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ABSTRACT

Baysal-Gurel, F., Ivey, M. L. L., Dorrance, A., Luster, D., Frederick, R., Czarnecki, J., Boehm,
M., and Miller, S. A. 2008. An immunofluorescence assay to detect urediniospores of Phakop-

sora pachyrhizi. Plant Dis. 92:1387-1393.

An indirect immunofluorescence spore assay (IFSA) was developed to detect urediniospores of
Phakopsora pachyrhizi, utilizing rabbit polyclonal antisera produced in response to intact non-
germinated (SBR1A) or germinated (SBR2) urediniospores of P. pachyrhizi. Both antisera were
specific to Phakopsora spp. and did not react with other common soybean pathogens or healthy
soybean leaf tissue in enzyme-linked immunosorbent assay (ELISA). SBR1A and SBR2 bound
to P. pachyrhizi and P. meibomiae urediniospores were detected with goat anti-rabbit Alexa Fluor
488-tagged antiserum using a Leica DM IRB epifluorescent microscope with an I3 blue filter
(excitation 450 to 490 nm, emission 515 nm). The assay was performed on standard glass micro-
scope slides; double-sided tape was superior to a thin coating of petroleum jelly both in retaining
spores and in immunofluorescence. The IFSA was used to confirm the identity of P. pachyrhizi
urediniospores captured on glass slides from passive air samplers from Georgia, Kentucky, and

Ohio during 2006.
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Soybean rust has been reported in Asia,
Africa, South and Central America, the
United States, and most recently Canada
(28,38; A. Tenuta, personal communica-
tion). Significant yield losses on soybean
crops have occurred in Asia, Africa, Aus-
tralia, and nearly all tropical countries in
both the eastern and western hemispheres
where soybeans are grown (1-3,21,28,
31,33,34,42). Soybean rust is caused by
two Phakopsora species, P. pachyrhizi
Sydow and P. meibomiae (Arthur) Arthur,
of which P. pachyrhizi is the more aggres-
sive (28). P. meibomiae is not considered a
serious threat to soybean production. In
Brazil, P. pachyrhizi was estimated to cost
growers approximately $1.2 billion in
2003, with $500 million in direct yield
losses to the disease and $700 million
resulting from use of fungicides (42). It is
predicted that P. pachyrhizi may negatively
impact soybean production in the United
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States with annual losses between $240
million and $2.0 billion, depending on the
severity of the disease (23,28).

P. pachyrhizi can be managed with well-
timed fungicide applications (29,30). In
the United States, numerous products con-
taining triazole and strobilurin type fungi-
cides have been labeled. Both types of
products have good activity when applied
close to the time when spores arrive in the
field (12,18).

Currently, an emphasis is being placed
on tracking the movement of soybean rust
through soybean production regions in the
United States, and developing predictive
models for future fungicide application
and timing decisions (41). The IPM PIPE
system (16,39), established to monitor and
predict diseases such as soybean rust, is
dependent upon accurate and timely detec-
tion and identification of pathogen
propagules to ensure the efficacy of both
decision tools and disease management.
Methods are needed to efficiently detect
and correctly identify and distinguish P.
pachyrhizi  urediniospores from other
plant-pathogenic fungal spores for timely
and appropriate applications of fungicides.

Techniques for trapping and direct as-
sessment of P. pachyrhizi urediniospores
would be beneficial to all soybean produc-

ers worldwide. Identification of trapped
spores of P. pachyrhizi currently requires
experienced  mycologists,  specialized
equipment, and many hours examining the
trapped spores microscopically. Visualiza-
tion and enumeration of airborne spores
through bright field microscopic examina-
tion of spores collected in spore traps have
been utilized for a number of plant patho-
gens (15). However, such methods require
considerable amounts of time and ex-
pertise in spore morphology if accurate
counts are to be obtained. The use of this
technique is further limited when fungal
spores that are morphologically similar are
captured together. Technological advances
in fungal diagnostics, using either anti-
body- or nucleic acid-based assays, allow
for the accurate differentiation of fungal
species (5,14,40).

Air sampling formats can be combined
with serological assays to detect and iden-
tify airborne fungal spores (17,20). For
example, Kennedy et al. (19) developed a
direct fungal spore monitoring process in
which airborne spores of Mycosphaerella
brassicicola and Botrytis cinerea were
trapped in a 96-well enzyme-linked immu-
nosorbent assay (ELISA) plate using a
specialized particle sampler and detected
by rabbit polyclonal antibodies.

In this study, we report the production of
specific polyclonal antibodies for P.
pachyrhizi and describe the development
of an immunofluorescence spore assay
(IFSA) for the detection of P. pachyrhizi
urediniospores in spore trapping systems.
This type of assay will greatly assist in the
monitoring of P. pachyrhizi urediniospores
for both fungicide recommendations and
confirmation of modeling efforts. Prelimi-
nary results of this research have been
reported previously (4).

MATERIALS AND METHODS
Microbial cultures. P. pachyrhizi and P.
meibomiae isolates were maintained and
propagated at the USDA-ARS Foreign
Disease-Weed Science Research Unit
(FDWSRU) Biosafety Level 3 (BSL-3)
Plant Pathogen Containment Facility at
Fort Detrick, MD (26) under an appropri-
ate USDA Animal Plant Health Inspection
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Service permit. Urediniospores were har-
vested using a mechanical harvester (9)
and both germinated and nongerminated
urediniospores were killed in ethylene
oxide prior to use in antiserum and assay
development according to the conditions of
APHIS permit for removing material from
the BSL-3 containment facility. All other
fungal and bacterial cultures were col-
lected and maintained at The Ohio State
University.

Polyclonal antibody production. Four
different fractions of P. pachyrhizi uredin-
iospores were used to generate five an-
tisera (Table 1). These fractions repre-
sented distinct approaches to produce
polyclonal antisera against surface and
internal antigens of P. pachyrhizi. Antisera
were generated against surface antigens of
intact nongerminated and germinated P.
pachyrhizi isolate Taiwan 72-1 (TW 72-1)
urediniospores, pulverized germinated
spores, and spore wall fractions. To gener-
ate antibodies against surface antigens of
intact, nongerminated spores, uredinio-
spores that were stored frozen in liquid
nitrogen were suspended in phosphate-
buffered saline (4.3 mM NaHPO,, 1.4 mM
KH,PO,, 137 mM NaCl, 2.7 mM KCl, pH
7.3) (PBS) at two different concentrations
and killed by treatment with ethylene ox-
ide. To generate antibodies against surface
and internal antigens of germinated spores,
1.0 g FW of urediniospores was floated on
the surface of 3 liters of sterile distilled
H,O containing 50 pg/ml ampicillin and 50
pg/ml streptomycin in glass pans and al-
lowed to germinate at room temperature
overnight. The germinated urediniospore
mat was washed in 3 liters of 0.01%
Tween 20 vol/vol on a rotary shaker at 100
rpm for 2 h at RT. The germinated spores
were collected on Whatman no. 1 filter
paper, sterilized overnight with ethylene
oxide, and split into two fractions. One-
third of the germinated spore fraction was
directly suspended in PBS and used for
injection. The remaining two-thirds of the
germinated spores were resuspended in
PBS, flash frozen in liquid nitrogen, and
pulverized in a bead beater (Cole Parmer,
Vernon Hills, IL) using three 25-s bursts at
2,500 rpm. This pulverized fraction was
then split into two fractions. One-half of
the pulverized germinated spores were
used directly for injection. The other half
of the pulverized, germinated spores were
resuspended in PBS containing 500 mM
NaCl (PBSS), vortexed, centrifuged at 325
x g, and the pellet washed with PBSS. This
process was repeated three times to re-

move soluble materials and leave a washed
cell wall fraction. The final washed cell
wall pellet was resuspended in PBS for
injection. The protein content of each frac-
tion was measured using the method of
Markwell et al. (24), and protein concen-
trations were adjusted to optimize the im-
mune response (Table 1). All antiserum
production was performed using New
Zealand white rabbits by a commercial
vendor (Bushover Biologicals, Vassalboro,
ME) under contract to the U.S. Navy Bio-
logical Defense Research Directorate
(BDRD) in Silver Spring, MD conforming
to approved animal handling and BDRD
Animal Care and Use Committee policies
and protocols. Immunization schedules
were performed according to the vendor’s
protocols. Bleeds were conducted until
optimal titers were obtained, based upon
standardized ELISA screening protocols
with target immunogens.

Polyclonal antiserum specificity-indi-
rect ELISA. The five polyclonal antisera
(SBR1A, SBRI1B, SBR2, SBR3, and
SBR4) developed in response to four dif-
ferent P. pachyrhizi immunogens were
evaluated for specificity using an indirect
ELISA protocol with ethylene oxide-killed
urediniospores of P. pachyrhizi and P. mei-
bomiae, and pure culture extracts of four
bacterial pathogens (Pseudomonas syrin-
gae pv. syringae van Hall, P. syringae pv.
phaseolicola, Xanthomonas campestris pv.
glycines (Nakano) Dye, Clavibacter michi-
ganensis subsp. insidiosus) and six fungal
pathogens (Botrytis cinerea Pers.:Fr., Col-
letotrichum acutatum Simmonds, C. gloeo-
sporioides (Penz.) Penz. & Sacc., Ustilago
tritici (Pers.) Rostr., Puccinia graminis f.
sp. tritici Eriks., Rhizoctonia solani Kuhn).
Soybean leaf extracts prepared from leaves
with bacterial pustules caused by X.
campestris pv. glycines, frogeye leaf spot
caused by Cercospora sojina K. Harav,
bacterial blight caused by P. syringae pv.
glycinea (Coerper) Young, Dye & Wilkie,
Septoria leaf spot caused by Septoria gly-
cines Hemmi, and powdery mildew caused
by Microsphaera diffusa Cooke & Peck,
and healthy leaves from 183 soybean culti-
vars were evaluated. In addition, extracts
of wheat tissue infected with U. tritici
(Pers.) Rostr. and P. graminis f. sp. tritici
Eriks were tested.

Germinated and nongerminated uredin-
iospores of P. pachyrhizi and P. meibomiae
were suspended in PBS to a final concen-
tration of 10 ug protein/ml. Pure cultures
of each fungal pathogen (except isolates of
Colletotrichum) were grown in potato

Table 1. Polyclonal antisera developed in response to antigens of Phakopsora pachyrhizi

Antiserum Immunogen preparation

Immunogen amount Boost amount

SBRIA Nongerminated urediniospores

SBRIB Nongerminated urediniospores

SBR2 Germinated urediniospores

SBR3 Pulverized, germinated urediniospores
SBR4 Wall fraction germinated urediniospores

5 mg spores FW
2.5 mg spores FW
0.25 mg protein
0.325 mg protein
0.05 mg protein

2.0 mg spores FW
2.0 mg spores FW
0.10 mg protein
0.10 mg protein
0.125 mg protein
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dextrose broth (PDB) at room temperature
without shaking for 3 to 6 days, depending
on the organism. Colletotrichum isolates
were grown in glucose casein medium as
previously described (22). Mycelium from
each pathogen was harvested by filtering
through sterile Whatman no. 2 filter paper.
Cultures were air-dried overnight, ground
in liquid nitrogen, and resuspended in PBS
to a final concentration of 10 ug pro-
tein/ml. Protein concentrations were deter-
mined using the Bradford assay (7). Pure
cultures of each bacterial pathogen were
grown in nutrient broth yeast extract me-
dium without glucose and incubated at
28°C for 36 h with shaking (~250 rpm).
Bacteria were harvested by centrifugation
(8,100 x g, 10 min), and the pellets were
resuspended in PBS to final concentrations
of 10° and 10> CFU/ml. Soybean leaf and
wheat tissue extracts were prepared by
grinding 0.5 g of diseased soybean or
wheat tissue in Agdia mesh sample bags
containing 3 ml of BEBI1 buffer (Agdia,
Inc., Elkhart, IN). Extracts were collected,
transferred into 1.5-ml sterile microfuge
tubes (250-ul aliquots) and stored at
-20°C.

Indirect ELISAs were set up by adding
200 pl of each sample to each of two wells
of an Immulon 2HB, 96-well flat bottom
microtiter plate. Each assay contained
healthy tissue extract and BEB1 buffer as
negative controls. Microtiter plates were
placed into a sealed moist chamber and
incubated overnight at 4°C. The microtiter
plates were washed six times with PBS
containing 0.01% vol/vol Tween 20 (PBS-
Tween) and blocked with blocking buffer
(PBS containing 5% skim milk) for 1 h at
37°C. Plates were washed again with PBS-
Tween six times, 100 pl of diluted primary
antibody (1:10 in dilution buffer [PBS-
Tween with 5% skim milk]) was added to
each well, and the plates were incubated at
37°C for 1 h within a sealed moist cham-
ber. Plates were washed six times with
PBS-Tween, 100 ul of diluted alkaline
phosphatase conjugate (1:3,000 in dilution
buffer) was added to each well, and the
plates were incubated at 37°C for 1 h
within a sealed moist chamber. Plates were
again washed six times with PBS-Tween,
and 100 pl of PNP substrate buffer (1 tab-
let PNP/5 ml of 1x PNP substrate buffer;
Agdia) was added to each well. Plates
were incubated at 37°C for 15 min and
visualized at 405 nm (2-min intervals for
10 min) using an automated microplate
reader. A positive sample was scored when
the absorbance (405 nm) was at least two
times the absorbance of the healthy tissue
(negative control).

IFSA optimization. Several parameters
were evaluated to optimize the immuno-
fluorescence staining procedure including:
(i) reaction of different primary antisera,
(ii) antiserum working dilution with differ-
ent buffers (PBS and PBS-Tween, Agdia,
Inc.), (iii)) working dilutions with the



secondary antiserum (Alexa Fluor 488
goat anti-rabbit IgG (H+L), Invitrogen
Molecular Probes, Eugene, OR), (iv)
primary and secondary antiserum incuba-
tion time and temperature, (v) use of a
blocking buffer (PBS containing 2% bo-
vine serum albumin [BSA], Sigma Chem-
ical Co., St. Louis, MO) and 5% goat
serum (Sigma)], and (vi) type of washing
buffer. Spores were observed using an
epifluorescence microscope and rated
visually using a scale of 1 to 4 where 1 =
no fluorescence, 2 = weak fluorescence, 3
= good fluorescence (clearly positive), and
4 = bright fluorescence (Fig. 1).

Assay optimization was conducted using
standard glass microscope slides coated
with a thin layer of petroleum jelly or af-
fixed with a 51-mm strip of 13- or 19-mm-
wide double-sided tape (Scotch Perma-
nent Double-Sided Tape, 3M Corpora-
tion, St. Paul, MN). Dry urediniospores
were drawn ~1 mm into the tip of a 10-pl
glass PCR micropipette and expelled onto
the double-sided tape or petroleum jelly.
For a urediniospore capture treatment,
double-sided tape was pressed onto the
petroleum jelly-coated slides to remove
the urediniospores and affixed to a glass
slide. A 500-ul aliquot of primary anti-
serum was added to the urediniospores
and incubated in a covered petri dish. The
glass microscope slide containing pri-
mary antiserum-labeled urediniospores
was then washed six times (30 to 60 s
incubation each time) in washing buffer. A
500-ul aliquot of Alexa Fluor 488-labeled
goat anti-rabbit IgG was applied over the
surface of the slide and incubated in the
dark. The slide was washed six times as
described above. One drop (approx. 100
ul) of PBS-Tween was placed over the
surface of the slide, which was then was
covered with a coverslip. The edges of the
coverslip were sealed to the microscope
slide with clear nail polish. Samples were
stored in the dark at 22°C for up to 2
months.

Polyclonal antiserum specificity-
IFSA. Polyclonal antiserum SBR1A was
tested for specificity using the IFSA proto-
col on standard glass microscope slides

either coated with petroleum jelly or af-
fixed with double-sided tape. Spores of
five fungal pathogens from infected tissue
(Puccinia graminis f. sp. tritici, Phragmi-
dium sp., Ustilago tritici, Alternaria sp.,
and Botrytis cinerea) and ethylene oxide-

killed urediniospores of P. pachyrhizi iso-
late TW 72-1 and P. meibomiae isolate
Puerto Rico 76 (PR 76) were applied to the
slides as described above. In addition,
urediniospores of 21 P. pachyrhizi isolates
were tested.

Fig. 1. The visual fluorescence intensity score of urediniospores of Phakopsora pachyrhizi determined
using an immunofluorescence spore assay (IFSA) (20x objective). A, 1 = no fluorescence; B, 2 = weak
fluorescence; C, 3 = good fluorescence (clearly positive); and D, 4 = bright fluorescence.

Fig. 2. Visualization of urediniospores of Phakopsora pachyrhizi on glass microscope slides in an
immunofluorescence spore assay (IFSA) with polyclonal antiserum SBRIA using A, double-sided

tape, and B, petroleum jelly (20x objective).

Table 2. Specificity of polyclonal antisera developed in response to Phakopsora pachyrhizi antigens to fungal and bacterial plant pathogen and healthy soy-
bean cultivar extracts in an enzyme-linked immunosorbent assay (ELISA)

Reactivity in ELISA®

Extract SBR1A SBR1B SBR2 SBR3 SBR4
Phakopsora pachyrhizi isolate TW 72-1 + + + + +
Phakopsora meibomiae isolate PR 76 + + _ _ _
Pseudomonas syringae pv. syringae and pv. phaseolicola, Xanthomonas campestris - — - - -

pv. glycines, Clavibacter michiganensis subsp. insidiosus, Botrytis cinerea,

Colletotrichum acutatum, C. gloeosporioides, Ustilago tritici
Rhizoctonia solani - - — + +
Puccinia graminis f. sp. tritici - - - _ +

Diseased soybean tissue: P. syringae pv. glycinea, X. campestris pv. glycines, -
Cercospora sojina, Septoria glycines, Microsphaera diffusa

Symptomless soybean tissue: 183 cultivars

2 Samples for which the absorbance at 405 nm is greater than or equal to 2x that of the negative control (healthy soybean tissue extract) are considered posi-
tive (+). Samples are considered negative (—) when the A4qs is less than 2x the absorbance of the negative control.

Plant Disease / October 2008 1389


http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PDIS-92-10-1387&iName=master.img-002.jpg&w=305&h=118
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PDIS-92-10-1387&iName=master.img-000.jpg&w=305&h=248
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PDIS-92-10-1387&iName=master.img-000.jpg&w=305&h=248

Table 3. Fluorescence intensity of Phakopsora pachyrhizi urediniospores in an immunofluorescence Immunofluorescence microscopy. Im-
spore assay (IFSA) utilizing various assay parameters ages were captured using a Leica DMIRB

Fluorescence intensity® (Lgica Microsyste_ms, Wetzlar, _Germaqy)
epifluorescence microscope equipped with

Parameter Variable 1 2 3 4 an Optronics Magnafire camera (Optronics

Primary antiserum SBR1A + Engineering, Goleta, CA, or http://optron

o SBR2 + ics.com), digitized with a Magnafire image

Dilution buffer type ggg - + . capture board, and processed with Adobe

Primary antiserum dilution 1:100 e +° Photoshop CS (Adobe, Seat.t le, WA). A

1:250 4b USH-102DH-100W ultra-high-pressure

1:500 + mercury lamp (USHIO America, Inc.,

Secondary antiserum dilution 1:100 +b Cypress, CA) was used as the exciting light

1:250 +° source. Images were viewed in the blue

1:500 + excitation range (filter set I;- excitation filter

Primary antiserum incubation time 1h + BP450-490 nm and emission filter BP515

gﬂ N nm) with a 20x objective (N.A. 0.12); the

Secondary antiserum incubation time lh + exposure time for image capture was always

2h + 1.037 s.

3h +b Immunomonitoring of field-trapped

Primary antiserum incubation temperature 22°C + spores. Double-sided tape was affixed to

37°C + standard glass microscope slides, or slides

Secondary antiserum incubation temperature 22°C + were thinly coated with petroleum jelly,

. 37°C + and placed in passive spore traps in Geor-
Blocking step: PBS+2% BSA+5% goat serum  Yes + . .

No + gia, Kentucky, and Ohio soybean fields

Washing buffer PBS . during 2006. Each trap was designed to

PBS-Tween + rotate with the wind and was approxi-

Distilled water ~ + mately 1.8 m above the soybean canopy.

“Fl . - - — Slides were collected at 7-day intervals
uorescence of urediniospores was rated visually using a scale of 1 to 4 where 1 = no fluorescence, . N

2 = weak fluorescence, 3 = good fluorescence (clearly positive), and 4 = bright fluorescence. ar}d heated in fin oven for 48 h at 56°C to
b Indicates that the background was cloudy. kill spores prior to shipment. The IFSA
was conducted on each slide and spores

were viewed as described above. Non-

Table 4. Reactivity of polyclonal antiserum SBRIA with killed urediniospores of Phakopsora specific binding of the secondary anti-
pachyrhizi isolates in an immunofluorescence spore assay (IFSA) with polyclonal antiserum SBR1A serum to the petroleum jelly resulted in
nonspecific background fluorescence and
weak fluorescence of P. pachyrhizi uredin-
iospores. Therefore, spores were lifted

Reactivity
Origin Year Isolate Source in IFSA®?

Louisiana 2004 LA04-1 R. Schneider®, Ben Hur 4 from petroleum jelly using double-sided
2004 LA04-2 R. Schneider, Ben Hur 4 tape, which was then fixed onto a new
2004 LA04-3 R. Schneider, St. Gabrielle 4 lass microscone slide for IFSA
Alabama 2004  ALO4-1 R. Fredericke, Mobile County 4 & P :
2004 AL04-2 R. Frederick, Baldwin County 4
2004  ALO04-3 R. Frederick, Baldwin County 4 RESULTS
Hawaii 1994 HW94-1 E. Kilgored, Oahu 4 Polyclonal antiserum specificity-indi-
1998 HWO98-1 E. Kilgore, Oahu 4 rect ELISA. Antisera SBR1A and SBR1B,
Australia 1979 AUT9-1 Unknown 4 produced against nongerminated uredinio-
Brazil 2001 BZ01-1 J. T. Yorinori®, Parana 4 spores reacted positively with both P
. . ; , g
China 2003 CHO3-1 Z.Ma’, YunNan Province . 4 pachyrhizi and P. meibomiae uredinio-
Colombia 2004 C0O04-1 R. Tisnes, Valle del Cauca, Caicedonia 4 . . R
. . spores in ELISA, while antiserum SBR2,
India 1973 IN 73-1 D. N. Thapliyal, Pantnagar 4 . g . )
Paraguay 2001 PGO1-2 W. M. Morelg, Capitan Miranda 4 produced against intact germinated uredin-
Philippines 1977 PH 77-1 Bureau of Plant Industries, Los Banos 4 iospores, reacted only with P. pachyrhizi
South Africa 2001 SA 01-1 Z. A. Pretoriu_sh, Natal Province 4 urediniospores. Antisera SBR3 and SBR4,
Thailand 2001 THO1-1 S. Poonpolgul’, Chaingmai 4 produced against a crude extract of pulver-
_ 2002 THO2-1 S. Poonpolgul, Chaingmai 4 ized germinated urediniospores and cell
Taiwan 1972 TW72-1 Lung-Chi Wu, Taipei 4 walls of pulverized germinated uredinio-
1980 TW 80-2 AVRDG, Taiwan 4 spores, respectively, reacted with uredinio-
Vietnam 2005 VTO5-1 N. Binh¥, Hanoi 4 LN o b
Zimbabwe 2001  ZMOI-1 C. Levy!, Harare 4 spores of bot akopsora species, but

also cross-reacted with R. solani and P.
graminis f. sp. tritici. None of the antisera
reacted with B. cinerea, C. acutatum, C.
gloeosporioides, U. tritici, the four bacte-

2 Fluorescence of urediniospores was rated visually using a scale of 1 to 4 where 1 = no fluorescence,
2 = weak fluorescence, 3 = good fluorescence (clearly positive), and 4 = bright fluorescence.

b Department of Plant Pathology and Crop Physiology, Louisiana State University, Baton Rouge, LA.

¢ Collections made with the assistance of T. Johnson, R. Wingard, and W. Harrison, Alabama Depart-

ment of Agriculture and Industries, and E. Sikora, Alabama Cooperative Extension System, Auburn rial pathogens, or leaf extracts of any of
University. the 183 healthy soybean cultivars tested
d Hawaii Department of Agriculture, Hilo, HIL. (Table 2).
¢ Embrapa soja, Londrina, Brazil. Immunofluorescence spore assay opti-
f China Agricultural University, Beijing, China. mization. Both primary antisera (SBR1A

¢ Centro Regional Investigacion de Agricola, Capitan Miranda, Paraguay.
h University of the Free State, Bloemfontein, South Africa. P hvrhizic h dini
i Thailand Department of Agriculture, Bangkok, Thailand. - pachyrimt, owever, gre 1nlospores
J' Asian Vegetable Research and Development Center, Taipei, Taiwan. Freated with SBRIA were brighter, with an
k Plant Protection Research Institute, Hanoi, Vietnam. immunofluorescence score of 4, than those

I Commercial Farmers Union of Zimbabwe, Harare, Zimbabwe. treated with SBR2, with an immuno-

and SBR2) reacted with urediniospores of
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fluorescence score of 3 (Table 3). PBS-
Tween was more effective than PBS as a
dilution buffer and wash buffer, resulting
in more intense fluorescence of uredinio-
spores (intensity score of 4) than for PBS
(intensity score of 2). All of the dilutions
of the primary and secondary antiserum
resulted in bright fluorescence with uredin-
iospores of P. pachyrhizi. Increasing the
time of the primary antiserum incubation
from 1 to 2 h increased the fluorescence of
urediniospores of P. pachyrhizi, but in-
creasing the incubation time from 2 to 3 h
did not increase the fluorescence intensity.
Fluorescence intensity of P. pachyrhizi
urediniospores did not differ with secondary
antibody incubation time. An incubation
temperature of 37°C for the primary and
secondary antiserum resulted in a weak
fluorescence (intensity score of 2) compared
to fluorescence at 22°C (intensity score of
4). Inclusion of a blocking step (PBS + 2%
BSA + 5% goat serum) for 1 h prior to the
primary antiserum incubation step at 22°C
did not improve fluorescence intensity
compared to the nonblocked control.

The final IFSA protocol chosen was as
follows: a 500-ul aliquot of SBR1A pri-
mary antiserum diluted 1:500 in PBS-
Tween was placed over a sample affixed to
a thin layer of petroleum jelly or double-
sided tape on a standard glass microscope
slide and incubated for 2 h. The slides
were then washed six times with PBS-
Tween, and 500 pl of a 1:500 dilution of
Alexa Fluor 488 in PBS-Tween was added
to the slides and incubated for 1 h. Slides
were washed six times as described above.
All incubation steps were carried out in the
dark at 22°C.

Significantly fewer urediniospores were
lost during IFSA when samples were af-
fixed to microscope slides directly using
double-sided tape or petroleum jelly than
when they were captured on petroleum
jelly and transferred to tape. On average,
25.0% of urediniospores were lost when
transferred to tape from petroleum jelly-
coated slides, while only 3.7 and 5.2% of
urediniospores affixed directly to tape or
petroleum jelly, respectively, were lost.
Nonspecific binding of the secondary
antiserum to the petroleum jelly resulted in
background fluorescence and weak spe-
cific fluorescence of P. pachyrhizi uredin-
iospores (Fig. 2).

Polyclonal antiserum specificity-
IFSA. Fluorescent signals were observed
over the entire surface of P. pachyrhizi
urediniospores, with small patches of
greater intensity often observed (Fig. 1D).
Urediniospores of all of the 22 P. pachyr-
hizi isolates tested produced high fluores-
cence intensity scores (scores for all iso-
lates = 4) with SBR1A antiserum in the
IFSA (Table 4). Urediniospores of the P.
meibomiae isolate PR 76 reacted positively
with SBRI1A antiserum, but the signal was
weaker (intensity score of 3) than observed
for urediniospores of P. pachyrhizi. None

of the spores of nontarget species, includ-
ing Ustilago and Puccinia spp., reacted
positively (Table 5; Fig. 3).
Immunomonitoring of field-trapped
spores. Thirty-six samples (microscope
slides) were received from air samplers
stationed in Georgia, Kentucky, and Ohio.
Under bright field microscopy, a wide
range of airborne spores, pollen, bacteria,
insect, and particulate material was ob-
served on each of the double-sided tape-
affixed and petroleum jelly-coated glass
microscope slides from the field spore
traps (Fig. 4). P. pachyrhizi urediniospores
could not be easily distinguished from
other fungal spores trapped on the slides

using bright field microscopy. In some
cases, urediniospores were distorted by
desiccation (Fig. 4A and E). After each
slide was immunolabeled, P. pachyrhizi
urediniospores fluoresced brightly (Fig.
4B, D, and F) while other fungal spores,
pollen grains, bacteria, insects, and par-
ticulate material did not fluoresce. P.
pachyrhizi urediniospores were often ob-
served in clumps on the microscope slides.
Of the 36 slides received, two were posi-
tive for P. pachyrhizi urediniospores from
Georgia (GA12 and GA1S5), one from
Kentucky (KY3), and six from Ohio (OH6,
OH7, OHS8, OHIl, OHI2, and OH16)
(Table 6).

Table 5. Specificity of polyclonal antiserum SBRI1A against fungal spores in an immunofluorescence

spore assay (IFSA)

Fungal pathogen Host Reactivity in IFSA?
Phakopsora pachyrhizi isolate TW 72-1 Soybean (Glycine max) 4
Phakopsora meibomiae isolate PR 76 Soybean (Glycine max) 3
Puccinia graminis f. sp. tritici Wheat (Triticum aestivum) 1
Phragmidium sp. Rose (Rosa spp.) 1
Ustilago tritici Wheat (Triticum aestivum) 1
Alternaria sp. Tomato (Solanum lycopersicum) 1

1

Botrytis cinerea

Tomato (Solanum lycopersicum)

2 Fluorescence of urediniospores was rated visually using a scale of 1 to 4 where 1 = no fluorescence,
2 = weak fluorescence, 3 = good fluorescence (clearly positive), and 4 = bright fluorescence.

Table 6. Soybean rust immunofluorescence spore assay (IFSA) results for air-trapped spores on slides

from Georgia, Kentucky, and Ohio, 2006

Soybean rust

Slide identification  Trapping date Slide type spores in IFSA®?
GA 1 08.16.2006-08.23.2006 Double-sided tape 1
GA 2 08.02.2006-08.09.2006 Double-sided tape 1
GA3 08.15.2006-08.22.2006 Double-sided tape 1
GA 4 08.01.2006-08.08.2006 Double-sided tape 1
GA S5 07.31.2006-08.07.2006 Double-sided tape 1
GA 6 08.14.2006-08.21.2006 Double-sided tape 1
GA7 07.31.2006-08.07.2006 Double-sided tape 1
GA 8 08.14.2006-08.21.2006 Double-sided tape 1
GA9 08.01.2006-08.08.2006 Double-sided tape 1
GA 10 08.10.2006-08.17.2006 Double-sided tape 1
GA 11 08.10.2006-08.17.2006 Double-sided tape 1
GA 12 08.02.2006-08.09.2006 Double-sided tape 4
GA 13 08.16.2006-08.23.2006 Double-sided tape 1
GA 14 08.15.2006-08.22.2006 Double-sided tape 1
GA 15 08.01.2006-08.08.2006 Double-sided tape 4
GA 16 08.10.2006-08.17.2006 Double-sided tape 1
KY 1 07.28.2006-08.04.2006 Double-sided tape 1
KY 2 08.04.2006-08.11.2006 Double-sided tape 1
KY 3 07.11.2006-07.21.2006 Double-sided tape 4
KY 4 08.21.2006-08.25.2006 Double-sided tape 1
OH 1 09.01.2006-09.08.2006 Petroleum jelly 1
OH 2 08.24.2006-08.30.2006 Petroleum jelly 1
OH 3 10.10.2006-10.17.2006 Petroleum jelly 1
OH 4 09.09.2006-09.16.2006 Petroleum jelly 1
OH 5 09.16.2006-09.23.2006 Petroleum jelly 1
OH 6 07.25.2006-07.31.2006 Petroleum jelly 3
OH 7 No date provided Petroleum jelly 4
OH 8 No date provided Petroleum jelly 4
OH9 09.29.2006-10.05.2006 Petroleum jelly 1
OH 10 08.21.2006-08.23.2006 Double-sided tape 1
OH 11 No date provided Double-sided tape 4
OH 12 09.05.2006-09.11.2006 Double-sided tape 4
OH 13 09.11.2006-09.18.2006 Double-sided tape 1
OH 14 09.05.2006-09.11.2006 Double-sided tape 1
OH 15 09.25.2006-10.03.2006 Double-sided tape 1
OH 16 10.03.2006-10.10.2006 Double-sided tape 4

2 Fluorescence of urediniospores was rated visually using a scale of 1 to 4 where 1 = no fluorescence,
2 = weak fluorescence, 3 = good fluorescence (clearly positive), and 4 = bright fluorescence.
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DISCUSSION

The ability to detect and quantify tar-
geted airborne fungal spores rapidly and
reliably will be useful in research and criti-
cal to the accuracy of disease-forecasting
systems. Serological methods are poten-
tially useful for detecting and quantifying
airborne bioparticles (8,10,13,25). How-
ever, although immunological methods

have been used to detect airborne allergens
(32), there have been only a few applica-
tions for detection and identification of
airborne spores of plant pathogens. Im-
munofluorescence has been used to iden-
tify spores of Botrytis cinerea deposited on
the trapping surface of a Burkard spore
sampler (11). Spores were collected on
modified tape in a Burkard sampler ex-

Fig. 3. Visualization of Phakopsora pachyrhizi (example shown by solid arrows) and Puccinia
graminis f. sp. tritici (example shown by open arrow) with double-sided tape using A, bright field
microscopy, and B, immunofluorescence spore assay (IFSA) with polyclonal antiserum SBR1A (20x

objective).

Fig. 4. Immunofluorescence spore assay (IFSA) of field-trapped soybean rust urediniospores on glass
microscope slides with double-sided tape. Images in the left column were taken using bright field
microscopy; images in the right column were taken of the same slides using epifluorescence microscopy.
Field samples were from Ohio (A and B), Kentucky (C and D), and Georgia (E and F) (20x objective).
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posed in an infected onion crop and la-
beled directly on the tape using a Botrytis-
specific monoclonal antibody (6). Kennedy
et al. (20) also used immunofluorescence
to detect Mycosphaerella brassicicola
ascospores on Burkard spore trap tapes
coated with bovine serum albumin as a
support medium and blocking agent. In an
alternative approach, Schmechel et al. (35)
developed a prototype rotating-arm sam-
pler, designed for use with ELISA, to de-
tect and enumerate airborne spores. The
trap was tested in wind tunnel experiments
with Alternaria brassicae conidia utilizing
a monoclonal antibody against germinating
conidia of this pathogen (36,37). More
recently, a new particle-trapping device,
the microtiter immunospore trap, was de-
veloped by the Burkard Manufacturing
Co., Rickmansworth, UK (19). The device
uses a suction system to collect airborne
particles directly into the wells of a micro-
titer plate. Kennedy et al. (19) demon-
strated the utility of this device for detect-
ing airborne spores of M. brassicicola and
B. cinerea by ELISA. We found in this
study that P. pachyrhizi urediniospores
captured in a passive air sampler could be
quickly and easily identified. The advan-
tage of immunofluorescence over ELISA is
that immunolabeled spores can be directly
visualized and counted. Further, a passive
air sampler such as the one used in this
study is simple, inexpensive, and fully
adapted to urediniospore capture on slides
placed inside.

The polyclonal antisera developed to
different fungal immunogen preparations
displayed a range of specificity. The most
specific antisera were developed against
pulverized, nongerminated urediniospores
of P. pachyrhizi. This approach may be
particularly appropriate for an immuno-
fluorescence assay because it appears to
enrich for antibodies to urediniospore
surface epitopes. Meyer and Dewey (27)
demonstrated that genus-specific mono-
clonal antibodies capable of binding sur-
face epitopes of Botrytis cinerea conidia
were most reactive in ELISA and immuno-
fluorescence assays.

We found that the efficiency of visuali-
zation of immunofluorescent uredinio-
spores on microscope slides affixed with
double-sided tape was substantially su-
perior to that of slides coated with petrol-
eum jelly. In experiments in which the
primary antiserum was omitted, the secon-
dary antiserum conjugated with Alexa
Fluor 488 appeared to bind nonspecifically
with urediniospores on petroleum jelly-
coated slides (data not shown). It is likely
that the petroleum jelly interfered with
effective washing of the secondary anti-
body. While retention of urediniospores on
tape and petroleum jelly throughout IFSA
was similar (approximately 95 to 97%
retention), transferring urediniospores from
petroleum jelly to tape resulted in sig-
nificant losses of spores (approximately
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75% retention). The air samplers currently
being used for P. pachyrhizi urediniospores
sampling were originally designed to use
petroleum jelly-coated slides, but our
results clearly demonstrate that double-
sided tape is the superior urediniospore
capture material where IFSA will be used.
Preliminary results from field tests with
double-sided tape or petroleum jelly-
coated glass microscope slides collected
from field tests in 2006 demonstrate that
the IFSA combined with spore trapping
can be an effective tool for monitoring P,
pachyrhizi urediniospores movement during
the soybean growing season.

In future studies, we will investigate the
use of monoclonal antibodies specific to
the urediniospores of P. pachyrhizi. The
monoclonal antibodies will be assessed in
the test format described above, and the
potential for a continuous detection assay
will also be investigated. It is clear that
immunological techniques have the poten-
tial to play a significant role in the detec-
tion and monitoring of airborne plant
pathogens such as the soybean rust
pathogen, P. pachyrhizi.
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