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expression of the susceptibility gene CsLOB1 which 
is required for citrus canker disease development. 
In this study, we described in planta expression of 
a specific anti-pthA single-chain variable fragment 
(scFv) recombinant antibody, scFvG8, and assessed 
its function using molecular docking, immunoblot-
ting, and indirect enzyme-linked immunosorbent 
assay (ELISA). Based on the results, homology-
based molecular docking suggested that at least 
eight intermolecular hydrogen bonds are involved in 
pthA-scFvG8 interactions. Immunoblotting and indi-
rect ELISA results reconfirmed specific binding of 
scFvG8 to pthA protein. Moreover, gene fragment 
encoding scFvG8 was cloned into plant expression 
vector and transiently expressed in leaves of Nicoti-
ana tabacum cv. Samson by agroinfiltration method. 
Transient expression of scFvG8 (at the expected size 
of 35  kDa) in N. tabacum leaves was confirmed by 
western blotting. Also, immunoblotting and indi-
rect ELISA showed that the plant-derived scFvG8 
had similar activity to purified scFvG8 antibody in 
detecting pthA. Additionally, in scFvG8-expressing 
tobacco leaves challenged with Xcc, a reduction (for 
up to 70%) of hypersensitive response (HR) pos-
sibly via direct interaction with pthA, was observed 
in the necrotic leaf area compared to control plants 
infected with empty vector. The results obtained in 
this study confirm that scFvG8 can suppress the func-
tion of pthA effector protein within plant cells, thus 
the induction of stable expression of scFvG8 in lime 

Abstract  Citrus bacterial canker, caused by Xan-
thomonas citri subsp. citri (Xcc), is a major disease 
of citrus plants, causing a significant loss in the cit-
rus industry. The pthA is a bacterial effector protein 
mediates protein–protein and protein-DNA interac-
tions and modulates host transcription. Injection of 
pthA effector protein into the host cell induces the 
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trees can be considered as an appropriate approach to 
confer resistance to Xcc.

Keywords  Citrus bacterial canker · Xcc · pthA · 
Single chain fragment variable · Transient expression

Introduction

Citrus bacterial canker caused by Xanthomonas citri 
subsp. citri (Xcc) causes severe damage to many cit-
rus species, resulting in quality loss and yield reduc-
tion by forming yellow chlorotic rings on fruits and 
other parts of the plant (Gurlebeck et al. 2006). The 
pathogenic effector protein pthA plays a substantial 
role in the interaction between Xcc and citrus. In fact, 
pthA is the major determinant of Xcc pathogenicity 
that contributes to the hypersensitive response (HR) 
in resistant hosts and pathogenicity in susceptible 
genotypes and non-host plants (Mysore and Ryu, 
2004; Gurlebeck et  al. 2006; Roeschlin et  al. 2017). 
The pthA protein is encoded by the avrBs3/pthA gene 
family and it is translocated into the plant by a type III 
secretion system of the bacterium and transferred into 
the host cell nucleus by a nuclear localization signal 
(NLS) (Kay et al. 2005; Boch and Bonas, 2010). The 
protein translocation via T3SS depends on ring struc-
tures that enclose an inner transport channel; these 
structures are associated with HrpE, an extracellular 
filamentous appendage, in Xcc and they act as a chan-
nel through which, effector proteins are transferred 
into the host cell cytosol (Ghosh, 2004; Gottig et al. 
2009). The entry of pthA into the cell affects mRNA 
processing and translation (De Souza et  al. 2012), 
since pthA-NLS mimics host transcription factors as 
it inhibits peptidyl-prolyl cis–trans isomerase activ-
ity of cyclophilin (CYP) and targets the promoters 
of genes such as lateral organ boundary 1 (LOB1), 
2-oxo-glutarate/FE(II)-dependent dioxygenase 
(DIOX), and cyclin B genes (CCNBS) (Pereira et  al. 
2014). Additionally, some studies have discussed 
that importins (α and β) help in the transport of pthA 
into the nucleus where they interfere with transcrip-
tion (Domingues et al. 2010; Boch and Bonas, 2010; 
Gochez et al. 2018). Interestingly, mutations of pthA 
can lead to a loss of hypertrophy (cell enlargement) 
but do not affect bacterial growth in host leaf tissue 
(Hu et  al. 2014), confirming the role of pthA in the 
disease development in the host.

Recently, as an alternative approach for plant 
disease control, recombinant antibodies have been 
employed to confer resistance in plants (Safarnejad 
et  al. 2011; Peschen et  al. 2016). Due to the essen-
tial role of pthA in the canker development, scFvG8 
expression in citrus seedlings can lead to the forma-
tion of anti-pthA antibody pthA complex that may 
impair pthA activity, interrupt the pathogenesis, con-
fer resistance towards Xcc and eventually, effectively 
control the disease (Peschen et al. 2016). Since plants 
do not have an antibody-producing immune system to 
identify and inactivate pathogens, transformation of 
anti-pthA antibody gene and induction of its expres-
sion into the plant cell can be as a suitable approach 
to produce transgenic plants resistant to Xcc.

In this context, recombinant antibodies are applied 
to develop so-called plantibodies that produce resist-
ance to pathogens; this approach involves the intro-
duction of a gene cassette encoding a single-chain 
variable fragment (scFv) antibody against virulence 
factor(s) of a pathogen in plants (Schillberg et  al. 
2001; Cervera et al. 2010; Hemmer et al. 2018; Dia-
mos et al. 2020). An scFv is comprised of light- and 
heavy-chain variable domains (VL and VH, respec-
tively) with a glycine-serine flexible linker located 
between them to improve scFv folding, flexibility, 
and stability. These fragment antibodies are about 
one-fifth that of full-length immunoglobulin G (IgG) 
antibodies (Holliger and Hudson 2005) and have a 
molecular mass of about 30  kDa. An scFv contains 
six complementarity-determining regions (CDRs) 
namely, CDR L1-L3 and CDR H1-H3, that may inter-
act with the antigen (Monnier et  al. 2013). Notably, 
scFv antibodies have been preferred over full-length 
antibodies for the production of transgenic plants 
because they can be easily engineered and expressed 
in the cytosol, and they are effective even at low accu-
mulation levels (Schillberg et  al. 2001). The use of 
scFv antibodies for producing transgenic plants was 
established in the early 1990s and for the first time, 
antibody-mediated resistance in plants was reported 
by Tavladoraki et al. (1993) who induced the expres-
sion of a specific scFv against the viral coat protein 
of Artichoke mottle crinkle virus (AMCV) in bacte-
ria and then in transgenic Nicotiana benthamiana 
and reported resistance to AMCV (Tavladoraki et al. 
1993). Subsequently, Le Gall et  al. (1998) showed 
that antibody-based resistance based on scFv frag-
ments is also useful against bacterial pathogens. This 



271Transgenic Res (2022) 31:269–283	

1 3
Vol.: (0123456789)

study investigated the expression of specific scFv for 
major membrane proteins of Candidatus Phytoplasma 
solani; since Ca. P. solani is limited to phloem tissues, 
anti-phytoplasma scFv antibodies should be directed 
through the secretory pathway. This study showed 
that grafting of transgenic tobacco shoots expressing 
anti-phytoplasma scFv antibodies onto tobacco plants 
infected with phytoplasma, can greatly reduce disease 
severity (Le Gall et al.1998). In another work, Chen 
and Chen (1998) investigated the cytosolic expres-
sion of scFv against corn stunt spiroplasma (CSS) 
and reported that scFv could be detected in transgenic 
plants; however, no effect on CSS disease progres-
sion in challenged plants was observed. Since CSS is 
restricted to sieve tubes, the use of antibodies directed 
to the secretory pathway in phloem cells should be 
considered in future studies. Later, the production of 
transgenic plants that express scFv fragments against 
various pathogens including Potato virus Y (PVY) 
(Gargouri-Bouzid et  al. 2006), Tomato yellow leaf 
curl virus (TYLCV) (Safarnejad et  al. 2009), Broad 
bean mottle virus (BBMV) (Ghannam et  al. 2015) 
and Grapevine fanleaf virus (GFLV) (Hemmer et al. 
2018) was reported.

In our earlier work, we described a pthA-specific 
scFv antibody derived from phage display library 
screening (Raeisi et al. 2019a, b). In the present study, 
transient expression of the corresponding cDNA 
in Nicotiana tabacum cv. Samson was studied to 
examine the efficacy of the anti-pthA scFv antibody 
against Xcc. Our results showed that the application 
of anti-pthA scFv antibody fragment expressed in 
plants, increases resistance to Xcc in a tobacco plant 
model. The present findings provide a basis for fur-
ther research on the development of disease-resistant 
cultivars by introducing selected antibody-encoding 
genes in citrus. To the best of our knowledge, this is 
the first report on the functionality of a specific scFv 
against pthA and Xcc in plants.

Materials and methods

In silico analysis of scFvG8 antibody affinity for 
pthA

Homology modeling and molecular docking were 
performed to assess interactions between scFvG8 
and pthA. Three dimensional (3D) structures of 

recombinant pthA and scFvFG8 were modeled by 
I-TASSER server service (https://​zhang​lab.​ccmb.​
med.​umich.​edu/I-​TASSER/). The 3D models were 
generated by collecting the highest scoring of tem-
plate models based on the target model amino acid 
sequence. ModRefiner server service (http://​zhang​
lab.​ccmb.​med.​umich.​edu/​ModRe​finer/) was used to 
refine I-TASSER-predicted 3D structural models. 
Finally, ProSA server service (https://​prosa.​servi​ces.​
came.​sbg.​ac.​at/​prosa.​php) was used to evaluate qual-
ity, accuracy, and reliability of the generated homol-
ogy model (Wiederstein and Sippl, 2007). Further, 
Haddock server service (https://​haddo​ck.​scien​ce.​uu.​
nl/​servi​ces/​HADDO​CK2.2/) was used to investigate 
the mode of interactions between pthA and scFvG8 
refined models. The final model was then selected 
based on the largest cluster size and minimal local 
energy. Possible interactions of the structural models 
were analyzed using Pymol software version 1.5.0.1 
(http://​pymol.​findm​ysoft.​com) and visualized by 
ligplot plus software version 4.5.3 (Laskowski and 
Swindells 2011).

Bacterial expression and purification of pthA and 
scFvG8 recombinant proteins

The pET28a-pthA construct previously prepared by 
Raeisi et al (2019b) was used for production of pthA 
protein (supplementary Fig.  1a). This construct har-
bor c-terminal of pthA gene (606 bp) isolated from an 
Iranian A* isolate. The expression of foreign gene was 
induced in the Rosetta (DE3) strain of Escherichia 
coli by 1 mM isopropyl β-d-1-thiogalactopyranoside 
(IPTG) for 16  h at 30  °C, and then, it was purified 
under native conditions by immobilized metal ion 
affinity chromatography (IMAC) (Qiagen, Hilden, 
Germany) using the attached His-tag as described 
earlier (Safarnejad et al. 2008).

As previously described (Raeisi et  al. 2019a), 
the scFv antibody fragment was isolated by screen-
ing Tomlinson I naïve scFv phage display library 
against the pthA recombinant protein. A highly spe-
cific scFvG8 antibody was selected and sequenced 
to confirm the existence of full-length VH and VL 
domains. The pHEN primers were used for Sanger 
DNA sequencing (Pishgam Biotech Co. Tehran, 
Iran), and sequence alignments were performed 
using IMGT/V-QUEST alignment tool (http://​www.​
imgt.​org). The E. coli HB2151 was used to express 

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/ModRefiner/
http://zhanglab.ccmb.med.umich.edu/ModRefiner/
https://prosa.services.came.sbg.ac.at/prosa.php
https://prosa.services.came.sbg.ac.at/prosa.php
https://haddock.science.uu.nl/services/HADDOCK2.2/
https://haddock.science.uu.nl/services/HADDOCK2.2/
http://pymol.findmysoft.com
http://www.imgt.org
http://www.imgt.org
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scFvG8. The protein expression was induced by treat-
ment with 1 mM IPTG for 16 h at 30  °C. The His-
tagged scFvG8 was purified by IMAC for subsequent 
analyses (Raeisi et al. 2019a).

Preparation of Xanthomonas citri subsp. citri 
(Xcc)‑infected samples

The natural Xcc-infected Mexican lime (Citrus auran-
tifolia) were collected from Jiroft area located in 
southern regions of Iran. The samples with symptoms 
of chlorotic, necrotic, and canker lesions on leaves, 
fruit, and stems were used in serological assays. The 
extraction of plant protein was conducted in 1:3 (m/v) 
extraction buffer (1X PBS buffer (5.85  g/L NaCl, 
4.72  g/L Na2HPO4, 2.64  g/L NaH2PO4.2H2O, pH 
7.2), 5 mM EDTA, 5 mM β-mercaptoethanol or 2% 
(v/v) polyvinylpyrrolidone, pH 7.5).

Cloning into plant transformation vector

The entire gene encoding scFvG8 protein was sub-
cloned to pCAMBIA1300 plant expression vector 
under the control of 35S cauliflower mosaic virus 
(CaMV) promoter via SalI/NotI restriction digestion. 
Since no leader peptide or tag has been added before 
or after scFv gene, these construct were assigned for 
cytosolic expression of scFv fragment in plant cells. 
The novel construct, pCAMBIA-scFvG8, was used 
to express scFvG8 in Nicotiana tabacum cv. Sam-
son leaves by agroinfiltration. The competent cells 
of Agrobacterium radiobacter (formerly known as 
Agrobacterium tumefaciens) GV3101 strain resistant 
to gentamicin, kanamycin, and rifampicin (Gmr, Kmr, 
and Rifr) were prepared (Hofgen and Willmitzer, 
1988) and transformed using pCAMBIA-scFvG8 via 
heat shock method (Weigel and Glazebrook, 2006). 
Recombinant agrobacteria were identified by poly-
merase chain reaction (PCR) using specific primers 
(forward: 5′-ATC​CTT​CGC​AAG​ACC​CTT​CCTCT-
3′ and reverse: 5′-AGA​GAG​AGA​TAG​ATT​TGT​
AGAGA-3′). PCR was initiated at 94 °C (for 10 min) 
and followed by 35 cycles of 94 °C (for 30 s), 57 °C 
(for 30 s), and 72 °C (for 2 min) and a final extension 
at 72 °C (for 10 min).

Transformed agrobacterium was cultured in Luria 
broth (LB) medium containing 50  mg/L of kana-
mycin and 10  mg/L rifampicin at 28  °C under agi-
tation at 160  rpm. The bacterial cells at OD600 of 

1 were collected, and transferred to 10  mL MMA 
(0.43% (w/v) Murashige & Skoog (MS) salts, 10 mM 
2-(N-morpholino) ethanesulfonic acid (MES), 2% 
(w/v) sucrose, and 200 mM Acetosyringone (pH5.6) 
and incubated at 22˚C for 3  h before infiltration 
(Shahryari et al. 2013).

Transient expression of anti‑pthA scFvG8 in tobacco 
leaves

The six-week-old plants were grown in a greenhouse 
at 22  °C, with 80% relative humidity, under 16:8  h 
light:dark photoperiod. Six biological replicates 
with at least six leaves per replicate were considered 
for each treatment. The lower epidermis of N. taba-
cum cv. Samson intact leaves were agroinfiltrated by 
pCAMBIA-scFvG8 using a syringe. PBS buffer and 
agrobacterium containing empty pCAMBIA plasmid 
were injected as negative controls and suspensions of 
Xcc (108  CFU/mL of NIGEB-088 prepared in PBS) 
were used as positive controls. After three days, 
total soluble proteins were isolated from the injected 
leaves using 2  mL of extraction buffer per gram of 
leaf. Cell debris was removed by centrifugation at 
16,000×g, at 4 °C for 30 min. Then, scFvG8 expres-
sion was assessed by immunoassays. Western blotting 
was done for detecting scFvG8 antibody in leaf total 
proteins as previously described.

Western blotting, Dot immunobinding assay (DIBA), 
and indirect enzyme‑linked immunosorbent assay 
(ELISA)

The binding activity of purified scFvG8 against 
recombinant pthA and native pthA presented in 
extract of infected lime was evaluated via western 
blotting, dot immunobinding assay (DIBA), and indi-
rect enzyme-linked immunosorbent assay (ELISA) 
(Raeisi et  al. 2020). Moreover, to estimate the effi-
ciency of the plant-produced scFvG8 in pthA detec-
tion, total soluble proteins extracted from transformed 
tobacco leaves expressing scFvG8 were used as a pri-
mary antibody in immunoassays.

Western blot was conducted using purified pthA 
(10  μg/mL) and bovine serum albumin (BSA, 
100  μg/mL). The proteins (10 μL) were separated 
on 12% SDS-PAGE gel and transferred to Mil-
lipore polyvinylidene difluoride (PVDF) mem-
brane (Sigma-Aldrich, Germany) according to 
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the manufacturer’s instructions. The membrane 
was blocked with 5% (w/v) skimmed milk powder 
(Fluka, Germany) in 1X PBS buffer and incubated 
with purified scFvG8 protein (10 μg/mL) or plant-
produced scFvG8 at 4  °C for 16  h. The scFvG8 
protein was detected by anti- c-myc monoclonal 
antibody (1:5000) (Abcam, USA), and then, by 
anti-mouse IgG conjugated to alkaline phosphatase 
(1:7000) (Sigma-Aldrich, USA). The substrate 
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 
nitro blue tetrazolium (NBT) (Sigma-Aldrich, Ger-
many) were used to detect the proteins.

DIBA was performed using purified pthA pro-
tein (10  μg/mL) and protein extracts of healthy and 
infected plant samples. Protein extracts (5 μL) were 
spotted on a nitrocellulose membrane. After blocking 
by 5% (w/v) skimmed milk powder, the membrane 
was washed three times with 1X PBS buffer contain-
ing 0.1% Tween 20 (PBST). The purified scFvG8 
antibody (10 μg/mL) or plant-produced scFvG8 was 
added and incubated for 2 h at 37 °C and the mem-
brane was washed with 0.1% PBST. Anti-c-myc anti-
body was added that followed by goat anti-mouse IgG 
conjugated alkaline phosphatase for 2 h at 37 °C. The 
substrate BCIP/NBT was used to make the target pro-
teins visible.

In indirect ELISA, healthy and infected plant 
extracts were applied to coat microplate wells 
(Thermo Fisher Scientific, USA), and purified 
recombinant pthA protein (10  µg/mL) was consid-
ered as a positive control. To determine the speci-
ficity of scFvG8, recombinant protein HrpE of Xcc 
(previously reported by Raeisi et  al. 2018a, b) and 
BSA were used as negative controls. The plate was 
stored at 4  °C for 16  h. After blocking with 3% 
(w/v) skimmed milk for 2 h at 37  °C, the plate was 
washed three times with 0.1% (w/v) PBS. The puri-
fied scFvG8 antibody (10 μg/mL) or plant-produced 
scFvG8 was added and incubated for 2  h at 37  °C. 
The reaction between the antibody and antigen was 
detected by adding anti-c-myc antibody and then, goat 
anti-mouse IgG conjugated to horseradish peroxidase 
(HRP) (Abcam, USA). The reaction was detected by 
adding 2,2-azino-di-3-ethylbenz-thiazoline sulfonate 
(ABST) (Fermentase, Vilnius, Lithuania) as sub-
strate. The absorbance was recorded at 405 nm by an 
ELISA reader (Tecan, Switzerland). Reactions were 
considered positive when the corresponding ELISA 
readings were at least twice those of the controls.

Characterization of plant‑produced scFvG8 and 
assessment of transgenic plant resistance against 
Xanthomonas citri subsp. citri (Xcc)

To confirm the ability of scFvG8-expressing 
tobacco to reduce Xcc symptoms, agroinfiltration of 
pCAMBIA-scFvG8 was performed in leaves of wild 
type N. tabacum cv. Samson plants. Three days after 
infiltration, suspension of Xcc (108  CFU/mL) was 
infiltrated in the same area. The ability to elicit HR 
by Xcc on the N. tabacum cv. Samson was investi-
gated by measuring the size of the necrotic lesions 
developed by Xcc. Plant responses were examined 
for 24–72 h post-inoculation.

Statistical analysis

GraphPad Prism 8.0 software (GraphPad Software, 
CA, USA) was used for statistical analysis. Results 
are presented as mean ± standard deviation (SD) for 
triplicate ELISA reading. Results of the inocula-
tion experiments (area of necrosis) were analyzed 
using one-way ANOVA followed by Duncan’s test 
(P < 0.05).

Results

scFvG8 sequence analysis

The isolation of specific DNA sequences encod-
ing scFvG8 antibody (accession No. MT997070) 
from Tomlinson I naïve scFv phage library (MRC, 
Cambridge, England, ReIn_0017) was previously 
reported by screening with recombinant pthA 
(Raeisi et  al. 2019a, b). To confirm the existence 
of full-length VH and VL domains, the sequence 
was translated and aligned with other available 
sequences in IMGT database (http://​www.​imgt.​org). 
The CDRs of scFvG8 are shown in Table 1 and sup-
plementary Fig. 1b. CDRI, II, and III of VH domain 
were respectively found at positions 28–35, 53–60, 
and 99–107 in the primary protein sequence. CDRI, 
II, and III of VL were respectively located at posi-
tions 160–166, 183–187, and 223–231.

http://www.imgt.org
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Homology modelling and molecular docking between 
pthA and ScFvG8

I-TASSER server service was used to generate 3D 
models of recombinant pthA structure and scFvG8. 
For the next steps, the structure with the least energy 
was chosen among the 5 models proposed by the 
server. Based on Ramachandran plots, 91.7% of the 
residues were placed into the combination of favored 
and allowed categories (Supplementary Fig.  2a and 
b). Thus, the structure with the least energy was 
chosen for both pthA (Supplementary Fig.  3a) and 
scFvG8 (Supplementary Fig.  3b). The total model 
quality calculated by ProSA Z-score was − 7.15 for 
pthA and − 6.06 for scFvG8, implicating the high 
quality of the models (supplementary Fig. 3c and d). 
Based on the results of ProSA web tool, considering 
the bold black circle, the predicted scFvG8 and pthA 
models were in the range of experimentally solved 
structures and they were suitable for the molecular 
docking study.

Haddock was used to visually evaluate the inter-
action between scFvG8 and pthA. As a negative 
control, the BSA (PDB: 4f5s) 3D model was docked 
onto scFvG8 model (data not shown). In the case of 
scFvG8, the model with the lowest energy docking 
(among 40 models) was selected (Fig. 1a). Docking 
results of the scFvG8 antibody and pthA showed 
a binding energy of − 738  kcal/mol which was 
approximately twice that of the interaction between 
scFvG8 and BSA (− 389  kcal/mol). Furthermore, 
hydrogen bond interaction analyses showed that 
the complex was stabilized by eight intermolecular 
hydrogen bonds that interact with pthA [i.e. CDRI 
(Thr: 30, Ser: 33, and Tyr: 34) and CDRII (Ala: 55 
and Thr: 60) of VH domain, and CDRII (Asp: 184 

and Asp: 187) and CDRIII (Lys: 228) of VL domain 
(Fig.  1b)]. Among these residues, CDRIII of VH 
and CDRI of VL were not involved in intermolecu-
lar hydrogen bonding. Taken together, these results 
indicate that four CDRs are involved in scFvG8-
pthA interaction (Table 2).

In vitro pthA binding activity of purified scFvG8

Both scFvG8 and pthA were expressed in E. coli 
strains and the purified proteins were used for sub-
sequent analyses. The serological reactivity of 
scFvG8 was investigated using western blot analy-
sis, DIBA, and indirect ELISA against recombinant 
pthA, Xcc-infected plants, and healthy samples.

Western blotting showed that scFvG8 could 
detect recombinant pthA protein and native pthA in 
the infected plant, as it revealed a protein band at 
the expected size of 25  kDa for recombinant pthA 
and 70 kDa for native pthA while no reaction with 
BSA was observed (Fig.  2a). The protein band 
revealed for two Xcc-infected plant samples was at 
the expected size but the detected band was much 
stronger in infected sample 1 than infected sam-
ple 2, indicating differences in pthA protein levels 
between the samples. DIBA confirmed the results 
of western blotting (Fig.  2b) and showed that the 
scFvG8 antibody can react with pthA in infected 
samples and with recombinant pthA.

To confirm the ability of scFvG8 to detect pthA 
protein in infected plants, indirect ELISA was per-
formed using several Xcc-infected samples. In 
ELISA, recombinant pthA protein as a positive 
control at a concentration of 10 μg/mL, showed the 
highest absorption rate, followed by samples one 
and four of Xcc-infected plants; scFvG8 showed 
50% less absorption compared to the positive con-
trol. Moreover, the rate of adsorption for scFvG8 
in other Xcc-infected samples was about 36–47% 
while in samples of healthy plants, the binding 
ranged between 10 and 15%. Negative control sam-
ples BSA and HrpE had similar absorption rates to 
healthy samples, which was about 13% compared to 
the positive control. These results verified the speci-
ficity of scFvG8 for detecting both recombinant 
pthA and pthA secreted by Xcc in infected plants 
and confirmed the absence of cross-reactivity with 
other proteins (Fig. 2c).

Table 1   The amino acid sequences of scFvG8 (including 
depiction of CDRs) with specificity for pthA, obtained from 
the Tomlinson I library

CDR Situation Sequence

H1 28–35 GFTFSSYA
H2 53–60 IGASGNAT
H3 99–107 AKDCATFDY
L1 160–166 QSISSY
L2 183–187 YDASD
L3 223–231 QQSTSKPST
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A

B

scFcG8 pthA

Fig. 1   Three-dimensional presentation of scFvG8 binding to 
pthA. a 3D presentation of binding poses of pthA (pink) and 
scFvG8 (blue); and b Intermolecular analyses of scFvG8-pthA 

interaction. Hydrogen bonds involved in the interactions with 
scFv are shown (A: antigen and B: antibody)
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In planta expression of scFvG8

To study the expression of scFvG8 antibody in the 
cytosol of Nicotiana tabacum cv. Samson leaves, an 
expression cassette bearing genes encoding scFvG8 
antibody, named pCAMBIA-scFvG8, was con-
structed (Fig. 3a). To ensure the presence of scFvG8 
cDNA in the pCAMBIA plasmid, PCR was done 
using scFv-specific primers (supplementary Fig. 4).

The construct was introduced into N. taba-
cum leaves by agroinfiltration and then, transiently 
expressed in transformed tissues. Three days later, 
the transformed tobacco leaves were analyzed by 

Table 2   Amino acid residues of scFvG8 involved in hydrogen 
bonds formed during interaction with pthA

CDR Position

Heavy chain Light chain

1 Thr:30, Ser:33, Tyr:34 –
2 Ala:55, Thr:60 Asp:184, Asp:187
3 – Lys:228

Fig. 2   The characterization of in  vitro binding activity of 
scFvG8. a Western blot analysis. M: pre-stained protein ladder 
(Fermentas, Lithuania); b DIBA; c Indirect ELISA. scFv anti-
body-pthA binding was determined at 405 nm. BSA was used 

as a negative control. Data are presented as mean ± SD (n = 3). 
Different letters indicate significant differences (p < 0.01) 
among different samples
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western blotting to confirm scFvG8 expression. The 
result showed a ~ 35 kDa band for scFvG8 (Fig. 3b), 
confirming the correct expression of scFvG8 in plant 
cells.

Function of scFvG8 expressed in tobacco leaves

The pthA binding activity of plant-produced scFvG8 
was evaluated using the total protein extracted from 
the transformed plant as a primary antibody in west-
ern blot, DIBA, and indirect ELISA.

The results of western blotting showed that plant-
derived scFvG8 antibody functioned similarly to 
purified scFvG8 and could detect pthA protein at the 
expected size of 25 and 70 kDa for recombinant and 
native forms, respectively (Fig.  4a). These results 
were also confirmed by DIBA (Fig. 4b).

The ability of scFvG8 expressed in tobacco leaves 
to detect various Xcc-infected plants was assessed 
by indirect ELISA (Fig.  4c). The results showed 
that plant-derived scFvG8 could detect Xcc-infected 
plants so that compared to the positive control, 

scFvG8 showed about 35–54% absorption in Xcc-
infected plant samples, but near 14% in healthy and 
negative control samples. These results showed that 
plant-produced scFvG8 binds strongly to pthA and is 
functional in the cytosol of transformed plant tissues.

To study the specificity of the antibody, pCAM-
BIA-scFvG8 was initially infiltrated into fully 
expanded leaves of N. tabacum cv. Samson, followed 
by infiltrating a suspension of Xcc (108 CFU/mL) in 
the same area of the leaves. The results showed that 
plants infiltrated only with Xcc developed a distinct 
necrotic local lesion in two days, while the controls, 
i.e. PBS and vector control, were asymptomatic 
(Fig.  5a). A comparison of the size of the necrotic 
lesions developed by Xcc, PBS, and vector control, 
showed that Xcc could well induce HR and necrotic 
lesions of about 1.5 cm2 in the tobacco leaves, while 
necrotic lesions were not considerable in PBS, and 
vector control (Fig. 5b; Table 3a).

Interestingly, when the leaves were injected 
with scFvG8 first and then with Xcc, HR within 

Fig. 3   a Schematic pres-
entation of the pCAMBIA 
constructs used for scFvG8 
expression in plants as well 
as the restriction sites; and 
b Western blot analysis of 
scFvG8 transiently pro-
duced in plant (N. tabacum 
cv. Samson). M: pre-stained 
protein ladder (Fermentas, 
Lithuania), Lane 1: BSA; 
lane 2: scFvG8 expression 
in tobacco leaves; and Lane 
3: untransformed tobacco 
leaves (as a negative 
control)
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the infiltrated area was suppressed and the tis-
sue lesions became smaller (Fig.  5c). The result-
ing necrotic area on PBS and vector control leaves 
was significantly greater compared to that of the 
scFvG8-expressing leaves. Necrotic lesions arising 
from Xcc were larger than 2 cm2 on PBS and vec-
tor control leaves, while they were very limited on 
scFvG8-expressing leaves (Table 3b). These results 
showed that the antibody decreased the necrotic 
area on the leaves for up to 70% compared to con-
trol plants, indicating the prevention of Xcc patho-
genicity by blocking pthA activity.

Discussion

The antibody-mediated resistance-inducing strategies 
attempt to limit/suppress pathogenicity and confer 
resistance toward pathogens (Peschen et  al. 2016). 
In these strategies, the key products of a pathogen, 
especially its virulence factor, are targeted as anti-
gens by specific antibodies produced in plants to 
develop resistance in them. Here, due to the key role 
of pthA in bacterial pathogenesis, we investigated 
the transient expression of a recombinant anti-pthA 
antibody, scFvG8, in N. tabacum cv. Samson leaf 
cytosol. For this purpose, scFvG8 was first selected 

Fig. 4   a The ability of scFvG8 expressed in leaves of N. taba-
cum to detect recombinant pthA and native pthA in infected 
sample. The total extracted proteins of tobacco leaves were 
used as a primary antibody to detect pthA. Lanes 1–4: pthA 
and Lane 5: BSA; and b DIBA was used to detect Xcc-infected 

samples and purified pthA protein, using scFvG8 produced by 
the plants; c Indirect ELISA done using plant-derived scFvG8 
to detect Xcc-infected samples and purified pthA protein. Data 
are presented as mean ± SD (n = 3). Different letters indicate 
significant differences (p < 0.01) among different samples
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from naïve phage display libraries by exploiting their 
high affinity for recombinant pthA. Assessment of 
scFvG8 encoding sequence confirmed the presence 
of six CDRs (three in each chain) and their position 
was characterized using the IMGT database. Docking 
results of the scFvG8 antibody and pthA showed a 
binding energy of − 738 kcal/mol which was approxi-
mately twice that of scFvG8-BSA interaction, indi-
cating specific and strong binding of the antibody to 
the antigen. As mentioned in other studies, the esti-
mated binding energy in an antibody-antigen inter-
action is usually higher than − 600  kcal/mol and in 
most cases, it is about twice that of antibody-BSA 
interaction (Pashaki et  al. 2017; Shahmirzaie et  al. 
2020; Raeisi et  al 2020; Raeisi et  al 2021). Further-
more, our results showed that the binding domain 
was mainly formed by eight intermolecular hydrogen 
bonds that propose the involvement of four CDRs 
(CDRH1, CDRH2, CDRL2, and CDRL3) in scFvG8-
pthA interaction. Some studies showed that each of 
the six CDRs can be responsible for antigen binding 

Fig. 5   a Appearance of untransformed N. tabacum leaves 
inoculated with Xanthomonas citri subsp. citri (Xcc). The 
leaves infiltrated with vector control and PBS were used as 
negative controls. b Comparison of necrosis area in terms of 
mean lesion size (2 dpi). c Appearance of transformed N. taba-
cum leaves by pCAMBIA-scFvG8, PBS, or vector control that 

after three days were inoculated with Xcc and scored 2 dpi. d 
Comparison of the necrosis area in terms of mean lesion size. 
Data presents the average lesion size of three independent 
experiments with six plants in each replicate. Different letters 
indicate significant differences (p < 0.01) among different sam-
ples

Table 3   (a) Mean lesion size on untransformed N. tabacum 
leaves (Wild type) following inoculation with Xanthomonas 
citri subsp. citri (Xcc)

Data presents the average lesion size of three independent 
experiments with six plants in each replicate. Different letters 
in superscript following the values in rows showed significant 
differences at p < 0.01
The leaves infiltrated with vector control or PBS were used as 
negative controls (scored 2 dpi), and (b) mean lesion size on 
scFvG8-expressing N. tabacum tissues, leaves infiltrated with 
PBS, or vector control that were inoculated with Xcc (scored 
2 dpi)

Samples The mean lesion size 
(cm2) (± Standard devia-
tion)

Untransformed N. 
tabacum leaves 
(Wild type)

Xcc 1.65a ± 0.11
PBS 0.16b ± 0.037
Vector control 0.16b ± 0.036

Transformed N. 
tabacum leaves 
(Transgenic 
leaves)

Xcc 0.27a ± 0.057
PBS 1.73b ± 0.091
Vector control 1.83b ± 0.10
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and various numbers of CDRs were reported to be 
involved in antibody-antigen interaction; however, 
antibody-antigen interaction is often reported to occur 
mainly at the CDR3 (Kunik et al. 2012; Monnier et al. 
2013; D’Angelo et  al. 2018). Notably, most human 
antibody libraries are designed based on randomizing 
the CDR3 regions, indicating their key role in anti-
gen–antibody interaction (D’Angelo et al. 2018).

In this study, scFvG8 was successfully expressed 
in bacterial cells and purified under native conditions 
by IMAC. scFvG8 protein concentration was about 
500  μg/mL, and we used it at 10  μg/mL in western 
blotting, DIBA, and indirect ELISA. Results from 
immunoassay tests were indicative of high sensitivity 
and specificity of scFvG8 antibody in pthA detection. 
As shown by previous studies, the ability of a concen-
tration of 10 μg/mL scFv antibody to detect antigen 
implicates its high sensitivity (Tohidkia et  al. 2017; 
Raeisi et al. 2021). Thus, in silico and in vitro results 
imply scFvG8 antibody specificity for pthA detection.

Transient expression scFvG8 in Nicotiana. taba-
cum cv. Samson leaves revealed antibody accumu-
lation at detectable levels within the tobacco leaves 
three days post-infiltration. In western blotting done 
using anti-scFv antibodies to verify the presence 
of scFv fragments in transgenic plants, a protein 
band at the expected size of 35 kDa for scFvG8 was 
observed. In some studies, the inability of western 
blotting in detecting scFv expressed in the cytosol of 
plants was explained to be due to extremely low lev-
els of antibody in the cytosol, however, even low lev-
els of plant-produced antibody significantly enhanced 
resistance to pathogens compared to wild type con-
trols (Zimmermann et al. 1998). The ability to detect 
scFv expressed in the cytosol of plants by western blot 
confirms the presence of high levels of the antibody 
in plant cells that can confer resistance to pathogens 
(safarnejad et al. 2009; Cervera et al. 2010; Shahryari 
et  al. 2013). Moreover, our immunoassays findings 
suggest that scFvG8 acquired a correct protein fold-
ing and was detectable in plant cells. The accuracy 
of scFv folding and preservation of its properties in 
plant cells were reported previously (Lombardi et al. 
2005; safarnejad et  al. 2009; Shahryari et  al. 2013). 
In our study, the ability of scFvG8 produced in plants 
to recognize and bind pthA in serological assays, sup-
ported its correct protein folding and indicated that 
it has a high binding activity for its cognate antigen 
so that comparing ELISA data for purified scFvG8 

and plant-produced scFvG8 showed comparable abil-
ity in detecting infected plants for the two antibodies 
except in one case (infected sample 3). Since the con-
centration of purified protein used in ELISA is spe-
cific, scFvG8 was expressed at an acceptable amount 
in the plant cells, consistent with previous studies 
(Safarnejad et  al. 2009; Shahryari et  al. 2013). The 
limited HR observed in scFvG8-expressing leaves 
was indicative of the functionality of this antibody in 
plant cells. Thus, the expression of scFvG8 in plant 
reduced pthA-induced necrotic lesions development. 
As a result, there was a significant difference in the 
diameter of the lesions between antibody-express-
ing (2.0  cm) and control (0.5  cm) plants, indicat-
ing a reduction of about 70% in the severity of Xcc-
produced symptoms. Some previous studies were 
remarkably successful in this field; in this regard, a 
70% reduction in local lesion numbers was achieved 
by expressing a full-size IgG against Tobacco mosaic 
virus coat protein in tobacco (Voss et al. 1995) and a 
reduction of 70–90% in local lesion size was yielded 
by expressing scFv targeting the same protein (Zim-
mermann et  al. 1998). Our data were in accordance 
with the available literature concerning the functional 
equivalence of recombinant proteins produced using 
different expression systems (Villani et  al. 2005; 
Cervera et  al. 2010; Kopertekh et  al. 2019). Hence, 
scFvG8 expression in citrus seedlings can be effective 
in disease management. Furthermore, the functional-
ity and stability of scFvG8 during transient expres-
sion in plants hold promise for Xcc suppression. The 
only earlier study on the use of a recombinant anti-
body generated against Xcc employed a hybridoma 
technology (Li et  al. 2010); therefore, to the best of 
our knowledge, the present study is the first investiga-
tion of the isolation of a specific scFv from phage dis-
play libraries and its application for controlling citrus 
canker bacterial infection in citrus culture.

Taken together, our findings are the first step 
toward developing stable expression of scFvG8 anti-
body in citrus plants to produce resistance to Xcc.
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