
Plum pox virus (PPV; genus Potyvirus, family

Potyviridae) is the most devastating pathogen of stone

fruit trees. Plum pox virions are filamentous particles,

750 nm in length and 15 nm in diameter, composed of

one molecule of RNA ((+)ssRNA) and protein envelope,

the subunit having a molecular mass of 36�38 kDa [1]. At

this time, six strains of the pathogen have been identified:

Dideron (D), Marcus (M), Cherry (C), El Amar (EA),

Winona (W), and Rec (recombinant of D and M), differ�

ing in nucleotide sequence, antigen specificity, and epi�

demiological features [2].

PPV causes the sharka disease of cultivated and wild

plants from the genus Prunus, such as plums, peaches,

apricots, etc., which results in severely reduced fruit pro�

duction because of premature fruit dropping and impair�

ment of quality. The economic loss from this disease world�

wide exceeded 10 billion Euros over the last 30 years, and

the number of culled trees was in the millions [3]. Although

PPV in most countries is a quarantine object, it is distrib�

uted in stone fruit orchards virtually worldwide [4]. As a

rule, the virus populates a new region together with infect�

ed plants and is transmitted by aphids and by the transfer of

infected plant material to new locations. The only way to

manage the disease is to destroy all infected trees, so per�

fecting diagnostic strategies is of major importance.
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Abstract—Two monoclonal antibodies (mABs) raised against plum pox virus (PPV) were shown to recognize its D, M, and

C strains. Conjugates of the antibodies with colloidal gold (CG) nanoparticles averaging 26 nm in diameter were synthesized.

The binding constants of PPV with both the native and conjugated mABs were determined using a Biacore X device. The

complexes between the CG–mAB conjugates and plum pox virions were examined by means of transmission electron and

atomic force microscopy. Using the conjugates with optimal component ratio, an express immunochromatographic assay of

PPV was developed with a detection limit of 3 ng/ml and duration of 10 min. The assay was tested for PPV detection in sam�

ples of stone fruit tree leaves and demonstrated a good compatibility with the data obtained by “sandwich”�ELISA. The

developed assay can be used in the field and applied for monitoring viral infection and for quarantine purposes.
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A series of sensitive serological and molecular meth�

ods for laboratory diagnostics of PPV have been developed

to date [5, 6]; they are applied in accordance with diag�

nostic protocol [7] validated by the European and

Mediterranean Plant Protection Organization (EPPO) to

ensure reliable detection of the virus. The accuracy of

sampling for laboratory analyses is crucial for efficacy of

PPV detection in fruit tree orchards. Since characteristic

symptoms of viral infection are not always observed, visu�

al estimation of infection severity is not sufficient for the

sampling. Accuracy of the sampling can be considerably

increased by means of quick preliminary estimation of

virus distribution among plants using the methods of field

diagnostics. One of these methods is immunochromato�

graphic assay (ICA) on test�strips, which is no less effec�

tive than enzyme�linked immunosorbent assay (ELISA)

in identification of infected trees [8�12]. Immunochro�

matography is characterized by speed, sensitivity, and sim�

plicity; the test has no requirement in additional equip�

ment and reagents and in special professional skill.

Because of their reliability, immunochromatographic tests

are included in EPPO diagnostic protocols for determina�

tion of a number of phytopathogenic viruses [13, 14].

Recently, we were the first to develop an original

Russian technology for production of test strips allowing

detection of phytopathogenic viruses that uses polyclonal

rabbit antibodies against viruses and nanoparticles of col�

loidal gold (CG) [15, 16]. These strips allow rapid (with�

in 10 min) detection of morphologically distinct viruses,

such as potato viruses X and Y, tobacco mosaic virus,

bean mild mosaic virus, and carnation mottle virus.

However, the polyclonal antibody�based test strips pre�

pared according to this technology were ineffective for

PPV diagnostics in stone fruit tree samples.

The goal of this work was to prepare and character�

ize monoclonal antibodies against PPV and to develop an

immunochromatographic test with these antibodies,

allowing rapid detection of this virus in fruit tree leaf sam�

ples.

MATERIALS AND METHODS

Chemicals. The following chemicals were used: goat

(GAMIss), rabbit (RAMIss), and sheep (SAMIss) anti�

mouse IgG antibodies (ABs) and sheep anti�rabbit IgG

ABs (SARIss) (Imtek Bio, Russia); goat (Arista

Biologicals, USA) and rabbit (DakoCytomation,

Denmark) anti�mouse IgG ABs; bovine anti�mouse IgG

ABs–horseradish peroxidase conjugate (Medgamal,

Russia); Triton X�100, Tween 20, 3,3′,5,5′�tetramethyl�

benzidine hydrochloride, sodium azide, polyvinylpyrroli�

done (Mr ~ 29 kDa), and HEPES (Sigma, USA); hydro�

gen tetrachloroaurate(III) (Fluka, Germany); BSA, sodi�

um citrate, Freund’s incomplete adjuvant, and glycine

(MP Biomedicals, UK); glycerol (Dia�M, Russia);

polyvinyl formal and tungsten phosphoric acid (SPI

Supplies, USA); and surfactant P20 (Biacore AB,

Sweden). All salts, acids, alkali, and organic solvents were

of analytical or chemical purity grade.

Monoclonal antibodies were prepared using RPMI�

1640 medium, fetal calf serum, HybriMax HAT�medi�

um, HT�medium, mercaptoethanol, sodium pyruvate,

penicillin, streptomycin, pristane, and Protein A�

Sepharose CL�4B (Sigma). ELISA was carried out using

Costar 9018 96�well transparent polystyrene plates

(Corning Costar, USA). Solutions for synthesis of CG

and its conjugates were prepared in MilliQ deionized

water (Millipore, USA).

Isolation of PPV. PPV�NAT strain D was kindly pro�

vided by Prof. E. Maiss (Institute of Plant Diseases and

Plant Protection, University of Hanover, Germany) [17].

The virus was propagated in tobacco (Nicotiana ben�

thamiana) plants and purified as described elsewhere [18].

Preparation of monoclonal antibodies. Hybridomas

producing ABs against PPV were prepared by fusion of

BALB/c murine syngenic Sp2.0 line myeloma cells with

immune BALB/c splenocytes using polyethylene glycol

[19]. The immunization protocol included three fort�

nightly intraperitoneal injections of PPV (50 µg per ani�

mal) in Freund’s incomplete adjuvant mixture (1 : 1). The

anti�PPV antibody titer in blood serum was determined

by ELISA. Mice producing the highest titer were used for

isolation of immune splenocytes.

Hybrid cells were grown at 37°C in an atmosphere

containing 5% CO2 in a CO2�incubator (Queue, USA) in

selective HAT�medium prepared on the base of commer�

cial RPMI�1640 medium contained inactivated fetal calf

serum (20%), 2�mercaptoethanol (5 µM), sodium pyru�

vate (1 mM), penicillin (10 U/ml), streptomycin (10 U/

ml), and HybriMax HAT�concentrate (1 : 50). After one

week this medium was partially substituted with fresh

medium, after two weeks it was completely substituted

with HT�medium (HAT�medium without aminopterin),

and after one month with medium containing all compo�

nents but HAT�concentrate.

From 10th day of cell fusion, supernatants in the

wells with apparent growth were tested for hybridomas

producing anti�PPV ABs by indirect solid�phase ELISA.

Selected monoclones were propagated in vitro in 50�ml

culture flasks and as ascitic tumors in the abdominal cav�

ity of BALB/c mice injected intraperitoneally with 1 ml

of pristane one week before injection of a monoclone

[20]. Hybridomas taken for injection were suspended in

0.5�1.0 ml of RPMI�1640 ((1�4)·106 cells per animal).

Ten to twenty days after the beginning of ascites develop�

ment, ascitic fluid was isolated. Antibodies were purified

by affinity chromatography on Protein A�Sepharose CL�

4B [21].

Determination of antibody titer by indirect solid�
phase ELISA. PPV was sorbed in the wells of a 96�well

plate overnight at 4°C from 100 µl of solution containing
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0.2 µg/ml of the virus in PBS (50 mM K+�phosphate

buffer, pH 7.4, containing 0.1 M NaCl). The plate was

washed four times with PBS containing 0.05% Tween 20

(PBST), and then serial dilutions of mABs (0.1 through

100 ng/ml; 100 µl per a well) in PBST were added and

incubated at 37°C for 1 h. The plate was washed again,

and 100 µl of anti�mouse immunoperoxidase conjugate

(1 : 6000 in PBST) was added into each well and incubat�

ed at 37°C for 1 h. Following washing, the catalytic activ�

ity of immobilized enzyme was determined with peroxi�

dase substrate 3,3′,5,5′�tetramethylbenzidine (0.4 mM)

and H2O2 (3 mM) dissolved in 40�mM Na+�citrate

buffer, pH 4.0. The substrate solution was added to the

plate wells (100 µl per well) and incubated in the dark at

room temperature for 15 min. The reaction was terminat�

ed by addition of 50 µl of 1 M H2SO4, and optical

absorbance of enzymatic reaction products was deter�

mined at 450 nm (A450).

Characterization of colocation of PPV determinants
recognized by monoclonal antibodies by ELISA. Analysis

was carried out by comparison of binding dependencies

on concentration of individual antibodies and their

equimolar mixture [22]. PPV was sorbed in the plate wells

from 100 µl of virus solution (0.2 µg/ml) in PBS overnight

at 4°C. The plate was washed four times with PBST, and

then serial dilutions of mABs or their equimolar mixture

(0.1 through 50 ng/ml; 100 µl per well) in PBST were

added and incubated at 37°C for 1 h. The plate was

washed again, and 100 µl of anti�mouse immunoperoxi�

dase conjugate (1 : 6000 in PBST) was added into each

well and incubated at 37°C for 1 h. Following washing,

immobilized peroxidase activity was determined as

described above.

Preparation of colloidal gold by the citrate method
[23]. One milliliter of 1% HAuCl4 was added to 97.5 ml of

deionized water, heated to boiling, and 1.5 ml of 1% sodi�

um citrate was added on agitation. The mixture was

boiled for 25 min, cooled, and stored at 4�6°C.

Preparation of mAB–CG conjugates. The choice of

mAB concentration for conjugation between CG and

mAB was made according to recommendations of

Panerai et al. [24], implying determination of A580 follow�

ing addition of antibodies and 10% NaCl to the colloid.

To do this, 1 ml of CG (A520 = 1.0) was added to 0.1 ml of

aqueous mAB solutions (concentration varied from 5 to

250 µg/ml), agitated, and incubated at room temperature

for 10 min. Then, 0.1 ml of 10% NaCl was added to each

sample, agitated, and following incubation for 10 min A580

was determined. The concentration corresponding to the

beginning of the plateau in the flocculation curve (a plot

of A580 versus concentration) was determined, and that

exceeding this value by 10�15% was chosen for mAB con�

jugation.

Before conjugation with CG, antibodies were dia�

lyzed against 1000 volumes of 10 mM sodium carbonate

buffer, pH 9.5, at 4°C for 2 h. CG (A520 = 1.0) was adjust�

ed with 0.1 M K2CO3 to pH 9.5, and then mAB solution

of chosen concentration was added to the colloid. The

mixture was incubated at room temperature for 45 min

with continuous agitation followed by addition of BSA to

the final concentration of 0.25%. CG particles with

immobilized mABs were separated by centrifugation at

8000g for 30 min. The supernatant was removed, and the

pellet was resuspended in PBS containing 0.05% BSA and

0.05% Tween 20 (PBSTB). When long storage was

required, sodium aside (final concentration 0.02%) was

added to the product.

Determination of binding constants for the interaction
of PPV with mABs and mAB–CG conjugates. Equilibrium

constants of immunochemical reactions were measured

on a Biacore X system (Biacore AB). mABs dissolved in

10�mM Na+�citrate buffer, pH 5.0 (final concentration

50 µg/ml) were immobilized on the surface of a CM3 chip

(Biacore AB). Then the following reagents were sequen�

tially added into the cell: 5 µg/ml of PPV in HEPES�P

buffer (Biacore AB); mAB at concentration of 4 through

400 nM (constants were calculated toward antibodies) or

mAB–CG conjugate at concentration of 2 through

70 pM of CG (constants were calculated toward CG par�

ticles) in HEPES�P buffer (Biacore AB); HEPES�P

buffer (10 mM HEPES, pH 7.4, containing 150 mM

NaCl and 0.005% surfactant P20); and regenerating

reagent (10 mM glycine�HCl, pH 2.0).

Measurements were carried out against a control

cell, in which antibodies were not immobilized on the

chip, and other reagents were the same as those in exper�

imental cell. Constants were calculated using the

BIAevaluation software (Biacore AB) in the steady�state

affinity mode.

Transmission electron microscopy (TEM). Specimens

of CG (A520 = 1.0), mAB–CG conjugates (A520 = 5.0, in

PBSTB), and PPV (50 µg/ml in PBS) were placed onto

copper TEM sample support grids (mesh 300; Pelco

International, USA) covered with a film formed from

polyvinyl formal solution in chloroform. Following sorp�

tion for 15 min, the specimens were washed with bidis�

tilled water, negatively stained with 2% tungsten phos�

phoric acid for 1 min, and dried. For immune complex

imaging, mAB–CG conjugate (A520 = 5.0, in PBSTB) was

added to the immobilized and washed PPV specimen,

incubated for 15 min, washed with bidistilled water,

counterstained as described above, and dried. Images

were obtained on a CX�100 electron microscope (Jeol,

Japan) at accelerating voltage 80 kV. Digital photos were

analyzed using the UTHSCSA Image Tool software

(UTHSCSA Dental Diagnostic Science, USA). The

virus/antibody ratio in the immune complex was calcu�

lated from the average CG diameter and average distance

between the conjugate particles adsorbed on the surface

of a virion.

Atomic force microscopy (AFM). Specimens of PPV

(100 µg/ml PBS) and mAB–CG conjugate (A520 = 5.0, in
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PBSTB) were placed on the surface of freshly cleaved

mica (MICA V�1 GRADE, Cat. No. 1873�CA; SPI

Supplies, USA), sorbed for 15 min (conjugate) or 5 min

(PPV), washed with bidistilled water, and, after removal

of excess water, dried. For immune complex imaging,

mAB–CG conjugate was added to the immobilized and

washed PPV specimen, incubated for 15 min at room

temperature, washed with bidistilled water, and, after

removal of excess water with filter paper, dried.

Specimens were scanned on a SmartSPM atomic force

microscope (AIST�NT, Russia) using fpN01HR can�

tilevers (Nanotuning, Russia) with a tip radius curvature

of about 1 nm. The obtained images were analyzed using

the Gwiddion software (Czech Metrology Institute,

Czech Republic).

Development of immunochromatographic test sys�
tems. Test systems were assembled on mdi Easypack

membranes (Advanced Microdevices, India). Using an

IsoFlow automated dispenser (Imagene Technology,

USA), the mAB–CG conjugate diluted to A520 = 2.0 was

applied onto the substrate (32 µl per 1 cm of the strip).

Anti�PPV mAB was used for formation of the test zone

and IgG isolated from antiserum against mouse IgG for

formation of the control zone. In both cases, 2 µl of solu�

tion (0.5 mg/ml PBS containing 10% glycerol) were

placed onto 1 cm of the strip. The mounted multimem�

brane composite was cut on an Index Cutter�1 (A�Point

Technologies, USA) into strips, 78 × 3.5 mm, which were

hermetically packed into bags composed of laminated

aluminum foil and containing silica gel as desiccant,

using an FR�900 continuous band sealer (Wenzhou

Dingli Packing Machinery, China). Cutting and packing

were carried out at 20�22°C in a separate room with rela�

tive humidity no more than 30%.

Immunochromatographic assay. The assay was car�

ried out at room temperature. The sample pad of the test

strip kept vertically was dipped in the analyzed sample for

1.5 min, taken out, and placed onto a horizontal surface.

Result of analysis was determined in two interchangeable

ways: digital imaging of the test strip on a BearPaw

4800TA Pro scanner (Mustek, Taiwan) with calculation

of integrated intensity of colored zones using the

TotalLab software or using a Reflecom system (Okta�

Medika, Russia) performing digital image capture and

analysis [25].

Plant sampling. Leaves of plum (Prunus domestica),

myrobalan (P. cerasifera), peach (P. persica), and apricot

(P. armeniaca) manifesting symptoms of viral infection,

as well as asymptomatic leaves were collected according

to the approved protocol [7] in June and September,

2008�2009, at orchards of stone fruit trees disposed in

Southern Coast, piedmont, and prairie zones of Crimea,

Ukraine.

Testing of plant samples by ELISA. The testing was

carried out using an ELISA Reagent Set, Cat. No. SRA

31505 (Agdia, USA), according to the manufacturer’s

protocol. This set identified all of the known virus strains.

Extract from the N. benthamiana leaves infected by PPV

was used as positive control. Extracts from healthy plum,

peach, myrobalan, and apricot leaves served as negative

controls. Optical absorbance of enzymatic reaction prod�

ucts (A405) was determined on a Multiscan Plus vertical

photometer (Labsystems, Finland).

Strain specificity of identified PPV isolates. Strain

specificity was determined using PPV Dideron (Cat. No.

K�12B), PPV Marcus (K�11B), PPV Cherry (K�14B),

and PPV El Amar (K�13B) diagnostic kits (Agritest,

Italy), containing mABs specific to the strains D, M, C,

and EA, respectively. Both positive (strain�specific) and

negative controls are components of these kits. Analyses

were performed according to the manufacturer’s proto�

cols.

Strain specificity of mABs raised in this work. It was

determined using the same kits (Agritest), in which mABs

specific to D, M, or C strain were replaced by either AB1

or AB2 antibodies at 1.5 µg/ml concentration.

Subsequently, their interaction with positive controls of

D, M, and C strains was tested.

Plant specimen preparation for ICA. A leaf piece,

150�170 mg wet weight, was placed into a polyethylene

bag with enclosed plastic net (mesh size 2 × 2 mm), and

3 ml of extracting buffer (PBS containing 0.1% Tween 20,

0.5% Triton X�100, and 1% polyvinylpyrrolidone (Mr ~

29 kDa)) was added. The bag was put on hard surface, and

the leaf fragment was kneaded for 30 sec. The content of

the bag was mixed up by rocking motion and transferred

into a tube.

RESULTS AND DISCUSSION

Characterization of anti�PPV mABs. A series of

clones producing antibodies against PPV was raised as a

result of hybridization. Two monoclonal antibodies were

selected for further work: 1D5B1 (AB1) and 2H2F6

(AB2). Specific binding of these antibodies with the stan�

dard antigen specimen was detected at low concentra�

tions (<0.5 ng/ml) in indirect ELISA.

The use of these antibodies in serological tests

implies relative positioning of the recognized epitopes.

The data of comparing concentration dependencies for

individual AB1 and AB2 clones and their equimolar mix�

ture are given on the Fig. 1. Titration of the mAB equimo�

lar mixture (curve 3) compared with individual mABs

(curves 1 and 2) showed higher signal, which, however,

was less than the theoretically calculated sum of individ�

ual signals (dashed curve). These data suggest that AB1

and AB2 interact with different epitopes of the viral enve�

lope protein that are localized nearby or partly overlap

each other.

Association constant measurements for the interac�

tion of the prepared mABs with PPV using Biacore X



INTERACTION OF PLUM POX VIRUS WITH ANTIBODY CONJUGATES 1397

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  11   2010

equipment demonstrated close values of these constants:

6.9·107 M–1 (AB1) and 5.8·107 M–1 (AB2) (Fig. 2, a and b).

The data on strain specificity of AB1 and AB2 given

in Table 1 demonstrate that both mABs interact with

three PPV strains at the level comparable with that of

commercial monoclonal antibody. While AB1 recognizes

PPV isolates belonging to the strains M and D, AB2 more

effectively recognizes strain C.

Characterized mABs were used for development of

immunochromatographic test systems for PPV detection.

Characterization of CG specimen by TEM. A speci�

men of CG was synthesized for the use as a label. The size

of prepared CG particles (Fig. 3) was as follows (mean

size ± standard deviation): long axis = 30 ± 7 nm; short

axis = 22 ± 5 nm; and ellipticity (axial ratio) = 1.3 ± 0.2.

These data suggest high homogeneity of the CG speci�

men.

Preparation of mAB−−CG conjugates. Figure 4 shows

the plot of A580 of mAB–CG conjugate solutions versus

mAB concentration in the presence of 10% NaCl. One

can see that addition of antibodies initially results in ele�

vation of absorbance, followed by decrease of A580 value

and its reaching a plateau. As a rule [24], the antibody

concentration exceeding the point of reaching the

plateau by 10�15%, which corresponds to formation of

stable non�aggregating conjugates, is taken as optimal for

conjugation. According to these recommendations,

10 µg/ml concentration was chosen for AB1 and

16 µg/ml for AB2.

Characterization of immune complexes between PPV
and mAB–CG by AFM and TEM. Visualization of

immune complexes by TEM using negative counterstain�

ing (Fig. 5) showed that the particles of mAB–CG conju�

gate are localized at periphery of virions, and their area

density depends on both CG size and concentration of

interacting reagents. Minimal distance between adjacent

CG particles immobilized on the PPV surface is 3.5 nm,

maximum (which does not exceed the CG particle

size) 28.8 nm, and the average distance between CG par�

ticles is 11.4 nm. The latter distance probably corre�

sponds to the space occupied by antibodies bound with

colloidal particles.

The immune complex images obtained by AFM

(Fig. 6) correspond to both morphology of virions and

conjugate sizes determined by TEM. The height of virion

on the profile of the AFM image (Fig. 6b) is 12 nm cor�

responding to 12.5�13.0 nm on the data of TEM (Fig. 5).

This parameter also corresponds to the data from the

ICTV (International Committee on Taxonomy of

Viruses) database, in which the PPV diameter is estimat�

Fig. 1. Plot of AB1 (1), AB2 (2), and their equimolar mixture (3)

binding with immobilized PPV against concentration, as evaluat�

ed by ELISA. The dashed line shows the sum of curves 1 and 2.
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Table 1. Comparative reactivity of AB1 and AB2 to various PPV strains in indirect “sandwich” ELISA

AB1

1.925

2.613

0.391

0.113

C

0.105

0.080

0.874

0.130

M

0.083

2.046

0.099
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Note: Positive controls comprising the Agritest diagnostic kits served as a source of strains D, M, and C. Negative control was from the same kits.

Data of typical experiment are presented.

Strain specificity of Agritest diagnostic kit mABs, 1.5 µg/ml
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Fig. 2. Kinetics of PPV interaction with mABs determined using a Biacore X system. a) AB1; b) AB2; c) AB1–CG conjugate; d) AB2–CG

conjugate. a, b: 1�8) Concentrations of the added antibodies were 400, 200, 100, 60, 30, 10, 8, and 4 nM, respectively. c, d: 1�6)

Concentrations of the added conjugates given in optical density units at 520 nm were 3, 1, 0.8, 0.5, 0.2, and 0.1, respectively.
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ed as 12.5 to 20 nm. Note that AFM allows visualization

of conjugates disposed above the viral particles lying on

the underlying surface.

The structure of PPV – with its regularly repeating

epitopes on the surface – determines formation of com�

plexes with mAB–CG conjugates with virus/conjugate

ratios up to 1 : 37 (an example of PPV complex with

AB1–CG conjugate is shown in Fig. 6).

Quantitative characterization of interaction between
PPV and mAB–CG on a Biacore X device. The obtained

dependencies for conjugates of CG with AB1 and AB2 are

shown on the Fig. 2, c and d. Association constants were

1.9·1010 M–1 for AB1–CG and 1.4·1010 M–1 for AB2–CG.

Equilibrium constants were calculated for free antibodies

or AB�conjugated CG particles. Taking in account that

synthesis of mAB–CG conjugate according to the proto�

col described in “Materials and Methods” gives the num�

ber of antibody molecules immobilized on the CG parti�

cle, which is close to the SCG/SAB ratio, where SCG is the

surface of CG particle and SAB is the surface of antibody

molecule (45 nm2 [26]). This gives about 50 AB molecules

per CG particle, ~26 nm in diameter. Thus, variation of

equilibrium constant on transition from antibodies to

conjugates is probably explained by elevation in number

of binding centers in immune complexes due to consoli�

dation of several AB molecules on one CG particle (Table

2). Several orders increase (depending on size of colloidal

carrier) in affinity of anti�PPV conjugates compared with

initial antibodies was reported earlier [27].

Development of immunochromatographic test system
for detection of PPV. Since viruses are polyvalent anti�

gens, maximum sensitivity of their detection [28] is

achieved using “sandwich” ICA (Scheme). The analyzed

sample is adsorbed in the sample zone of the test strip

(Scheme, 2). PPV, if presented in the sample, interacts

with specific mAB (Scheme, a) labeled with colloidal

gold (Scheme, b) and localized in the starting zone of the

test strip (Scheme, 3). The formed antigen–antibody

Fig. 4. Flocculation curves of anti�PPV mAB immobilization

(AB1 (1); AB2 (2)) on CG particles. Zero level of A580 corresponds

to CG in absence of both antibodies and NaCl.
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complex interacts with anti�PPV mAB (Scheme, c)

immobilized in the test zone (Scheme, 5). Thus, appear�

ance of a colored band in the test zone indicates a positive

result of the test. When the sample does not contain PPV,

this zone remains blank (negative result of the test). The

control zone (Scheme, 6) contains ABs against murine

IgG (Scheme, d), so the colored complex (immobilized

ABs−mAB−CG) is formed in this zone independently of

the presence of PPV in the tested sample.

We optimized this test system with the aim to achieve

minimal threshold of PPV detection, obtain clear and

intensely colored test and control zones, and minimize

background. We compared four variants of “sandwich”

ICA differing in anti�PPV mAB (AB1 or AB2) immobi�

lized in the test zone and that conjugated with CG. The

best result in amplitude of signal and detection threshold

was achieved when AB1 was immobilized in the test zone

and AB2–CG conjugate moved along the membrane.

Maximum intensity of the test zone coloring was achieved

when mAB solution with concentration of 0.5 mg/ml was

used for immobilization on the membrane. Further

increase of mAB concentration did not result in increase

in intensity. The AB2–CG conjugate was applied onto a

fiberglass membrane from a solution with A520 = 2.0,

because the color intensity of both working zones reaches

a plateau at this concentration [16].

Various species�specific anti�mouse IgG antibodies

provided by different companies were used for the con�

trol zone formation. The data on binding of mAB–CG

conjugates (A520 = 2.0) with different anti�mouse IgG

antibodies (taken at concentration of 0.5 mg/ml for sorp� tion on the membrane) are shown in Table 3. Maximum

binding of colloidal conjugate was attained with goat

anti�mouse IgG antibodies (GAMI) from Arista Bio�

logicals.

Characterization of immunochromatographic test
system for detection of PPV. On the basis of the data of

optimization, we prepared immunochromatographic test

strips and tested the detection of PPV. Analytical features

of the method were evaluated in a model using a purified

PPV specimen added (up to a preset concentration) into

extracting buffer or into the non�infected tobacco (N.

benthamiana) leaf extracts, either clarified by low�speed

centrifugation or unclarified.

Specimen

Native mAB*

mAB−CG conjugate**

AB1

6.9·107

1.9·1010 

AB2

5.8·107

1.4·1010 

Table 2. Association constants, M–1, of interaction

between PPV and mABs or their conjugates with CG

* Constants are calculated towards antibody.

** Constants are calculated towards AB�coated CG particle.

Immunochromatographic “sandwich” assay. Test strip: 1) plastic

base; 2) sample pad; 3) gold conjugate pad; 4) working mem�

brane; 5) test zone; 6) control zone; 7) terminal adsorbing pad.

Reagents: a) mAB−CG conjugate specific to PPV; b) CG parti�

cles; c) anti�PPV mAB immobilized in test zone; d) anti�species

ABs immobilized in control zone

1 

a

2 

3 

b

c d

5 

6 

4 

7 

GAMI (Arista
Biologicals)

131

154

SAMIss
(Imtek Bio)

98

127

Conjugated
mAB

AB1

AB2

SARIss
(Imtek Bio)

0

0

Table 3. Binding of various immobilized species�specific anti�mouse IgG antibodies with anti�PPV mAB–CG conju�

gates in the immunochromatographic system

RAMI
(DakoCytomation)

100

121

RAMIss
(Imtek Bio)

34

62

GAMIss
(Imtek Bio)

71

100

Color intensity of binding zone, arbitrary units
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Extracts from stone fruit leaves compared to those

from herbaceous plants have remarkably higher viscosity.

Hence, the test strips were tested for virus detection in

leaf extracts of stone fruit plants infected with PPV.

Mobility of the fluid front was found to vary depending on

plant species and cultivar, but in all samples the front

achieved the terminal absorbing pad within 5 min after

submerging the test strip into the extract. Intensity of

stained bands both in test and control zones achieved

maximum 10�15 min after dipping the sample pad of the

test strip into the sample (Fig. 7). Hence, 10 min is the

recommended time range for the assay.

Figure 8a shows the appearance of bands after the

analysis, and Fig. 8b shows the dependence of staining

intensity in test zone on PPV concentration in unclarified

sample. Thus, the test strips enable PPV detection within

3 to 1000 ng/ml concentration range. Measurement error

in determination of PPV concentration almost did not

differ and varied from 5 to 10% in buffer and clarified and

unclarified leaf extracts (n = 4).

Immunochromatographic test system testing. Eighteen

samples of leaves manifesting disease symptoms and 11

asymptomatic samples of various stone fruits were collected

and tested using an Agdia ELISA�based test system. PPV

was detected in six samples manifesting symptoms, where�

as the virus was absent in another 12 samples with symp�

toms and 11 asymptomatic samples. This data demonstrates

unreliability of sampling on the basis of symptoms only and

need to use analytical diagnostic methods for revealing

infected plants. Analysis of positive samples using the

Agritest strain�specific ELISA attributed all revealed iso�

lates to the D strain (Table 4). The M, C, and EA strains

were not revealed in the infected samples (data not shown).

All infected samples and four negative samples, one

per each stone fruit species, were used for a comparison of

efficacy of infected plant detection by ICA and ELISA.

The data presented in Table 4 demonstrate equal efficacy

using these two methods. The absence of staining in the

test zone of the test strip, when analyzing uninfected sam�

ple, suggests specificity of the developed immunochro�

matographic method of PPV detection.

Thus, the proposed immunochromatographic mAB�

based test system allows reliable detection of PPV in stone

Fig. 7. Staining kinetics of control (curve 1) and test (curve 2)

zones in immunochromatographic detection of PPV in unclari�

fied extract of infected leaves of plum cultivar Kleimen.
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fruit leaf extracts within 10 min and can be used for analy�

ses outside a laboratory, including field conditions.

Extended testing and use of these tests by plant breeders

and quarantine services can assist PPV monitoring, early

detection of infection foci and sources, and more suc�

cessful prevention of the virus spreading. It is important

that the obtained AB1 and AB2 specifically react with

several PPV strains. Their reactivity against M and D, the

most widespread PPV strains, is experimentally demon�

strated. Moreover, since the viral coat proteins of M and

Rec strains are identical [29], this indicates the capability

of detecting PPV isolates of Rec strain by ICA developed

on the basis of these antibodies. Reactivity of these anti�

bodies against the W strain is to be determined. This task

is important because the W strain is supposed to originate

from orchards of stone fruits in Ukraine [30] and, hence,

can be present in contiguous territory of the Russian

Federation.

Another important result of the work is the new

proof of PPV presence in Crimea. The PPV geographical

spread and strain variety is under intensive study due to its

great economic importance [3]. The virus spread in

orchards of stone fruits in Crimean territory was not stud�

ied to date, although typical symptoms of plum pox were

repeatedly detected by visual inspection of the orchards

[31]. These observations were proved several times by the

ELISA method [32]. In the present work, the presence of

PPV in various areas of Crimea is verified using Agdia and

Agritest test systems recommended by EPPO diagnostic

protocol and enabling revelation of all known viral

strains, as well as using the newly developed

immunochromatographic test system for plum pox detec�

tion.
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