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TEMPORAL AND SPATIAL CHANGES IN PHENOLIC COMPOUNDS IN
RESPONSE TO FUSARIUM WILT IN CHICKPEA AND PIGEONPEA

J. DATTAAND N. LAL~

Department of Life Sciences, C.S.J.M. University, Kanpur 208 024, India

Abstract

Plant phenolic compounds are known to play an important role in innate plant defense and are reported to show temporal
and spatial changes in response to abiotic and biotic stress including invading pathogens. In the present study, spatial and
temporal variations in phenolic compounds in response to infection by wilt pathogen, Fusarium oxysporum f. sp. ciceri (Foc)
and Fusarium udum (Fud) were studied in wilt resistant and wilt susceptible cultivars of chickpea (Cicer arietinum L.) and
pigeonpea (Cajanus cajan L. Millspaugh) (i) before the onset of wilt infection (S1 stage; 7 Days after sowing (DAS)), (ii)
after the onset of wilt infection (S2 stage; 15 DAS) and (iii) at severe disease stage (S3 stage; 30 DAS), respectively and ana-
lyzed for association of total phenol with disease reaction. Under un-inoculated condition, maximum phenol content (21.8
mg gdw™') was found in wilt resistant cultivars and minimum (16.5 mg gdw™) in susceptible lines of chickpea. Wilt resistant
cultivars of chickpea showed two fold increase in total phenolic content at the onset of infection. In case of pigeonpea, roots
of resistant cultivars showed 2.27 fold increase in phenolics, but the increase was marginal in susceptible cultivars. In the

present study, interaction between Fusarium and host plants was found to enhance defense responses against wilt disease in
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resistant cultivars of chickpea and pigeonpea.
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INTRODUCTION

Chickpea (Cicer arietinum L.) and pigeonpea (Cajanus
cajan (L.) Millspaugh) are among the world’s most im-
portant pulse crops. Chickpea is the third most important
pulse crop in the world, ranks first in Indian subcontinent
and the Mediterranean base. Around 65% of the total
global area and around 68% of total global production of
chickpea falls in India. The annual growth rate of chick-
pea growing area has been slowed down by 1.9% and
yields have risen at the rate of only 0.6% annually. Simi-
larly, pigeonpea is grown in about 50 countries in Asia,
Africa and America for multiple uses (food, fodder and
firewood). Around 76% of the total global area and around
73% of total global production of pigeonpea falls in India
(1). Although much progress has been made in developing
chickpea and pigeonpea lines with resistance to biotic con-
straints and tolerance to abiotic stresses (26), yield losses
in these crops are very high due to high incidence of dis-
eases and insect pests.

Among biotic stresses, fungal diseases, especially, wilt
diseases caused by Fusarium oxysporum f. sp. ciceri (foc)
and Fusarium udum (fud) cause maximum damage. The
wilt pathogen, Fusarium is both soil and seed borne and
difficult to eradicate as fungal chlamydospores survive in
soil up to six years even in the absence of host plant (14,
25) Plants activate a large array of defense mechanisms in
response to pathogen attack. A crucial factor determining
the success is the speed of activation of defense mecha-
nisms. Consequently, there is a considerable interest in
understanding how plants recognize pathogen attack and
control expression of defense mechanisms. Biochemistry
and physiology of the Fusarium-plant interaction have
been characterized extensively, but definitive enquiry into
identification of individual molecules essential for Fusar-
ium pathogenesis to plants did not begin until molecular

genetic technology became available for filamentous fun-
gi (4, 11). To develop effective strategy for management
of wilt diseases, understanding of the molecular basis of
pathogenesis and resistance mechanism is very important.
Phenolic compounds are plant secondary metabolites
that constitute one of the most common and widespread
groups of substances in plants. There are several thousand
(among them over 8,150 flavonoids) different compounds
identified with a large range of structures: monomeric, di-
meric and polymeric phenolics. Phenolic compounds have
been suggested to play a variety of roles in defense mecha-
nism against predators and microbial pathogens on the ba-
sis of their toxic nature and repellence to insect herbivores
and microbes. They are reported as phytoanticipins, phy-
toalexins, structural barriers, modulator of pathogenicity,
and activators of plant defense genes (2, 21). Medicarpin
and maackiain, the major isoflavonoids found in chickpea
as phytoalexins, are known for their antimicrobial activi-
ties and produced via the phenyl propanoid pathway.
Plant cell walls are known to be a barrier to the entry
of many microorganisms and contain many components,
including phenolic compounds that consist of phenyl pro-
panoid units, found as both conjugated acids and more
commonly, lignin alcohols. Phenolic acids are precursors
for the synthesis of lignin (17). Deposition of phenolics
into the cell walls during pathogen infection is an impor-
tant defense mechanism, either because of hypersensitive
reaction of entire cell or for local wall reinforcement due
to deposition of papillae (3,8,10,12). The accumulation
of the phenolic acids in infected tissues was responsible
for the response of soybean seedlings towards Phytop-
thora sojae (5,13,23,24). The fungi toxicity of phenolics
to the mycellial growth or to zoospore germination of P,
sojae was further determined in vitro (6). Phytoalexins ac-
cumulated in soybean cell suspension cultures infected
with Pseudomonas syringae pv. glycinea harboring an
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avirulence gene (16) or exposed to P. sojae culture filtrate.
Glyceollin also accumulated in soybean roots inoculated
with the soybean cyst nematode (15). Lozovaya et al. (18)
reported that F. solani f. sp. glyciens infection resulted in
marked difference in phenolics content between the upper
roots of susceptible and partially resistant lines. The role
of phenols in disease resistance is evident from other stud-
ies also, though the mechanism may not be similar. For
example in Leucaena plants, the uninoculated plants had
lower amounts while the inoculated ones had higher level
of protein and phenols in their root exudates (15). Changes
in phenolic compounds in relation to fungal challenge in
chickpea have been studied (2) wherein HPLC analyses re-
vealed a very high accumulation of isoflavones and their
glycoside conjugates in chickpea roots. Mehta et al. (22)
reported that in case of cowpea cultivars moderately sus-
ceptible to Rhizoctonia had higher levels of total phenols
and orthohydroxyphenols in their root exudates compared
to highly susceptible cultivars. In their studies in chickpea,
Stevenson et al. (30) had reported that root exudates of
wilt resistant genotypes had significant inhibitory effect on
fungal spore germination. Mandavia et al. (20) analyzed
resistant and susceptible chickpea varieties for total phe-
nols and different phenolic compounds in stem and leaf
tissues collected at pre-infectional, disease initiation and
severe disease stages. This study has shown significant cor-
relation of the phenol content with wilt resistance thereby
confirming the role of phenol compounds in disease resis-
tance. In the present study, spatial and temporal changes in
phenolics have been investigated in Fusarium infected and
un-inoculated plants of chickpea and pigeonpea to observe
differences among wilt resistant and susceptible genotypes
and association of total phenolics with disease reaction.

MATERIALS AND METHODS

Plant Material

Two each of wilt resistant and wilt susceptible cultivars
of chickpea (Cicer arietinum L.) and pigeonpea (Cajanus
cajan L. Millspaugh) were used for studying variation in
phenolic compounds in response to Fusarium infection.
The chickpea cultivars were WR 315, ICC 4958 (resistant)
and JG 62, BG 256 (susceptible); whereas the pigeonpea
cultivars comprised of Asha (ICPL 87119), Maruthi (ICP
8863) in resistant group and Bahar and Type 7 as suscep-
tible.

Inoculation of plants with the fungus and sample prepa-
ration for analyses of phenols

Fusarium oxysporum f. sp. ciceri (Foc) race 2 and Fu-
sarium udum (Fud) isolates maintained in the laboratory
as stock cultures were reinoculated in susceptible cultivars
of chickpea (JG 62) and pigeonpea (Bahar) respectively.
The pathogens were reisolated from fourth-node stem sec-
tions taken from wilted chickpea and pigeonpea plants ac-
cording to the procedure described by Brett and Waldronm
(9) and were colonized on filter paper, dried in the transfer
hood, and aseptically cut into small pieces. The colonized
filter paperpieces were placed in potato-dextrose broth and
incubated to produce liquid cultures of the pathogen. The
liquid cultures were filtered through cheese cloth to remove
mycelia. The spore suspension was pelleted by centrifu-
gation. After discarding the supernatant, the conidia were
washed with sterile water to adjust the spore suspension to

1 x 10° spores ml"! with a haemocytometer.

Plastic pots of 30 cm diameter were surface-sterilized
with 0.1% w/v mercuric chloride. Pots were filled with 2
kg sterilized soil (three subsequent sterilizations at 1.1 kg/
cm? for 1 h for 3 days). Seven days before sowing, pots
were inoculated with the 14-day-old culture of the patho-
gen multiplied on sand maize meal water medium (90 g
sand, 10 g maize meal and 20 ml distilled, sterilized water)
@ 50 g kg™ soil. Seeds were surface-sterilized using 2%
sodium hypochlorite for 3 min, and rinsed in sterile water.
Ten seeds of the selected cultivar were sown in each pot
for disease scoring. The root, stem and leaf tissues were
collected separately at 7, 15 and 30 days after sowing
(DAS; S1, S2 and S3 stages respectively) and were frozen
immediately in liquid nitrogen to store at -20°C until fur-
ther used.

Isolation and quantification of total phenols

One gram of dry powdered sample was mixed with
50 ml 8% (v/v) hydrochloric acid containing one pinch
animal charcoal. The mixture was slowly refluxed in a
condenser for 2.5 hrs on heating mantle. The extract was
cooled and filtered using Whatman No. 1 filter paper. The
filtrate is extracted with 2 x 250 ml of ethyl acetate. Cold
water was added using separating funnel to remove ethyl
acetate. Water layer was rejected and ethyl acetate layers
were pooled together. Excess moisture was removed using
anhydrous sodium sulphate. Ethyl acetate was evaporated
and the residue dissolved in HPLC grade methanol. The
solution was filtered through 0.45 pm filter and the resi-
dues were rejected. Final volume of extract was made to 5
ml and this extract was used for quantification of total phe-
nolics using modified phenol-reagent method as described
by El-Khallal (2007). One ml of the methanolic extract
was added to 5 ml of distilled water and 250 pL of Folin-
Ciocalteu reagent, and the solution was kept at 25°C for 3
min. Then 1 ml of a saturated solution of sodium carbonate
and 1 ml of distilled water were added, and the mixture
was incubated for 1 h at 25°C. The absorption of the de-
veloped blue colour was measured using spectrophotom-
eter (Bio-Rad Smart-Spec Plus) at 725 nm. Differences in
temporal and spatial accumulation of phenol were studied
in Fusarium wilt resistant and susceptible genotypes were
calculated by comparison with a standard curve obtained
from a Folin reaction with phenol.

RESULTS AND DISCUSSION

Association of total phenol with disease reaction
Before the onset of wilt infection (S1 stage; 7 DAS)
Under un-inoculated condition, total phenol content was
maximum (14.5 mg/ gram dry weight (gdw) of tissue) in
root tissue of susceptible chickpea cv. JG 62 and minimum
(10.3 mg gdw!) in ICC 4958 roots (Table 1). Phenolic
contents marginally increased in foc inoculated plants over
uninoculated ones in resistant as well as susceptible geno-
types. The stem tissue although had more content of phe-
nolics but the pattern was similar to roots. At same stage,
in leaf tissue, maximum phenol content (21.8 mg gdw™!)
was in WR 315 (resistant) and minimum (16.5 mg gdw!)
in JG 62 (susceptible). In case of pigeonpea, at Slstage,
the roots had phenolic contents ranging from 11.9 mg
gdw' (Asha) to 18.0 mg gdw' (Bahar) under uninoculated
conditions. In case of stem tissue, highest phenol content

97



J. DATTA AND N. LAL / Changes in phenolic compounds in response to Fusarium wilt.

(29.8 mg gdw') was in cv. Type 7 (resistant) and minimum
(16.8 mg gdw™) in Asha (susceptible). In leaf tissue, maxi-
mum phenolic content (28.7 mg gdw') was in Asha and
minimum (21.5 mg gdw™') in Bahar (Table 2). Inoculation
with fud caused marginal increase of phenolic content in
root, stem and leaf tissues of pigeonpea.

After the onset of wilt infection (S2 stage; 15 DAS)

At this stage, root tissue of both the wilt resistant culti-
vars of chickpea showed two fold increases in total phenols
over un-inoculated controls and the susceptible cultivars
(Table 1). Stem and leaf tissues did not show any signifi-
cant difference in phenol content between resistant and sus-
ceptible cultivars. In case of pigeonpea, roots of resistant
cv. Asha showed 2.27 fold increases in phenolics, but the
increase was marginal in susceptible cultivars. The stem
tissue of both the resistant cultivars of pigeonpea attained
increase of 1.5 fold in total phenol content (Table 2). In
case of pigeonpea resistant cultivar, Maruthi, the increase
was 71.6% in root tissue at S2 stage while the susceptible
cultivar, Type 7 did not show significant changes in the
stem and leaf tissues in the disease initiation stage. Rate of
increase of phenol accumulation was slightly higher in the
susceptible cultivars as compared to the resistant ones in
leaf tissue of pigeonpea.

At severe disease stage (S3 stage; 30 DAS)

Progression from S2 to S3 stage in chickpea caused de-
crease in phenolics in all the genotypes in control as well
as infected plants. The magnitude of decrease was lesser in
root and stem tissues followed by leaves. Comparison of
phenolic content in roots, stem and leaves of foc inoculated
plants showed that it increased rapidly in root and stem
tissues where as its opposite was true for leaves (Table 1).
In case of pigeonpea S3 stage recorded similar variation in
phenolics. The decrease was marginal in control plants but
was drastic and significant in fitd inoculated plants. Among
fud inoculated, Type 7 (resistant) genotype recorded

highest phenolic content in root and stem tissues where
as roots and stem of Asha (susceptible) genotype recorded
minimum phenolics in pigeonpea (Table 2).

Induction of plant defence against pathogen attack is
regulated by a complex network of different signals. In
the present study, interaction between Fusarium and host
plants was found to enhance defence responses against
wilt disease in resistant cultivars of chickpea and pigeon-
pea. This study showed that induction of plant’s own de-
fence system started only after the infection by respective
pathogen, and subsequently might have resulted in hyper-
sensitive reaction conferring resistance.

In response to infection by the wilt fungus, the content
of total phenols increased in the root, stem and leaf tissues
of both the resistant and susceptible plants. The increase
in total phenols in the tissues thus appears to be a general
reaction common to both resistant and susceptible varie-
ties exposed to the fungal pathogen. From Table 1, it is
evident that phenol content was highest at disease initia-
tion stage in leaf tissues of both the species.

The decline of total phenols during early (S2) to the
late infection stages (S3) in both resistant and susceptible
plants may be due to the cessation of hypersensitive reac-
tion, although the reasons may be different. In the former,
it may be due to the suppressed state of infection in tis-
sues of wilt resistant plants compared to that in the suscep-
tible plants. The changes during S1 to S2 stages were not
consistent across tissues and genotypes.

These results clearly indicated that phenols content in-
creased with the progression of the disease and rate of phe-
nol accumulation was lower in susceptible than in resistant
cultivars and hence may account for resistance expression.
Studies in maize indicated higher levels of total phenols in
maize inbred line resistant to leaf blight than in the suscep-
tible lines (29). The resistant plant showed a tendency to
accumulate higher amounts of total phenols than the sus-
ceptible ones following infection with fungi. Similar results
have been reported in chilli (7) and rice (28). Relationship

Table 1. Changes in total phenols content (mg/g dry wt.) in different tissues of chickpea cultivars differing in susceptibility to Fusarium wilt at

various disease stages.

Root Stem Leaf
Genotypes Treatments
S1 S2 S3 S1 S2 S3 S1 S2 S3
Control 11.0£0.36  12.1+0.14  10.4+0.17  13.6+.023  13.1+0.07 11.5£0.26 21.8+1.2 20.6+1.3 18.9+0.04
WR 315
Foc 11.2+0.24  23.0+0.06  12.5£0.09  14.0+0.12  21.3+1.5 1524021 22.6+1.13  25.1+0.02  14.9+0.21
Control 10.3+0.15  11.5+0.14  9.5+0.10 14.8£0.08  152+0.23  12.4+0.07 19.240.02 21.4+0.36 20.4+0.8
ICC 4958
Foc 10.5€1.02  20.6+£0.09  13.6+0.07 15.1x0.13  19.7£0.31  14.8£0.09 19.5+0.04  23.2+0.42 17.3+0.01
Control 12.940.65 14.3£1.04 11.2+0.5 15.0£0.25  15.7+0.06  10.9+0.11 18.2+1.1 18.7£0.33  14.7+0.00
BG 256
Foc 13.1+0.28  16.7+1.12  11.240.03  15.4+0.41  20.4+0.00  19.3+0.01  19.0+0.27  20.5+0.51 11.2+0.50
Control 14.5+0.05  14.8+0.32  12.6+0.15 15.9+0.20 16.4+0.30  13.4+0.04 16.5£0.22 15.6+£0.31 14.7+0.14
JG 62
Foc 14.3+0.08  18.4+0.24  12.3£0.65 16.3+0.35 23.2+.033  18.7+0.55 17.3%0.15 19.7+1.3  09.7+0.01

Values are mean (n=3) + SD, S1-Preinfection stage (7 DAS), S2-Disease initiation stage (15 DAS), S3-Severe disease stage (30 DAS).
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between resistance and phenolic content was explained by
suggesting that, in the susceptible variety the fungus has
enough time for its growth before phenol content reaches
a level inhibitory to the fungus, whereas, in the resistant
variety higher accumulation of phenols in initial stages
restricts the growth of the fungus (27). Similarly, obser-
ved values in phenol content in present investigation are
consistent with these earlier studies. In this study, it is the
response of the plant to inoculation that led to the produc-
tion of phenols to counter the Fusarium attack. In case of
cowpea cultivars moderately susceptible to Rhizoctonia
had higher level of total phenol and ortho-hydroxyl phe-
nol in their root exudates, compared to highly susceptible
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cultivars which are also established in the present study
(20). Significant correlation of phenol content with wilt
resistance thus confirms the role of phenolic compounds
in disease resistance. The rise in levels of phenolic com-
pounds in infected plants may be due to their release from
cell wall structures during their destruction.

We report for the first time that Fud inoculation of pi-
geonpea cultivars induces the phenyl propanoid pathway
to synthesize phenolic compounds that have been sug-
gested to play a variety of roles in defence mechanism
against pathogens. These phenolic compounds possess
biological activity against a wide range of pathogens and
are potential bio-markers for the plant disease resistance
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or tolerance.

Results of this study confirm that like in many plant spe-
cies, phenols play an important role in chickpea and pi-
geonpea as well to defend themselves against plant patho-
gens. Antibiotic phenols have been found in all cultivars
of chickpea and pigeonpea investigated. The basal level
of phenol which is expressed constitutively is thought to
function as pre-formed inhibitors. Others are found in res-
ponse to the ingress of pathogen and their appearances are
considered as part of an active defence response. The de
novo synthesis and differential accumulation of anti fungal
phytoalexins in incompatible and compatible plant patho-
gen interactions play crucial roles in the specificity of host
resistance. Moreover, the accumulation of polymerized
phenols cause lignifications in response to infection, acts
as a barrier and prevents ingress of pathogen. It was obser-
ved that susceptible cultivars of chickpea and pigeonpea
contained lower amount of phenolics. Therefore, they were
unable to develop resistance, with the progression of wilt
disease. On the contrary, the resistant cultivars of chick-
pea and pigeonpea contained higher amount of phenolics
due to which the cultivars were able to exhibit resistance
against Fusarium. Hence, the accumulation of phenolics
in roots, stems and leaves of resistant cultivars might have
collectively contributed to the resistance in the host plants
against Fusarium.

Accumulation of phytoalexins is the most commonly
observed defence reaction in plants in response to fungal
infection. Chickpea phytoalexins derived from the phenyl
propanoid pathway involve the activity of several enzymes
such as Phenylalanine ammonia lyase (PAL), Chalcone
synthase (CHS) and Isoflavone reductase (IFR). Priming
resistance by inducing these genes could be an efficient
and inexpensive way of achieving the control of Fusarium
wilt in chickpea and pigeonpea. Several hypotheses can be
formulated to explain the level of phenolics observed in
the plants following Foc and Fud infection. This increase
in accumulation of phenolics may also occur upon chal-
lenge by Fusarium, from the release of phytoalexins from
their preformed conjugated forms. Furthermore, it is likely
that these two mechanisms generating phytoalexins can
act synergistically. The present findings confirm that the
accumulation of phenolic compounds in resistant cultivars
was induced only in the plants inoculated with Foc or Fud.
It is also noteworthy that, overall both susceptible and re-
sistant cultivars were responsive to the Fusarium inocula-
tion in inducing the defence related genes. In conclusion,
resistant cultivars upon infection activates genes involved
in the phenyl propanoid pathway by enhancing the synthe-
sis or accumulation of their transcripts and consequently
by promoting the accumulation of phenolic compounds or
phytoalexins that can restrict the disease development (2,
21). This is very important for future studies focussing on
the isolation and transfer of disease resistance genes, as
part of an integrated management strategy to protect the
plants from wilt pathogen attack.

ACKNOWLEDGEMENTS

Authors are thankful to Dr. Vishwa Dhar, Network Leader, ‘ICAR Wilt
Network Project’ and Dr. R.G. Chaudhary, Principal Scientist, Indian
Institute of Pulses Research, Kanpur for sharing the Fusarium isolates
and seeds of chickpea and pigeonpea genotypes.

Other articles in this theme issue include references (31-58).

REFERENCES

1. Ali, M., Pigeonpea: Cropping System. In: The Pigeonpea, Nene,
Y.L., Hall, S.D. and Sheila, V.K. (eds.) CAB International, Wallingford,
1990, pp. 279-301.

2. Arfaoui, A.E., Hadrami, Y., Mabrouk, B., Sifi, A., Boudabous,
1., Hadrami, E.I., Daayf, F. and Cherif, M., A treatment of chickpea
with Rhizobium isolates enhances the expression of phenylpropanoid
defense-related genes in response to infection by Fusarium oxysporum
f. sp. ciceri. Plant Physiol. Biochem. 2007, 45: 470-479.

3. Barber, M.S., Bertram, R.E. and Ride, J.P., Chitin oligosaccharides
elicit lignifications in wounded wheat leaves. Physiol. Molec. Plant
Pathol. 1989, 34: 3-12.

4. Bennett, J.W. and Lasure, L.L., Growth media. In: More Gene Ma-
nipulations in Fungi, Bennett, J.W. and Lasure, L.L. (eds.) Academic
Press, San Diego, 1991, pp. 441-458.

5. Bhandal, 1.S., Paxton, J.D. and Widholm, J.M., Phytophthora me-
gasperma culture filtrate and cell wall preparation stimulate glyceollin
production and reduce cell viability in suspension cultures of soybean.
Phytochem. 1987, 26: 2691-2694.

6. Bhattacharya, M.K. and Ward, E.W.B., Differential sensitivity of
Phytophthora megasperma f. sp. glycinea to glyceollin isomers. Phy-
siol. Molec. Plant Pathol. 1985, 27: 299-310.

7. Bhullar, B.S., Bajaj, K.L. and Bhatia, I.S., Studies on the phenols of
resistant and susceptible varieties of chillies in relation to anthracnose
disease. Phytopathol. Zeit. 1972, 58: 1255-1260.

8. Bolwell, G.P., Robbins, M. and Dixon, R.A., Metabolic changes in
elicitor-treated bean (Phaseolus vulgaris cultivar immune) cells. Enzy-
matic responses associated with rapid changes in cell wall components.
Eur. J. Biochem. 1985, 148: 571-578.

9. Brett, C. and Waldronm, K., Physiology and Biochemistry of Plant
Cell Walls, Unwin Hyman, London, 1990.

10. Bruce, P.J. and West, C.A., Elicitation of lignin biosynthesis and
isoperoxidase activity by pectic fragments in suspension culture of cas-
tor bean. Plant Physiol. 1989, 91: 889-897.

11. Fincham, J.R.S., Transformation in fungi. Microbiol. Molec. Biol.
Rev. 1989, 53: 148-170.

12. Franke, R., Fry, S.C. and Kauss, H., Low molecular-weight precur-
sors for defense related cell wall hydroxycinnamoyl esters in elicited
parsley suspension cultures. Plant Cell Rep. 1998, 17: 379-383.

13. Graham, T.L., Kim, J.E. and Graham, M.Y., Role of constitutive
isoflavone conjugates in the accumulation of glyceollin in soybean in-
fected with Phytophthora megasperma. Molec. Plant-Microbe Interact.
1990, 3: 157-166.

14. Haware, M.P., Nene, Y.L. and Natarajan, M., Survival of Fusarium
oxysporum f. sp. ciceri in soil in absence of chickpea. Phytopathol.
Mediter. 1996, 35: 9-12.

15. Huang, J.S. and Barker, K.R., Glyceollin in soybean-cyst nematode
interactions. Plant Physiol. 1991, 96: 1302-1307.

16. Lamb, Z.J.C. and Dixon, R.A., Potentiation of the oxidative burst
and isoflavonoid phytoalexin accumulation by serine protease inhibi-
tors. Plant Physiol. 1998, 118: 1487-1494.

17. Lewis, N. and Yamamoto, E., Lignin: Occurrence, biogenesis and
biodegradation. Annu. Rev. Plant Physiol. Plant Molec. Biol. 1990, 41:
455-496.

18. Lozovaya, V.V., Lygin, A.V,, Li, S., Hartman, G.L. and Widholm,
J.M., Biochemical response of soybean roots to Fusarium solani f. sp.
glycines infection. Crop Sci. 2004, 44: 819-826.

19. Mada, R.J. and Bagyaraj, D.J., Root exudation from Leucaena leu-
cocephala in relation to mycorrhizal colonization. World J. Microbiol.
Biotechol. 1993, 9: 342-344.

20. Mandavia, M.K., Gajera, H.P., Khan, N.A., Andani, V.P. and Pa-
rameswaran, N., Total phenols in root exudates of chickpea varieties:

100



J. DATTA AND N. LAL / Changes in phenolic compounds in response to Fusarium wilt.

Screening markers for resistance to Fusarium wilt. Indian J. Agric. Bio-
chem. 2002, 15: 1-6.

21. Mazid, M., Khan, T.A. and Mohammad, F., Role of secondary me-
tabolites in defense mechanisms of plants. Biol. Med. 2011, 3: 232-249.
22. Mehta, S., Sharma, S. and Sindhan, G.S., Analysis of root exudates
of cowpea and their influence on the growth of Rhizoctonia solani.
Indian J. Mycol. Plant Pathol. 1992, 22: 227-231.

23. Mohr, P.G. and Cahill, D.M., Relative roles of glyceollin, lignin and
the hypersensitive response and the influence of ABA in compatible and
incompatible interactions of soybeans with Phytophthora sojae. Phy-
siol. Molec. Plant Pathol. 2001, 58: 31-41.

24. Morris, P.F., Bone, E. and Tyler, B.M., Chemotropic and contact
response of Phytopthora sojae hypae to soybean isoflavonoids and arti-
ficial substrates. Plant Physiol. 1998, 117: 1171-1178.

25. Nene, Y.L., Sheila, V.K. and Sharma, S.B., A world list of chick-
pea and pigeonpea pathogens. ICRISAT Legume Pathology Progress
Report. Patancheru, India, 1989.

26. Nene, Y.L. and Sheila, V.K., Pigeonpea: Geography and impor-
tance. In: The Pigeonpea, Nene, Y.L., Hall, S.D. and Sheila, V.K. (eds),
CAB International, Wallingford, 1990, pp. 1-10.

27. Rahe, J.E., Kuc, J., Chuang, C.M. and Williams, E.B., Correlation
of phenolic metabolism with histological changes in Phaseolus vulgaris
inoculated with fungi. Netherlands J. Plant Pathol. 1969, 15: 57-64.
28. Sathiyanathan, S. and Vidhyasekaran, P., Role of phenolics in brown
spot disease resistance in rice. Indian Phytopathol. 1981, 34: 225-227.
29. Sharma, S.G., Narayan, R. and Chaturvedi, C., Role of phenolic
compounds in resistance of maize to leaf blight caused by Drechslera
state of Cochlibolus heterostrophus. Indian Phytopathol. 1983, 36: 43-
46.

30. Stevenson, P.C., Padgham, D.E. and Haware, M.P., Root exudates
associated with resistance of four chickpea cultivars (Cicer arietinum)
to two races of Fusarium oxysporum f. sp. ciceri. Plant Pathol. 1995,
44: 686-694.

31. Singh, M. P., and Kumar, V., Biodegradation of vegetable and
agrowastes by Pleurotus sapidus: A noble strategy to produce mush-
room with enhanced yield and nutrition. Cell. Mol. Biol. 2012, 58 (1):
1-7.

32. Pandey, V. K., Singh, M.P., Srivastava, A. K., Vishwakarma S. K.,
and Takshak, S., Biodegradation of sugarcane bagasse by white rot fun-
gus Pleurotus citrinopileatus. Cell. Mol. Biol. 2012, 58 (1): 8-14.

33. Ruhal, A., Rana, J. S., Kumar S., and Kumar, A., Immobilization
of malate dehydrogenase on carbon nanotubes for development of ma-
late biosensor. Cell. Mol. Biol. 2012, 58 (1): 15-20.

34. Vishwakarma, S. K., Singh, M. P., Srivastava A.K. and Pandey, V.
K., Azo dye (direct blue) decolorization by immobilized extracellular
enzymes of Pleurotus species. Cell. Mol. Biol. 2012, 58 (1): 21-25.

35. Dash, S. K., Sharma, M., Khare, S. and Kumar, A., rmpM gene as
a genetic marker for human bacterial meningitis. Cell. Mol. Biol. 2012,
58 (1): 26-30.

36. Bertoletti, F., Crespan, E. and Maga, G., Tyrosine kinases as essen-
tial cellular cofactors and potential therapeutic targets for human immu-
nodeficiency virus infection. Cell. Mol. Biol. 2012, 58 (1): 31-43.

37. Sandalli, C., Singh, K., and Modak, M. J., Characterization of cata-
lytic carboxylate triad in non-replicative DNA polymerase III (pol E)
of Geobacillus kaustophilus HTA. Cell. Mol. Biol. 2012, 58 (1): 44-49.
38. Kaushal, A., Kumar, D., Khare, S. and Kumar, A., speB gene as a
specific genetic marker for early detection of rheumatic heart disease in
human. Cell. Mol. Biol. 2012, 58 (1): 50-54.

39. Datta, J. and Lal, N., Application of molecular markers for genetic
discrimination of fusarium wilt pathogen races affecting chickpea and
pigeonpea in major regions of India. Cell. Mol. Biol. 2012, 58 (1): 55-
65.

40. Siddiqi, N. J., Alhomida, A. S., Khan, A. H. and Onga, W.Y., Study
on the distribution of different carnitine fractions in various tissues of

bovine eye. Cell. Mol. Biol. 2012, 58 (1): 66-70.

41. Ong, Y. T., Kirby, K. A., Hachiya, A., Chiang, L. A., Marchand, B.,
Yoshimura, K., Murakami, T., Singh, K., Matsushita, S. and Sarafianos,
S. G., Preparation of biologically active single-chain variable antibody
fragments that target the HIV-1 GP120 v3 loop. Cell. Mol. Biol. 2012,
58 (1): 71-79.

42. Singh, J., Gautam, S. and Bhushan Pant, A., Effect of UV-B radia-
tion on UV absorbing compounds and pigments of moss and lichen of
Schirmacher Oasis region, East Antarctica. Cell. Mol. Biol. 2012, 58
(1): 80-84.

43. Singh, V. P,, Srivastava, P. K., and Prasad, S. M., Impact of low and
high UV-B radiation on the rates of growth and nitrogen metabolism in
two cyanobacterial strains under copper toxicity. Cell. Mol. Biol. 2012,
58 (1): 85-95.

44. Sharma, R. K., JAISWAL, S. K., Siddiqi, N. J., and Sharma, B.,
Effect of carbofuran on some biochemical indices of human erythro-
cytes in vitro. Cell. Mol. Biol. 2012, 58 (1): 103-109.

45. Singh, A. K., Singh, S. and Singh, M. P., Bioethics A new frontier of
biological Science. Cell. Mol. Biol. 2012, 58 (1): 110-114.

46. Adedeji, A. O., Singh, K. and Sarafianos, S. G., Structural and bioc-
hemical basis for the difference in the helicase activity of two different
constructs of SARS-CoV helicase. Cell. Mol. Biol. 2012, 58 (1): 115-
121.

47. Singh, S., Choudhuri, G., Kumar, R. and Agarwal, S., Association
of 5, 10-methylenetetrahydrofolate reductase C677T polymorphism in
susceptibility to tropical chronic pancreatitis in North Indian popula-
tion. Cell. Mol. Biol. 2012, 58 (1): 122-127.

48. Sharma, R. K., Rai, K. D. and Sharma, B., /n vitro carbofuran in-
duced micronucleus formation in human blood lymphocytes. Cell. Mol.
Biol. 2012, 58 (1): 128-133.

49. Naraian, R., Ram, S., Kaistha S. D. and Srivastava J., Occurrence of
plasmid linked multiple drug resistance in bacterial isolates of tannery
effluent. Cell. Mol. Biol. 2012, 58 (1): 134-141.

50. Pandey, A. K., Mishra, A. K., And Mishra, A., Antifungal and an-
tioxidative potential of oil and extracts, respectively derived from lea-
ves of Indian spice plant Cinnamomum tamala. Cell. Mol. Biol. 2012,
58 (1): 142-147.

51. Mishra, N., and Rizvi, S. 1., Quercetin modulates na/k atpase and
sodium hydrogen exchanger in type 2 diabetic erythrocytes. Cell. Mol.
Biol. 2012, 58 (1): 148-152.

52. Kumar, A., Sharma, B. and Pandey, R. S., Assessment of stress in
effect to pyrethroid insecticides, A-cyhalothrin and cypermethrin in a
freshwater fish, Channa punctatus (Bloch). Cell. Mol. Biol. 2012, 58
(1): 153-159.

53. Srivastava N., Sharma, R. K., Singh, N. and Sharma, B., Acetylcho-
linesterase from human erythrocytes membrane: a screen for evaluating
the activity of some traditional plant extracts. Cell. Mol. Biol. 2012, 58
(1): 160-169.

54. Singh, M.P., Pandey, A. K., Vishwakarma S. K., Srivastava, A. K.
and Pandey, V. K., Extracellular Xylanase Production by Pleurotus spe-
cies on Lignocellulosic Wastes under in vivo Condition using Novel
Pretreatment. Cell. Mol. Biol. 2012, 58 (1): 170-173.

55. Kumar, S., Sharma, U. K., Sharma, A. K., Pandey, A. K., Protective
efficacy of Solanum xanthocarpum root extracts against free radical da-
mage: phytochemical analysis and antioxidant effect. Cell. Mol. Biol.
2012, 58 (1): 174-181.

56. Shukla, A., Singh, A., Singh, A., Pathak, L.P., Shrivastava, N.,
Tripathi, P. K., Singh, K. and Singh, M.P., Inhibition of P. falciparum
pfATP6 by curcumin and its derivatives: A bioinformatic Study. Cell.
Mol. Biol. 2012, 58 (1): 182-186.

57. Michailidis, E., Singh, K., Ryan, E. M., Hachiya, A., Ong, Y. T,
Kirby, K. A., Marchand, B., Kodama, E. N., Mitsuya, H., Parniak, M.A.
and Sarafianos, S.G., Effect of translocation defective reverse transcrip-
tase inhibitors on the activity of n348i, a connection subdomain drug

101



J. DATTA AND N. LAL / Changes in phenolic compounds in response to Fusarium wilt.
resistant HIV-1 reverse transcriptase mutant. Cell. Mol. Biol. 2012, 58  di, F., and Mahdi, A. A., NMR-based metabonomics study of sub-acute

(1): 187-195. hepatotoxicity induced by silica nanoparticles in rats after intranasal
58. Parveen, A., Rizvi, S. H. M., Gupta, A., Singh, R., Ahmad, I., Mah-  exposure. Cell. Mol. Biol. 2012, 58 (1): 196-203.

102



