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Plants do not produce antibodies. However, plants can cor-
rectly assemble functional antibody molecules encoded by 
mammalian antibody genes. Many plant diseases are 
caused by pathogen toxins. One such disease is the soy-
bean sudden death syndrome (SDS). SDS is a serious dis-
ease caused by the fungal pathogen Fusarium virguli-
forme. The pathogen, however, has never been isolated 
from diseased foliar tissues. Thus, one or more toxins pro-
duced by the pathogen have been considered to cause 
foliar SDS. One of these possible toxins, FvTox1, was re-
cently identified. We investigated whether expression of 
anti-FvTox1 single-chain variable-fragment (scFv) anti-
body in transgenic soybean can confer resistance to foliar 
SDS. We have created two scFv antibody genes, Anti-
FvTox1-1 and Anti-FvTox1-2, encoding anti-FvTox1 scFv 
antibodies from RNAs of a hybridoma cell line that ex-
presses mouse monoclonal anti-FvTox1 7E8 antibody. 
Both anti-FvTox1 scFv antibodies interacted with an anti-
genic site of FvTox1 that binds to mouse monoclonal anti-
FvTox1 7E8 antibody. Binding of FvTox1 by the anti-
FvTox1 scFv antibodies, expressed in either Escherichia 
coli or transgenic soybean roots, was initially verified on 
nitrocellulose membranes. Expression of anti-FvTox1-1 in 
stable transgenic soybean plants resulted in enhanced fo-
liar SDS resistance compared with that in nontransgenic 
control plants. Our results suggest that i) FvTox1 is an 
important pathogenicity factor for foliar SDS development 
and ii) expression of scFv antibodies against pathogen 
toxins could be a suitable biotechnology approach for pro-
tecting crop plants from toxin-induced diseases. 

A major distinction between plants and animals is the ability 
of animals but not plants to produce antibodies against foreign 
antigens, including those of pathogenic microorganisms. How-
ever, transgenic plants can assemble mammalian antibodies 
correctly (Hiatt et al. 1989). In early studies, genes encoding 
heavy and light chains of the antibody molecules were either 
expressed independently in individual transgenic plants and 
then assembled in the hybrids or co-expressed in the same 

transgenic plant to obtain the assembled antibody molecules 
(De Neve et al. 1993; Hiatt et al. 1989). However, due to the 
complexity in cloning the entire antibody molecules and, most 
importantly, differences in post-translational modifications be-
tween plants and mammals, this initial technology of plant 
antibody production did not become a method of choice. Ex-
pression of only the variable regions of the antibody molecule 
involved in antigen binding was attempted and became suc-
cessful (Bird et al. 1988). We can now create antibody genes 
encoding i) fragment antigen-binding (Fab) antibodies consist-
ing of both variable heavy (VH) and variable light (VL) 
chains, ii) single-domain antibody expressing only the heavy 
chain regions, and iii) single-chain variable-fragment (scFv) 
antibody expressing only the variable regions of one heavy and 
one light chain (Supplementary Fig. S1). These smaller anti-
body molecules suffer less from correct folding and post trans-
lation modification problems in plants. It is also easier to target 
small antibody molecules to any subcellular compartments and 
extracellular matrix. 

scFv antibodies have been successfully expressed in foreign 
hosts, including plants and bacteria (Better et al. 1988; 
Chaudhary et al. 1990; Galeffi et al. 2002; Huston et al. 1988; 
Yuan et al. 2000). In synthetic scFv antibody genes, both VH 
and VL chain fragments are joined by a polylinker (Bird et al. 
1988). Addition of the KDEL sequence to the C-terminus en-
hances retention of the scFv molecules in endoplasmic reticu-
lum, stabilization, and accumulation of the antibody molecules 
in plant cytosol (De Jaeger et al. 1999; Schouten et al. 1997). 

Expression of a Fusarium cell-surface-specific scFv antibody 
fused to antifungal peptides in Arabidopsis thaliana conferred 
high levels of resistance against Fusarium oxysporum f. sp. 
matthiolae (Peschen et al. 2004). In Brassica napus, expres-
sion of a scFv against a mycelial antigen protected the trans-
genic plants from the stem rot disease caused by Sclerotinia 
sclerotiorum (Yajima et al. 2010). Transgenic wheat express-
ing an antifungal-scFv antibody fused to an antifungal peptide 
was shown to have increased tolerance to Fusarium head blight 
(Li et al. 2008). scFv antibodies have also been applied to re-
duce incidence of viral diseases in plants (Galeffi et al. 2002, 
2005; Safarnejad et al. 2009; Tavladoraki et al. 1993) and phy-
toplasma (Le Gall et al. 1998). 

A scFv has been shown to bind a mycotoxin, deoxyniva-
lenol, when expressed in Escherichia coli (Choi et al. 2004). 
Similarly, an E. coli–expressed scFv against the cassiicolin 
toxin reduced necrotic lesion formation, when applied as drop-
lets on the abaxial surface of the detached leaves of rubber tree 
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(Sunderasan et al. 2009). A scFv antibody expressed in trans-
genic Arabidopsis plants bound to zearalenone toxin in enzyme-
linked immunosorbent assay (Yuan et al. 2000). However, the 
scFv antibodies have not been shown to bind in planta to patho-
gen toxins in stable transgenic plants. 

In the United States, the sudden death syndrome (SDS) is a 
serious, emerging disease in soybean. The estimated annual 
crop losses from SDS are valued over $300 million (Wrather 
and Koenning 2006). SDS resistance is encoded by more than 
14 quantitative trait loci (QTL) (Kazi et al. 2008). SDS is 
caused by a soilborne fungus, F. virguliforme, previously 
known as F. solani f. sp. glycines (Rupe 1989). The pathogen 
has never been isolated from diseased foliar tissues. Toxins re-
leased by the pathogen in the infected roots have been consid-
ered to produce foliar SDS. We have recently isolated a toxin, 
FvTox1. It is a 13.5-kDa acidic protein encoded by a single 
gene. Expressed FvTox1 protein causes foliar SDS-like symp-
toms in soybean (Brar et al. 2011). 

We have used a hybridoma cell line expressing a mouse 
monoclonal anti-FvTox1 7E8 antibody to create two anti-
FvTox1 antibody genes (Eswarakumar et al. 1997). Both genes, 
when expressed in E. coli and Agrobacterium rhizogenes–
induced transformed soybean roots, produced anti-FvTox1 scFv 
antibodies that bind to FvTox1. Expression of anti-FvTox1-1 
antibody significantly reduced the development of foliar SDS 
in stable transgenic soybean plants compared with the nontrans-
genic control. The results presented here not only establish, for 
the first time, that a plant antibody can reduce a toxin-induced 
plant disease but also that FvTox1 is a major pathogenicity 
factor for foliar SDS development in soybean. This biotechnol-
ogy approach should be applicable to fighting other plant dis-
eases that are induced by pathogen toxins. 

RESULTS 

Two anti-FvTox1 antibody genes encode  
anti-FvTox1 antibodies. 

The cDNAs generated from a hybridoma cell line express-
ing anti-FvTox1 7E8 monoclonal antibody (Brar et al. 2011) 
were used to polymerase chain reaction (PCR) amplify VH 
and VL antibody fragments: i) fragment 8-1 (468 bp), specific 
to the VH region, and ii) fragments 4-2 (399 bp) and 6-1 (270 
bp), specific to the VL region. Each of the three DNA frag-
ments showed high similarity to previously cloned antibody 
molecules (Supplementary Fig. S2). Two scFv antibody genes, 
anti-FvTox1-1 (8-1/4-2; accession number JF440965) and anti-
FvTox1-2 (8-1/6-1; accession number JF440966) were synthe-

sized by joining the VH fragment to individual VL fragments 
with a flexible polylinker, (Gly4Ser)3. 

Search of the Abysis database resulted in identification of 
three complementarity determining regions (CDR) in both VH 
chain 8-1 and VL chain 4-2 but only two in VL chain 6-1 
(Supplementary Fig. S3). Cysteine residues were conserved at 
positions H22 and H92 in VH chain 8-1, only at position L88 
in VL chain 4-2, and not conserved in VL chain 6-1. Anti-
FvTox1-1 and anti-FvTox1-2, expressed in E. coli, were 
slightly larger than expected because 37 amino acid residues, 
including an epitope, were added to the recombinant proteins 
from the expression vector (Supplementary Fig. S4). 

E. coli-expressed anti-FvTox1 scFv antibodies bind  
to FvTox1. 

The E. coli-expressed antibody proteins were evaluated for 
their binding abilities to FvTox1. Protein preparations from i) 
F. virguliforme culture filtrates containing FvTox1 and ii) a 
baculovirus-infected Sf21 insect cell line expressing FvTox1 
were analyzed for interactions of anti-FvTox1 scFv antibodies 
to FvTox1. Anti-FvTox1-1 carrying three CDR sequences in 
both VH and VL chains bound to FvTox1 strongly, whereas 
anti-FvTox1-2 carrying two CDR in the VL reacted poorly to 
FvTox1 (Fig. 1). 

anti-FvTox1 scFv antibodies interacted specifically  
to the antigenic site of FvTox1. 

A DNA molecule encoding the KDEL (Lys-Asp-Glu-Leu) 
signal peptide for endoplasmic reticulum retention was fused 
to the 3′ ends of the anti-FvTox1-1 and anti-FvTox1-2 genes 
cloned in the binary vector pISUAgron5 (N. N. Narayanan and 
M. K. Bhattacharyya, unpublished). A. rhizogenes carrying indi-
vidual anti-FvTox1 genes in pISUAgron5 was used to generate 
transformed hairy roots. Expression of anti-FvTox1 antibody 
genes in the transformed roots was confirmed by reverse-tran-
scriptase (RT)-PCR and Western blot analyses (Supplementary 
Fig. S5). Both recombinant anti-FvTox1 scFv antibody proteins 
extracted from transgenic roots bound to FvTox1 (Supplemen-
tary Fig. S6). 

To determine whether anti-FvTox1 scFv antibodies inter-
acted with the same FvTox1 antigenic site recognized by the 
mouse anti-FvTox1 7E8 monoclonal antibody, truncated 
FvTox1 molecules were expressed in E. coli. Western blot anal-
ysis of the truncated FvTox1forms suggested that the anti-
FvTox1 7E8 monoclonal antibody recognized an epitope located 
in a region between amino acids 74 and 120 (Fig. 2). Both 
anti-FvTox1-1 and anti-FvTox1-2 scFv antibodies also bound 

Fig. 1. Escherichia coli–expressed anti-FvTox1 single-chain variable-fragment (scFv) proteins bound to FvTox1. A, A protein gel (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) that has been stained with Coomassie Blue. B, FvTox1 was detected with mouse anti-FvTox1 7E8 monoclonal antibody; 
C, E. coli–expressed anti-FvTox1-1 was used as primary antibody; D, E. coli–expressed anti-FvTox1-2 was used as primary antibody; and E, E. coli–
expressed GmPUB1 protein (30 kDa) served as negative control for primary antibodies. CF, Fusarium virguliforme culture filtrates; Bv, recombinant FvTox1 
protein expressed in baculovirus-infected Sf21 insect cell line; Vc, protein preparation from Sf21 insect cell line infected with baculovirus carrying empty
vector. E. coli–expressed scFv antibodies were tagged with Xpress epitope. Binding of E. coli–expressed anti-FvTox1 scFv antibodies to FvTox1 was 
detected using anti-Xpress antibody. 
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to this region, suggesting that, most likely, anti-FvTox1 scFv 
antibodies retained the FvTox1-binding specificities of the anti-
FvTox1 7E8 monoclonal antibody (Fig. 2). 

anti-FvTox1-1 scFv antibody reduced  
foliar SDS development. 

To determine the utility of the anti-FvTox1 scFv antibody, the 
soybean ‘Williams 82’ was transformed with anti-FvTox1-1 
carrying the C-terminal KDEL signal peptide. The T1 proge-
nies of a transformant (T0) were analyzed for tolerance to 
FvTox1. Following F. virguliforme infection, a significant re-
duction in the extent of foliar symptom development was 
observed among most of the progenies compared with the 
nontransgenic control plants (Fig. 3). The average disease 
score for transgenic plants was significantly lower than that 
of the control plants (Fig. 3E). The average root length, stem 
length, and fresh weight were significantly higher in trans-
genic plants compared with that in nontransgenic control 
plants (Fig. 3F). 

We investigated whether the transgenic plants were more 
tolerant to FvTox1 than the nontransgenic control plants. SDS 
symptom development was monitored following feeding of 
transgenic and nontransgenic soybean plants with F. virguli-
forme culture filtrates containing FvTox1. Transgenic plants 
expressing anti-FvTox1-1 showed enhanced tolerance to FvTox1 
compared with the nontransgenic control plants (Fig. 4A to E). 
Higher chlorophyll contents and lower foliar SDS disease scores 
were recorded for the transgenic plants compared with the 
nontransgenic control plants (Fig. 4F). 

We then determined whether enhanced tolerance of transgenic 
progenies to FvTox1 was due to expression of the anti-FvTox1-1 
scFv antibody from a specific anti-FvTox1-1 transgene copy. 
Anti-FvTox1-1 scFv antibody accumulated in FvTox1-tolerant 
progenies but not in the FvTox1-sensitive progeny (Fig. 4G). 
Southern blot analysis revealed that enhanced FvTox1 toler-
ance was associated with the integration of an anti-FvTox1-1 
transgene copy (Fig. 4H). 

anti-FvTox1-1 scFv antibody accumulated mostly  
in the cytoplasm. 

The subcellular locations of the accumulated anti-FvTox1-1 
scFv antibody were determined by conducting transmission 
electron microscopy. KDEL is an ER retention signal and in-
volved in retrieving proteins into ER through a KDEL-receptor 
mediated pathway (Capitani and Sallese 2009). As expected, 
anti-FvTox1-1 was localized mostly to cytoplasm (Fig. 5A). 
However, anti-FvTox1-1 was localized to a smaller extent to 
the chloroplasts (Fig. 5B). 

DISCUSSION 

F. virguliforme releases at least one known proteinaceous 
toxin into the soybean roots (H. K. Brar and M. K. 
Bhattacharyya, unpublished). The toxin presumably travels 
through the vascular tissues to the aerial green tissues, where it 
causes foliar SDS symptoms (Brar et al. 2011; Li et al. 1999). 
This proteinaceous toxin, FvTox1, is encoded by a single gene 
(Brar et al. 2011). Here, we have shown the possible applica-
tion of an anti-FvTox1 scFv antibody in reducing the phyto-
toxic effect of FvTox1 in stable transgenic soybean plants. 

A hybridoma cell line producing the mouse monoclonal 
anti-FvTox1 7E8 antibody was used to isolate the VH and VL 
regions of the antibody molecule. The isolated antibody frag-
ments showed high similarities to the previously character-
ized variable fragments of other antibody molecules. Two cys-
teine residues, at positions H22 and H92 (Kabat et al. 1991), 
were conserved in VH chain 8-1. The cysteine residues of the 

VL chains 4-2 and 6-1 were not completely conserved. Di-
sulfide bonds between cysteine residues play an important 
role in correct folding and stabilization of immunoglobin struc-
tures. However, scFv antibodies lacking the conserved cysteine 
residues in VL fragments have been shown to retain their 
functionality (Proba et al. 1997, 1998). VH fragments have 
been shown to play a major role in antigen-binding activities 
because of the large diversity offered by its highly variable 
CDR3 region (Xu and Davis 2000). VH regions alone have 
been shown to act as functional antibodies in several studies 
(Bouaziz et al. 2009; Jobling et al. 2003; Rajabi-Memari et al. 
2006). Both anti-FvTox1-1 and anti-FvTox1-2 bound to 
FvTox1 on nitrocellulose membrane although neither carries 
conserved cysteine residues in their VL fragments. Most likely, 
the VH (8-1) fragment of the anti-FvTox1-2 scFv antibody 
containing a truncated VL (6-1) fragment is capable of bind-
ing to FvTox1. 

Foliar SDS causes most of the damage to the soybean crop. 
Light is essential for foliar SDS development (Brar et al. 2011; 
Ji et al. 2006). FvTox1 has been localized to chloroplasts (Brar 
et al. 2011). Most likely, interruption of photosynthesis by 

Fig. 2. Anti-FvTox1 single-chain variable-fragment (scFv) antibodies re-
tained the antigen-binding specificity of the mouse anti-FvTox1 7E8 mono-
clonal antibody. A, Diagram depicted the truncated forms of FvTox1. Region 
between the two arrows (based on results shown below in C) contains the 
antigenic site bound by the mice monoclonal anti-FvTox1 7E8 antibody. B,
Coomassie Blue stained gel of proteins expressed in Escherichia coli. West-
ern blot analysis of the E. coli–expressed proteins using C, monoclonal anti-
FvTox1 7E8 antibody or proteins extracted from D, Agrobacterium rhi-
zogenes-induced transformed roots carrying anti-FvTox1-1 gene with 
KDEL-tag fused to its 3′ end; or E, A. rhizogenes-induced transformed
roots carrying anti-FvTox1-2 gene with KDEL-tag fused to its 3′ end. 
Lanes: 140, mature-FvTox1(33-172aa); 172, Pro-FvTox1(1-172aa); 58, 58 amino 
acids (aa) long pro-FvTox1 protein truncated at the C-terminus; 74, 74 aa
long pro-FvTox1 protein truncated at the C-terminus; 120, 120 aa long 
pro-FvTox1 protein truncated at the C terminus; U-Box, an E. coli–
expressed soybean U-Box protein; E, empty lane; CF, Fusarium virguli-
forme culture filtrate. 
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FvTox1 leads to foliar SDS development in soybean. Through 
immuno-gold electron microscopy, we have shown that anti-
FvTox1-1 antibody accumulated mostly in cytoplasm and, to 
some extent, in chloroplasts of the transgenic soybean plants. 
Reduced symptom development and accumulation of the anti-
body mostly in cytoplasm indicated that anti-FvTox1-1 most 
likely bound to FvTox1 during FvTox1’s entrance into chloro-
plasts through the cytoplasm. Our results showed that, although 
KDEL was added at the C terminus of the antibody, it was tar-
geted to chloroplasts from the ER. Many plastid proteins have 
been shown to contain ER-targeting signal peptides but not 
with any known signal peptides for chloroplast localization 
(Kleffmann et al. 2004). A novel protein transport pathway 
from ER to chloroplasts through Golgi has been proposed 
(Radhamony and Theg 2006). Chloroplast localization of anti-
FvTox1-1 (Fig. 5B) suggests that such a protein transport path-
way may be involved in importing the scFv antibodies into 
chloroplasts from the ER. 

anti-FvTox1-1 scFv antibody enhances the tolerance of leaves 
to FvTox1 in the transgenic soybean plants compared with the 
nontransgenic controls (Figs. 3 and 4). Our study of stable 
transgenic soybean plants carrying the anti-FvTox1-1 antibody 
gene thus established that i) FvTox1 is a major pathogenicity 
factor for foliar SDS development and ii) expression of a plant 
antibody against FvTox1 can be suitable to reduce the foliar 
SDS in soybean. The transgenic plants did not show any de-

tectible abnormality and set seed normally. Thus, this study 
sets the stage for engineering soybean for targeted expression 
of anti-FvTox1 under the regulation of a leaf- and root-specific 
promoter to complement the SDS resistance encoded by a 
large number of QTL. Thus, the synthetic anti-FvTox1-1 gene 
created here should facilitate breeding soybean lines with en-
hanced SDS resistance. 

MATERIALS AND METHODS 

Synthesis and cloning of anti-FvTox1 antibody genes. 
Total RNAs were extracted from the anti-FvTox1 7E8 hy-

bridoma cell line (Brar et al. 2011) using Trizol reagent (Invi-
trogen, Carlsbad, CA, U.S.A.). RT-PCR was conducted using 
universal degenerated primers (Table 1) and amplified VH 
chain (VH 8-1, primers Deg CH1 and DegVH1) and VL chain 
(VL 4-2, primers DegCk1 and DegVk1, and VL 6-1, primers 
DegCk1 and DegVk4) fragments (Eswarakumar et al. 1997). A 
PCR thermal cycling (94°C for 2 min and 72°C for 4 min, re-
peated seven times) was used to join the VH chain (VH 8-1) 
individually with the VL chains (VL 4-4 and VL 6-1) using a 
DNA sequence encoding an amino acid linker, (Gly4Ser)3, to 
obtain the synthetic antibody genes anti-FvTox1-1 and anti-
FvTox1-2. The synthetic genes were generated and were 
cloned into E. coli expression vector pRSET (Invitrogen) as 
XhoI and HindIII fragments. 

Fig. 3. Reduced foliar sudden death syndrome (SDS) development in transgenic plants following Fusarium virguliforme infection. A, Nontransgenic ‘Williams
82’ plants showed foliar SDS symptoms and retarded growth compared with the T1 progenies of B, a transformant that showed reduced foliar SDS symptom 
development 5 weeks following infection of germinating seed with F. virguliforme. C, Nontransgenic Williams 82 plant showing susceptible foliar SDS 
symptoms in young trifoliates 5 weeks following infection with F. virguliforme. D, A transgenic plant carrying anti-FvTox1-1 antibody gene showed foliar 
SDS resistance trifoliates 5 weeks following infection with F. virguliforme. E, Reduced foliar SDS symptom development in transgenic plants compared 
with the nontransgenic control plants in A and B. F, Enhanced growth rates of transgenic plants carrying anti-FvTox1-1 compared with the nontransgenic 
control plants 5 weeks following infection with F. virguliforme. SL, shoot length; RL, root length; PW, average fresh weight of the entire plant; RW, average 
fresh root weight. 
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Expression of anti-FvTox1 scFv antibodies. 
E. coli BL21(DE3) pLysS cells were transformed with anti-

FvTox1-1 and anti-FvTox1-2 genes in pRSET plasmid and 
grown overnight at 30°C in 2 ml of super optimal broth media 
containing ampicillin (50 μg/ml) and chloramphenicol (35 
μg/ml). On the following day, the culture was diluted to an opti-
cal density at 600 nm (OD600) of 0.1 and incubated at 30°C until 
the culture reached an OD600 of 0.4 to 0.6. Isopropyl-thio-galac-
topyranoside was added to a final concentration of 1 mM and 
cells were allowed to grow for another 5 h. The cells were pel-
leted and dissolved in 20 mM phosphate buffer at pH 7 and fro-
zen in liquid nitrogen. Cells were frozen and thawed four times, 
then centrifuged at 14,000 × g for 10 min at 4°C. The superna-
tant was mixed with 2× sodium dodecyl sulfate loading dye (125 
mM Tris-HCl [pH 6.8], 4% wt/vol sodium dodecyl sulfate, 20% 
[vol/vol] glycerol, 2% [vol/vol] β-mercaptoethanol, and 0.001% 
[wt/vol] bromophenol blue) and separated on a denaturing poly-
acrylamide gel electrophoresis (PAGE) gel for Western blot 

analysis. After blocking the nitrocellulose membrane with 5% 
dry milk powder solution in 1× phosphate-buffered saline (PBS) 
at pH 7.5, the mouse anti-Xpress antibody (Invitrogen) and then 
goat anti-mouse secondary antibody conjugated to alkaline 
phosphate (Bio-Rad Laboratories, Hercules, CA, U.S.A.) were 
added to the membrane. The binding of secondary antibody to 
anti-Xpress tag antibody was detected using the AP Conjugate 
Substrate Kit (Bio-Rad Laboratories). 

Binding of E. coli-expressed anti-FvTox1 scFv antibodies  
to FvTox1. 

FvTox1 cloned in the pFastBac1 vector was expressed in the 
Sf21 insect cell line (Invitrogen) (Brar et al. 2011). The blots 
containing FvTox1 were hybridized to water-soluble E. coli 
proteins containing anti-FvTox1 scFv antibodies in 1× PBS 
(pH 7.5) and then incubated with anti-Xpress antibody (Invi-
trogen). The goat anti-mouse antibody conjugated to AP (Bio-
Rad Laboratories) was used as the secondary antibody. West-

Fig. 4. T1 progenies of a stable transgenic soybean line carrying anti-FvTox1-1 showed reduced foliar sudden death syndrome (SDS) development. A, Foliar 
SDS symptoms in nontransgenic (left) and transgenic (right) plants 2 weeks following feeding cell-free Fusarium virguliforme culture filtrates. B, Close-up 
picture of a diseased leaf of a nontransgenic plant and C, close-up photo of a leaf of a transgenic plant 2 weeks following feeding cell-free F. virguliforme
culture filtrates. D, Chlorotic foci developed in a leaf of a transgenic plant 4 weeks following feeding F. virguliforme culture filtrate. E, Severe foliar SDS de-
velopment in leaves of a nontransgenic plant 4 weeks following feeding F. virguliforme culture filtrate. Plants shown in D and E were from a stem cut assay, 
planted in soil 2 weeks following feeding cell-free F. virguliforme culture filtrates. F, Quantification of foliar SDS symptoms. Chlorophyll content (mg/cm3) 
and disease score were determined for the nontransgenic and transgenic soybean plants 2 weeks following feeding cell-free F. virguliforme culture filtrates. 
G, Western blot showing expression levels of anti-FvTox1-1 single-chain variable-fragment (scFv) antibody (arrow) among T1 progenies. R1–R5, SDS-
resistant progenies; S1, SDS-susceptible progeny; NR, nontransgenic soybean root; TR, transgenic soybean root; NT, nontransgenic soybean leaf; P1, a T1
progeny of the transgenic plant that was not evaluated for tolerance to FvTox1. H, Southern blot showing the HindIII fragments (shown by arrows) of T1
progenies that were associated with the expression of enhanced tolerance to FvTox1. 
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ern blots were developed using the AP Conjugate Substrate Kit 
(Bio-Rad Laboratories). 

Plant expression vector construction. 
pISUAgron5 (modified pTF101.1, a derivative of pPZP bi-

nary vector) (Paz et al. 2004) was used to develop fusion genes 
for expression of anti-FvTox1 genes under the regulation of 
the Cauliflower mosaic virus 35S promoter. Primers (8-1F and 
4-2 R KDEL/6-1 R KDEL) (Table 1) were used to fuse the 4–
amino acid KDEL-tag in frame with the antibodies at their C 
termini. Binary vector plasmids were transformed into A. rhi-
zogenes K599 by a freeze-thaw method (Holsters et al. 1978). 

Transformation of soybean. 
Cotyledons of 7-day-old Williams 82 seedlings were har-

vested and surface sterilized with alcohol wipes (North Safety 
Products, Cranston, RI, U.S.A.) and infected with A. rhi-
zogenes culture according to a previously published protocol 
(Subramanian et al. 2005). Stable transgenic soybean plants 
(T0) were generated according to Paz and associates (2004). 
Seed of nontransgenic soybean plants were from those trans-
formants (T0) that did not show any BASTA resistance fol-
lowing transformation with the anti-FvTox1-1 transgene. 

Binding of anti-FvTox1 scFv antibodies expressed  
in transformed soybean roots. 

The transgenic roots generated 2 weeks following A. rhi-
zogenes infection were harvested and frozen in liquid nitrogen 
and used for protein, DNA, and RNA isolation. For protein 

preparation, the tissue samples were extracted in phosphate 
buffer (5 mM EDTA, 100 mM potassium phosphate, 1% Tri-
ton, 10% glycerol, and proteinase inhibitor cocktail at 1 μl/ml) 
and centrifuged at 14,000 × g and 4°C. The supernatant was 
used as the crude antiFvTox1 primary antibody. The mouse 
anti-KDEL monoclonal antibody (Stressgen, Ann Arbor, MI, 
U.S.A.) was used to detect the binding of the expressed anti-
FvTox1 scFv antibodies to FvTox1. The anti-KDEL antibody 
was detected with a goat anti-mouse secondary antibody con-
jugated to alkaline phosphatase (Bio-Rad Laboratories). 

RNA preparation and RT-PCR analyses  
of anti-FvTox1 antibody genes, 

RNA was prepared using Trizol reagents (Invitrogen). RNA 
was treated with DNase (Invitrogen). The first-strand cDNAs 
were synthesized using Superscript II reverse transcriptase 
(Invitrogen). RT-PCR was conducted to determine expression 
levels of anti-FvTox1 antibody genes (primers 8-1F and PolyA-
TailR) (Table 1). 

Deletion analysis of FvTox1. 
The truncated versions of FvTox1 were created by PCR (for-

ward primer FvTox1F and reverse primers R3, R4, R7, and 
FvTox1R) (Table 1) and cloned into the E. coli expression vec-
tor pRSET (Invitrogen). The truncated FvTox1 proteins were 
expressed and separated in PAGE gels by following the proto-
col described for anti-FvTox1 scFv antibodies described earlier. 
For Western blot analyses, the anti-FvTox1 7E8 monoclonal 
antibody was diluted to 1:500 in 1× PBS. 

Table 1. List of primers used in this study 

Primer Sequence (5′–3′) 

Deg CH1 GGGGCTAGC(T/C)CTCCACACACAGG(A/G)(A/G)CCAGTGGATAGAC 
DegVH1 GGGATATCCACCATG(G/A)A(G/C)TT(G/C)(T/G)GG(T/C)T(A/C)A(A/G)CT(G/T)G(G/A)TT 
DegCk1 GGGGTCGACACTGGATGGTGGGAAGATGGA 
DegVk1 GGGGATATCCACCATGGAGACAGACACACTCCTGCTAT' 
DegVk4 GGGGATATCCACCATG(G/T)CCCC(T/A)(G/A)CTCAG(T/C)T(T/C)CT(G/T)GT 
8-1F gctggcggatccATGGGGATATCCACCATGAAGTTG 
4-2 R KDEL ggcagcggatcctagagctcatccttTTTCCAGCTTGGTCCCCCCTCCGAAC 
6-1 R KDEL ggcagcggatcctagagctcatccttacgcAAGCTTggggtcgacactggatg 
PolyATailR CGAATGAGCTCCCGGGAGGCCTAAGACGTGCTCAAATCAC 
FvTox1F CGACGGATCCGGCAGCGCAGCCAGATACGAGCCCATCGAC 
R3 GAGCGGATCCTTATGGATCGTACTCCTCAG 
R4 GAGCGGATCCTTACCAGTTTTCCTCACGGCAAAAG 
R7 GAGCGGATCCTTAGTCCTGGGCGCTGAGTGTTG 
FvTox1R GAGCGGATCCTTACTGTGGGTTGCGCACACAGTTG 

Fig. 5. Subcellular localization of anti-FvTox1-1 single-chain variable-fragment (scFv) antibody by transmission electron microscopy. Anti-FvTox1-1 was 
localized to cytoplasm and the chloroplasts (arrows) by anti-KDEL primary antibody and visualized with gold-labeled secondary antibody. A, Localization 
of anti-FvTox1 scFv antibody to cytoplasm (shown by arrows); B, localization of anti-FvTox1 scFv antibody to chloroplasts (shown by arrows); and C, leaf 
of a nontransgenic plant treated as in A and B. Electron micrographs presented here are representations of sections prepared from at least five leaves from 
each category. IS, intercellular space; CW, cell wall; Cy, cytoplasm; Cl, chloroplast; S, starch grain. 
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Infection of soybean seedlings with F. virguliforme. 
Soybean seed were grown in a 1:1 mixture of sand and soil 

containing F. virguliforme inocula grown on sorghum seed 
according to Mueller and associates (2002). Data were col-
lected 5 weeks after inoculation. The plants were scored as fol-
lows: 0 = no symptoms, 1 = <10% chlorosis, 2 = 10 to 20% 
chlorosis, 3 = 20 to 50% chlorosis, 4 = 50 to 80% chlorosis 
and necrosis, and 5 = entire leaf chlorotic or necrotic. 

Stem-cut assay. 
Seeds of the Williams 82 plants that went through the trans-

formation procedure but did not contain any transgenes and 
those of transgenic Williams 82 plants carrying the anti-
FvTox1-1 transgene were grown at 25°C for 16 h under light 
(300 μE) and at 16°C for 8 h in darkness. Three-week-old 
seedlings were cut below the cotyledons and used for bioas-
says as according to a published protocol (Li et al. 1999). 
Symptoms started to appear 8 days following feeding of cell-
free F. virguliforme culture filtrates. A published scoring 
scheme was used to measure the symptoms (Ji et al. 2006). 

Measurement of chlorophyll contents. 
Soybean leaf discs of approximately 1 cm2 in size were ex-

cised, placed in Eppendorf tubes, and frozen overnight at –80°C. 
Then, 1 ml of 80% acetone was added to each tube and incu-
bated at room temperature in darkness for 5 days. The acetone 
solution was measured for absorbency at 645 and 663 nm. The 
amount of chlorophyll was calculated according to a published 
method (Arnon 1949). 

DNA preparation and Southern blot analysis. 
DNA was prepared using a modified cetyl-trimethyl ammo-

nium bromide method (Cullings 1992) from T1 progenies of a 
transformant. DNA of each transgenic plant (10 μg) was di-
gested with HindIII restriction endonuclease (New England 
Biolabs, Beverly, MA, U.S.A.) and separated on a 0.8% aga-
rose gel, then transferred onto Zeta-Probe GT Nylon mem-
brane (Bio-Rad Laboratories, Inc.), and DNA blot analysis was 
conducted according to a previously described protocol (Brar 
et al. 2011). A 32P-labeled probe was prepared using the VH 
chain 8-1 for hybridizing to the DNA blot. 

Microscopy. 
For transmission electron microscopy, tissues were sectioned 

and then fixed with 2% paraformaldehyde (wt/vol) and 0.1% 
glutaraldehyde (wt/vol) in 0.1 M cacodylate buffer, pH 7.5, for 
2 h at 4°C, then rinsed with dH2O. The samples were dehy-
drated in a graded ethanol series and infiltrated and embedded 
using LR White resin (Electron Microscopy Sciences, Ft. 
Washington, PA, U.S.A.). Resin blocks were polymerized for 
48 h at 4°C under UV light. Thick and ultrathin sections were 
prepared using a Reichert UC6 ultramicrotome (Leeds Preci-
sion Instruments, Minneapolis, MN, U.S.A.) and collected 
onto formvar-coated nickel grids. The grids were blocked for 
nonspecific binding using the incubation buffer (PBS with 2% 
bovine serum albumin and 0.01% fish gel) for 30 min at 22°C. 
Grids were exposed to a 1:500 dilution of anti-KDEL antibody 
(Stressgen) for 3 h at 37°C. The control grids were placed into 
fresh incubation buffer for 3 h at 37°C. All grids were washed 
five times for 5 min each with incubation buffer and then ex-
posed to a 1:30 dilution of 10 nm gold-conjugated goat anti-
mouse immunoglobulin G secondary antibody for 2 h at room 
temp. Grids were washed with deionized water five times for 5 
min at each step, then stained with 1% uranyl acetate in deion-
ized water for no more than 5 min. Grids were then stream 
washed with deionized water and dried prior to imaging. Im-
ages were captured using a JEOL 2100 scanning and transmis-

sion electron microscope (Japan Electron Optic Laboratories, 
Peabody, MA, U.S.A.). 
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