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ABSTRACT
Polyclonal antibodies against Pythium aphanidermatum and
Fusarium oxysporum proteins were developed for the detection of
rhizome rot in ginger using serological assays. Under optimal
experimental conditions, the detection limit of P. aphanidermatum
by indirect ELISA was 10 µg/ml with a linear working range from 5
to 100 µg/ml (R2 = 0.994). In case of F. oxysporum, the linear
working range was 5–100 µg/ml (R2 = 0.991) and the limit of
detection was 25 µg/ml. The developed antibodies showed the
highest titer in ELISA at 1:2000 dilutions. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis identified proteins ranging
from molecular weights 15–97 kDa and 14–116 kDa of
P. aphanidermatum and F. oxysporum isolates, respectively. In
Western blot analysis, the developed antisera gave positive
reactions against the isolated antigens of the fungi. The
antibodies revealed immune-reactive bands of molecular weights
59 and 65 kDa in P. aphanidermatum and 44 and 75 kDa in
F. oxysporum. The results suggest that the developed antibodies
could be successfully applied for the specific immunodetection of
P. aphanidermatum and F. oxysporum at an early stage of rhizome
rot disease.
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1. Introduction

Ginger (Zingiber officinale Rosc.), a tropical perennial herb of Zingiberaceae is an impor-
tant commercial crop grown for its aromatic rhizomes which are used as a spice and a
medicine (Sharma, Vijayvergia, & Singh, 2010). India is the largest producer of ginger
accounting for about one-third of total world output. In 2016, Spice Board India estimated
that the country produced 683,160 tons of ginger from an area of 38,200 hectares. Indian
ginger is exported mainly in the form of whole and dry. Cochin and Calicut ginger are the
two popular Indian ginger varieties in the world market. The export demand of Indian
ginger is high due to its superior quality. India dominates the world trade in ginger oil
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and oleoresin by occupying 50% market share (Karthick, Alagumani, & Anbarassan, 2015).
Countries such as China, Nigeria and Thailand are competing with India to make a position
in the global market. The refreshing aroma, biting taste and carminative property of Indian
ginger makes it an indispensable ingredient of food processing throughout the world.

Although ginger is a high return crop, however, the productivity is quite low, as it is
affected by the diseases caused by fungi, bacteria, viruses, mycoplasma and nematodes.
Among the diseases, rhizome rot poses a persistent threat to the cultivation and storage
of ginger. Crop loss begins in the field and continues in the packing house, during trans-
portation and till storage. Rhizome rot is caused mostly by Pythium aphanidermatum
during cultivation and Fusarium oxysporum during postharvest stages. About 50–80%
yield loss during storage has been reported due to this disease (Joshi & Sharma, 1980).
Over the past few years, rhizome rot has affected nearly all states of India, resulting in
decline of rhizome yield (Chaithra et al., 2013). The disease ultimately results in the
partial or total loss of affected clumps. So an early detection of the disease can prevent
the crop loss caused by the pathogens.

Traditional methods of studying the population of Pythium and Fusarium species have
involved culture plating technique onto a selective medium (Al-Sheikh, 2010; Banks et al.,
1996; Cha et al., 2007) and the observation of morphological features. However, the accuracy
and reliability of these techniques depends on the experience and skill of the person making
the diagnosis (McCartney, Foster, Fraaije, & Ward, 2003). Moreover, morphological identi-
fication is time consuming and difficult and thus is not suitable for rapid pathogen diagnosis
(Meirelles et al., 2006). The results obtained by this method also may be misleading due to
the presence of nonpathogenic species of Pythium and Fusarium or pathogenic species that
grow too slowly to be counted (Schroeder, Okubara, Tambong, Lévesque, & Paulitz, 2006).

Likewise, although molecular techniques are very sensitive and capable of separating
many species of Pythium and Fusarium, the techniques are not quantitative or designed
for identification directly from soil or plant samples (Li, Senda, Komatsu, Suga, &
Kageyama, 2010). A solution to this is serological assays, which have been demonstrated
to be highly specific, sensitive, simple, rapid and cost-effective and can be automated for
large-scale applications. Research also suggests that plants secrete defense proteins in
response to pathogenic fungi secretions during host–pathogen interactions (Gupta
et al., 2015). Study of these polypeptides could be utilized to develop a rapid and early
detection method for fungal infection based on immunological assay. Polyclonal anti-
bodies have been used previously to detect multiple isolates (Biazon et al., 2006;
Fleurat-Lessard, Luini, Berjeaud, & Roblin, 2010; Gautam, Cahill, & Hardham, 1999).
The present study was designed (i) to develop the polyclonal antibodies against the anti-
gens isolated from P. aphanidermatum and F. oxysporum at different stages of disease
development and (ii) to investigate the specificity and sensitivity of the developed anti-
bodies and to determine the feasibility of ELISA test for rapid detection of the pathogens
using the developed antibodies at different stages of infection.

2. Materials and methods

2.1. Collection of infected rhizomes, isolation and identification of pathogens

Infected ginger rhizomes were collected from different regions of Odisha, Telangana and
Tamil Nadu. The rhizomes were washed with water to remove adhering soil and then cut
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into 2- to 3-mm-thick pieces. The pieces were surface sterilized by immersing the sample
in 70% ethanol for 30 s and then rinsed three times with sterile water followed by drying
on sterile filter paper for 1 min. The pieces were grown on potato dextrose agar (PDA)
plates containing streptomycin (100 µg/µl) for 7 days at 27°C. All the fungal colonies
were again re-cultured on PDA for isolation of pure cultures.

The morphological and cultural characterizations of the cultures grown on PDA were
studied. Microscopic slides were prepared from these isolates and stained using lacto
phenol cotton blue according to Parija and Prabhakar (1995). The slides were examined
under a light microscope. Morphological features of P. aphanidermatum were examined
and identification of the fungal isolates was done using the key provided by Van der
Plaats-Niterink (1981). Keys and descriptions by Waterhouse (1968) and Middleton
(1943) were also consulted for confirmation of identifications. Similarly, F. oxysporum
was identified using the descriptions of Leslie and Summerell (2008).

2.2. Assessment of mycelial growth

For mycelial growth, P. aphanidermatum and F. oxysporum were aseptically transferred to
sterilized conical flasks containing 50 ml potato dextrose broth (PDB) and incubated in a
rotary shaker at 150 rpm at 28 ± 2°C for 7 days. Mycelia of each of the isolates were har-
vested by filtration throughWhatman No. 1 filter paper and repeatedly washed with sterile
distilled water.

2.3. Extraction and estimation of fungal antigens

Fungal antigens were extracted from 7-day-old mycelia grown in PDB. The collected
mycelia were homogenized (1 g/ml) in pre-chilled mortar and pestle with 50 mM Tris-
HCl buffer (pH 7.5) containing 0.1 mM ethylenediaminetetraacetic acid. The extracts
were centrifuged at 10,000 rpm for 20 min at 4°C and the supernatant was collected.
Protein isolated from healthy ginger rhizomes were used as positive control. Protein con-
tents were estimated following Bradford (1976) using bovine serum albumin as the
standard.

Ginger rhizomes infected by P. aphanidermatum and F. oxysporum (Pa1–Pa7 and Fo1–
Fo4) were categorized into three different stages of infection based on the antigen loads.
The concentrations of proteins in the isolates are mentioned in Table 1.

2.4. Separation of fungal proteins by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis

Analysis of fungal proteins was carried out by polyacrylamide gel electrophoresis (PAGE)
using 12% (w/v) gels with 5% (w/v) stacking gels, containing sodium dodecyl sulfate (SDS)
(Laemmli, 1970). Based on antigen loads, 10 µg (mild) to 100 µg (chronic) proteins in
sample buffer were loaded into single wells of multi-welled gels. A standard protein
marker (Sigma) was used for molecular weight estimation. Protein separation was
carried out in a Bio-Rad Mini-PROTEAN vertical electrophoresis system under a constant
voltage of 100 V for 1 h. After electrophoresis, the gels were stained with Coomassie Bril-
liant Blue R-250 (Sigma) to visualize the fungal proteins and molecular weight markers.

206 M. RAY ET AL.



Table 1. Sample-wise collection from different states of India and content of protein (mg/g fr. wt) in P. aphanidermatum and F. oxysporum – infected ginger
rhizomes at various stages of disease development.

States Districts Sample codes

Conc. of P. aphanidermatum (mg ml−1) Conc. of F. oxysporum (mg ml−1)

Stage I Stage II Stage III Stage I Stage II Stage III

Odisha Kandhamal Pa1 1.206 ± 0.012a 4.512 ± 0.048b 4.978 ± 0.067c – – –
Pa2 1.179 ± 0.016b 4.708 ± 0.051c 5.017 ± 0.070c – – –
Fo1 – – – 0.867 ± 0.019a 3.911 ± 0.028a 4.221 ± 0.067d

Nayagarh Pa3 0.963 ± 0.011a 2.977 ± 0.039a 3.331 ± 0.055a – – –
Fo2 – – – 0.911 ± 0.026c 4.213 ± 0.033b 4.909 ± 0.041a

Tamil Nadu Coimbatore Pa4 1.307 ± 0.026c 5.995 ± 0.063d 6.533 ± 0.063b – – –
Pa5 1.251 ± 0.029c 5.903 ± 0.060d 6.421 ± 0.089e – – –
F03 – – – 1.101 ± 0.018b 4.518 ± 0.058d 5.072 ± 0.053b

Telangana Sangareddy Pa6 1.351 ± 0.038d 6.322 ± 0.066e 6.911 ± 0.079d – – –
Pa7 1.376 ± 0.034d 6.634 ± 0.068e 7.201 ± 0.081d – – –
Fo4 – – – 1.117 ± 0.031d 4.922 ± 0.046c 5.510 ± 0.062c

Notes: Mean ± SD; n = 3. Values carrying the same alphabet (a–e) did not vary significantly from each other (P < .01). Stages I, II and III represent stages of disease development. Stage I (mild): The
early stage of infection, characterized by appearance of water soaked lesions on the tip of the roots. Stage II (acute): The intermediate stage of infection, characterized by turning of root lesions
into brown color and yellowing of young leaves. Stage III (chronic): The very late stage of infection, characterized by destruction of entire rhizomes, complete yellowing of all leaves, wilting
leading to death of the plants.
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2.5. Development of polyclonal antibodies

Polyclonal antisera were produced against pooled antigens of P. aphanidermatum and
F. oxysporum isolates separately in two male New Zealand white rabbits. The rabbits
were injected subcutaneously with 1 mg of fungal antigens in complete Freund’s adjuvant.
Normal (pre-immune) sera were collected from rabbits for negative controls before the
first immunization. Three subsequent intramuscular booster injections of 500 µg antigens
in incomplete Freund’s adjuvant were given at an interval of 15 days. The rabbits were
bleeding 1 week after the second and fourth immunization. All animals were kept in
proper conditions according to standards required by the University Bioethics Committee.
The collected antisera were employed for ELISA.

2.6. Screening of antibodies by indirect ELISA

Indirect ELISA as described by Ray et al. (2016) was performed with slight modifications
to test the titers of both the developed antisera. Microtiter plate was coated with 100 µl of
P. aphanidermatum and F. oxysporum antigens (10–100 µg/ml) diluted in 50 mM carbon-
ate coating buffer (pH 9.6) and incubated overnight at 4°C. The plate was washed three
times with phosphate buffer saline-tween 20 (PBS-T) and incubated for 1 h at room temp-
erature by blocking the wells with 200 ml of 2% skimmed milk in PBS. After washing
thrice with PBS-T, 100 µl of antisera against respective antigens were diluted in 1%
skimmed milk in PBS and added to the wells. Again the plate was incubated for overnight
at room temperature. After washing three times with PBS-T, 100 µl of horseradish peroxi-
dase-conjugated goat anti-rabbit IgG (Sigma) at a dilution of 1:5000 was added to each
well and incubated for 1 h at room temperature. The plate was washed thrice with PBS-
T and incubated with 100 µl of H2O2/TMB (Hydrogen peroxide/3,3′, 5,5′-Tetramethyben-
zidine) substrate per well for 10 min in dark for color development. The reaction was
stopped by adding 50 µl of 2 N sulfuric acid (H2SO4) and absorbance was measured at
450 nm in a micro plate reader (Bio-Rad).

2.7. Assessment of specificity of antibodies by Western blotting

Fungal proteins used in the qualitative assessment were prepared by pooling equal
volumes of samples from each stage. The proteins separated by electrophoresis were trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (Millipore) using Mini-Trans
Blot Cell Module (Bio-Rad). Electroblotting was performed for 90 min at a constant
voltage of 50 V. The membranes were stained with Amido black (Sigma) and destained
with destaining solution (10% methanol, 10% acetic acid and dist. H2O). The transferred
membrane strips were blocked for 30 min at room temperature in the blocking buffer
(Tris-buffered saline Tween 20 (TBST): 0.02 M Tris-HCl with 0.15 M NaCl, 0.05%
Tween-20, pH 8) containing 3% skimmed milk with slight shaking (50 rpm). After exten-
sive washing in TBST buffer, the strips were incubated with 1:1000 dilutions of the respect-
ive polyclonal antibodies for 3 h at room temperature. After incubation, the strips were
again washed for three times and incubated for 1 h at room temperature in 1:5000 dilution
of horseradish peroxidase-conjugated anti-rabbit IgG (Sigma). Bands were developed after
washing vigorously with TBST and immersing the treated strips in chemiluminescent
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substrate solution (Pierce ECL Western Blotting Substrate, Thermo Scientific). Specific
bands were depicted on Hyper-Film (Kodak) by developing in the darkroom using devel-
oper and fixer.

2.8. Validation of ELISA technique

Detection sensitivity, specificity and accuracy of the technique for diagnosis of the infected
ginger rhizomes were calculated using Microsoft Excel 2013 software. Diagnostic sensi-
tivity [true positive (TP)/(false negative (FN) + TP)], specificity [(true negative (TN)/
(false positive (FP) + TN)] and accuracy [(TP + TN)/(TP + TN + FP + FN)], the results
of the calculations, were expressed in percentages.

3. Results and discussion

3.1. SDS-PAGE analysis

Protein banding pattern of fungal isolates allowed identification of multiple protein bands
as shown in Figure 1. The molecular weights of the P. aphanidermatum proteins ranged
from approximately 15 to 95 kDa (Anusuya & Sathiyabama, 2014; Ray et al., 2016) and of
F. oxysporum proteins from 14 to 116 kDa (Bhuvanendra et al., 2010; Dong & Wang,
2011). Analysis of fungal proteins showed several specific protein bands which were
absent in healthy ginger rhizomes. The number and intensity of bands in the antigenic
protein isolated from stage III infected ginger rhizomes were higher in comparison to
stage I and II rhizomes.

Figure 1. Protein banding pattern of P. aphanidermatum and F. oxysporum isolates separated in a 12%
SDS-PAGE. (A) Proteins bands of P. aphanidermatum isolated from infected ginger rhizomes [M: marker;
Lanes: a: healthy ginger rhizomes, b–h: P. aphanidermatum isolates (Pa1–Pa7)]; and (B) Proteins bands
of F. oxysporum isolates [M: marker; Lanes: a: healthy ginger rhizomes, b–e: F. oxysporum isolates (Fo1–
Fo4)]. Molecular weight of standard protein is indicated on left margin.
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3.2. ELISA analysis

By ELISA assay, the developed antisera recognized the antigens from the corresponding
titration in concentrations of 1:500, 1:1000, 1:2000, 1:3000 and 1:5000. Under optimal
experimental conditions, the assay developed against P. aphanidermatum showed a
good sensitivity with limit of detection (LOD) of 10 µg/ml and linear range from 5 to
100 µg/ml (R2 = 0.994). Similarly, LOD for F. oxysporum was determined as 25 µg/ml
with linear range from 5 to 100 µg/ml (R2 = 0.991) (Figure 2). As shown in Figure 3,
the results indicated that antisera used at a dilution 1:2000 provided optimal reactivity
with both the antigens when the absorbance value was approximately 0.5–0.7 units.

Reactions were detected 15 min after application of the substrate and no change in
readings for the negative control was observed even after incubation for 30 min. The reac-
tivity of the fungal isolates to the developed antibodies is summarized in Table 2. The
developed antibodies also showed immunological reaction with proteins isolated from
different infected rhizome samples and the titration profile of these antibodies are illus-
trated in Figure 4.

3.3. Western blot analysis

TheWestern blot analysis of both the developed polyclonal antibodies against the antigens
at various stages of disease development showed a remarkable difference in the recognition
profile. The polyclonal antibodies reacted with several bands ranging from molecular
weight of 15–97 kDa and 14–116 kDa in P. aphanidermatum and F. oxysporum, respect-
ively, in all three stages of infection. The antibody raised against P. aphanidermatum
showed the highest response against the antigens with molecular weight of 59 and
65 kDa, and additional bands of reactivity, including 25 and 72 kDa, were seen (Figure
5). Similarly, the antibody raised against F. oxysporum detected two immune-dominant
antigens with molecular weight of 44 and 75 kDa, including two other bands at 33 and
97 kDa. Immunogenic bands with similar molecular weights also have been detected in
past reports (Ghosh, Datta, & Purkayastha, 2006; Peschen, Li, Fischer, Kreuzaler, &
Liao, 2004; Ray et al., 2016).

Figure 2. Standard curve of ELISA under optimized conditions. The values plotted were mean ± SD
based on three repeats.
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Figure 3. Optimization of (i) P. aphanidermatum and (ii) F. oxysporum antigens and developed anti-
bodies dilution of indirect ELISA.

Table 2. Sensitivity of P. aphanidermatum and F. oxysporum isolates to developed antibodies by
indirect ELISA.

Antigens from infected rhizomes
of ginger

Stages of
infection

ELISA reactiona

Antiserum of P. aphanidermatum
(1:2000 dilution)

Antiserum of F. oxysporum
(1:2000 dilution)

P. aphanidermatum Pa1 III +++ NAb

II ++ NA
I + NA

Pa2 III ++ NA
II + NA
I + NA

Pa3 III +++ NA
II ++ NA
I + NA

Pa4 III +++ NA
II ++ NA
I + NA

Pa5 III +++ NA
II ++ NA
I + NA

Pa6 III +++ NA
II ++ NA
I + NA

Pa7 III ++ NA
II + NA
I + NA

F. oxysporum Fo1 III NA +++
II NA ++
I NA +

Fo2 III NA ++
II NA +
I NA +

Fo3 III NA +++
II NA ++
I NA +

Fo4 III NA +++
II NA ++
I NA +

Healthy rhizomes (control) NA 0 0

Notes: Values are average of three replicates. Measurements were recorded after 15 min of incubation with the substrate.
aAbsorbance (at 450 nm): > 2 (+++); 1–2 (++) and <1 (+).
bNA = not applicable.
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3.4. Validation of ELISA technique

The sensitivity, specificity and accuracy of the assay were calculated using a hypothetical
set of results from infected and non-infected isolates. The test was conducted on a sample
size of 115, consisting of both infected and healthy rhizome samples and the results of the
calculations are summarized in Table 3. Hence, it was concluded that the obtained anti-
bodies against P. aphanidermatum and F. oxysporum were highly sensitive, specific and
accurate thus permitting detection of signals in rhizome rot-affected ginger rhizomes.

4. Conclusions

Indian ginger has a high demand because of its food and medicinal uses; hence, early diag-
nosis of diseases can improve its quality, yield and shelf life by reducing disease losses in
turn leading to a rise in the export value. The present study described the development of
specific, sensitive and reliable immunoassays for early detection of P. aphanidermatum
and F. oxysporum in rhizome rot-affected ginger. In these serological approaches, we

Figure 4. (A) Data of ELISA showing the variation in absorbance at 450 nm monitored in the presence
of fungal proteins at different stages of disease development. (B) ELISA titration of (i) antiserum against
P. aphanidermatum proteins and (ii) antiserum against F. oxysporum proteins isolated at stage I of
disease development. Mean ± SD; n = 3.
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have shown that the detection is independent of antigenic load or the stages of infections.
The results indicated that antigens even at the initial stage of disease development can be
used for early detection. The findings of this study suggest that the concentration of anti-
gens and appropriate dilutions of antisera are important factors that affect early detection
of pathogens. Furthermore, the system has excellent potential for direct quantification of
the fungus in plant tissues and, therefore, can be used as rapid tool for diagnosis of the
disease.

Figure 5. Western blot analysis on pooled (A) P. aphanidermatum and (B) F. oxysporum antigens from
different stages of infection. Proteins were electrophoresed and blotted onto PVDF membranes and
incubated with sera (1:1000 dilution). Band pattern for the isolates are as follows: Lane 1: pooled anti-
gens isolated at stage I infection; Lane 2: pooled antigens isolated at stage II infection; Lane 3: pooled
antigens isolated at stage III infection. Molecular weight of standard protein is indicated on left margin.

Table 3. Diagnostic performance of ELISA for detection of P. aphanidermatum and F. oxysporum
antibodies in protein samples isolated from infected and non-infected populations.

ELISA cut-off value P. aphanidermatum antibody performance F. oxysporum antibody performance
bSensitivity (%) cSpecificity (%) dAccuracy (%) bSensitivity (%) cSpecificity (%) dAccuracy (%)

aMean + 3 SDs 97.06 92.59 93.91 94.44 92.41 93.04

Notes: aMean Optical density (OD) of the negative control sera and standard deviation (SD) of the control sera; bSensitivity
(%) = TP/(FN+TP) x 100; cSpecificity (%) = TN/(FP+TN) x 100; dAccuracy (ability of an assay to provide true positive and
true negative results) (%) = (TP+TN)/(TP+TN+FP+FN) x 100.
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