
pathogen cannot be cultured in  vitro (Dutt et  al. 2015; 
Shokrollah et  al. 2009). Here, a graft infection method 
was selected to evaluate disease resistance to the Calas 
pathogen. To assure the successful transmission of the 
Calas pathogen to each plant tested, the following three 
procedures were performed carefully:first, the presence 
of the Calas pathogen in the buds used for the transmis-
sion were confirmed by PCR before grafting; second, 
three buds were grafted onto each transgenic plant; and 
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finally, plants were decapitated 30 days after graft inocu-
lation to promote grafted buds sprouting. In this way, our 
study showed that most of the grafted buds sprouted two 
to three new leaves 3  months after grafting. The Calas 
pathogen was detected by PCR in these leaves from at 
least one grafted bud per plant.

To investigate the bacterial populations in citrus plants, 
two logarithmic standard curves were developed for cal-
culating Calas pathogen cells per µg citrus genome as 
described in the methods (Supplementary Fig.  2) and 
Tatineni et al. (2008). Using pCalas16S as a template, the 
plasmid concentration corresponding to 1.3 × 101 Calas 
cells µg−1 of citrus DNA gave a consistent fluorescent 
signal, with an average Ct value of 31.3, while the lower 
concentrations did not amplify consistently. Hence, this 
concentration was defined as the detection limit for the con-
ditions used in this study. It was assumed that no bacteria 
were detected in citrus plants when the threshold value was 
higher than 31.3. In our study, none of the transgenic plants 
tested was free of bacteria, indicating that transformations 
with synthesized cecropin B genes can confer plant toler-
ance to the HLB disease. Trivedi et al. (2009) showed that 
there was a minimal Calas concentration required for HLB 
symptoms in sweet orange trees (C. sinensis). Symptomatic 
leaves exhibited 9.17 × 105 to 6.60 × 106 bacteria cells per 
µg citrus genome, while asymptomatic leaves had a con-
centration lower than 4.81 × 105 bacteria cells per µg cit-
rus genome (Trivedi et  al. 2009). Our 1-year evaluation 
showed that the pGA6 and pGC8 transgenic lines, which 
displayed no visible symptoms, had less than 9.29 × 103 to 
2.93 × 104 and 4.89 × 103 to 5.38 × 104 bacteria cells per µg 
citrus genome, respectively. Thus, it is possible to enhance 
citrus resistance by decreasing the bacterial concentration 
to less than that required for HLB symptoms. This might 
provide an effective strategy for controlling HLB damage 
in the field.

The expression of AMPs in transgenic plants has usually 
been driven by strong and constitutive promoters, including 
the CaMV 35S promoter, its derivatives, and ubiquitin pro-
moters from various sources (Holásková et al. 2015). This 
regulatory strategy results in constitutive transgene expres-
sion throughout the plant at a high level, which might have 
a deleterious effect on plant growth and yield, and may 
even cause plant death (Company et  al. 2014; Gurr and 
Rushton 2005a; Nadal et al. 2012). Calas lives in the citrus 
phloem tissue; thus, the phloem-specific expression of trait 
genes is a desirable regulatory pattern for HLB-resistant 
modifications (Dutt et al. 2012, 2015; Miyata et al. 2012). 
In this study, the GRP1.8 promoter from French bean was 
selected to direct the production of the synthesized Cecro-
pin B gene in transgenic plants. GUS histochemical stain-
ing and in situ hybridization showed that the promoter can 
efficiently overexpress target genes in the citrus phloem.

The Calas pathogen colonized sieve elements 
(Tatineni et al. 2008; Zhang et al. 2011), although some 
bacterial cells were also detected in companion cells (Fu 
et al. 2014). However, the hybridization showed that the 
cecropin B protein content was greater in companion 
cells compared with in sieve elements. Thus, the trans-
genic lines showed tolerance to the pathogen, and it is 
possible that the increasing accumulation of the cecropin 
B protein in sieve elements further enhanced the resist-
ance of transgenic plants to HLB. In general, mature 
sieve elements do not produce proteins because they have 
no nucleus. Most of the phloem proteins are produced in 
companion cells and then transferred into mature sieve 
elements (Sjolund 1997). Thus, we could use this similar 
targeting mechanism (the signal peptide of some phloem 
proteins) to deliver antibacterial proteins or mRNAs into 
the sieve elements (Weise et al. 2000; Xoconostle-Cáza-
res et  al. 1999) to increase the chance of an interaction 
between the peptides and bacterial cells that would effi-
ciently kill the pathogen. Additionally, in our experiment, 
the rootstocks used were wild type plants and the root 
systems of most of the transgenic lines were damaged by 
HLB infection (data not shown), which could accelerate 
the disease progression in the canopy of scions. John-
son et al. (2014) indicated that early root infection, prior 
to the development of visible foliar symptoms, plays a 
central role in HLB disease development and spread. In 
various phytoplasma-related diseases, including phloem-
limited bacterial diseases, resistant rootstocks can reduce 
bacterial replication and enhance the disease resistance 
of scions (Albrecht and Bowman 2012; Bertaccini and 
Duduk 2010). Based on these results, the expression 
of cecropin B in rootstocks should further enhance the 
resistance of the transgenic plants.

In summary, this study showed that the overexpres-
sion of the synthesized cecropin B gene in the phloem 
can significantly enhance resistance to HLB disease. This 
strategy provides an effective and promising approach for 
engineering citrus resistance against bacterial diseases. 
Further efforts are in progress to increase the concentra-
tion of cecropin B in the sieve elements. Additionally, 
we are transforming the synthesized cecropin B into 
rootstock varieties and evaluating the resistance of the 
transgenic scion and transgenic rootstock combinations 
against HLB. Finally, the resistance of these transgenic 
lines to HLB will be further investigated in fields exposed 
to free-flying Calas-positive ACPs.
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