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Thiamine seed treatment enhances LOX expression, promotes growth
and induces downy mildew disease resistance in pearl millet
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Abstract

Seeds of pearl millet [ Pennisetum glaucum (L). R.Br.] susceptible cv. 7042S were treated with thiamine at 5, 10, 15, 20
and 25 mM concentrations and growth promotion and downy mildew resistance were tested. Seed treatment with
20 mM thiamine resulted in 72 and 70 % disease protection under greenhouse and field conditions, respectively, and
enhanced vegetative and reproductive growth parameters. Analysis of lipoxygenase (LOX) activity in inoculated pearl
millet seedlings at different time intervals indicated that increased LOX activity was initiated at 3 h after inoculation
(hai) and maximum activity was observed at 24 hai. Northern analysis showed that LOX mRNA transcript accumulation
was higher in the resistant seedlings (cv. IP18292) than in susceptible seedlings. Thiamine seed treatment induces rapid
LOX gene expression and results in significant disease protection against downy mildew disease.
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Introduction

Unlike traditional pesticides, induced systemic resistance
(ISR) provides a way to control disease without exerting
direct pressure on pathogen population. Such strategies
are environmentally safe and do not affect the appearance
of chemical tolerant strains and induces long lasting
efficient resistance against a broad spectrum of pathogens
(Tanabe et al. 2006). In recent years, the importance of
vitamins as plant disease control agents has been
emphasized. Several vitamins such as riboflavin (Dong
and Beer 2000), menadione sodium bisulphite (Borges
et al. 2004), thiamine (Ahn ef al. 2005) have been utilized
as disease resistance inducers. Thiamine treated rice,
Arabidopsis, vegetables and crops showed resistance to
fungal, bacterial and viral diseases. Thiamine treatment
also induced the transient expression of pathogenesis-
related genes in rice after infection with Magnaporthe
grisea (Ahn et al. 2005, 2007).
Pearl millet is an important grain, forage crop mainly
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in the arid and subtropical regions of the world. A major
biotic constraint in pearl millet production is downy
mildew disease caused by Sclerospora graminicola, an
oomycete pathogen resistant to many fungicides (Tyler
2001).

The interaction between the pathogen and host
induces challenges in cell metabolism primarily in the
enzyme activities including lipoxygenase (Porta ef al.
2008). Plant lipoxygenases (LOXs; linoleate oxygen
oxidoreductase, EC 1.13.11.12) are a family of non-
heme, iron containing enzymes that catalyze the
oxygenation of linoleic and linolenic  acids,
polyunsaturated fatty acids most likely derived from
membrane lipids (Siedow 1991, Gao et al. 2008). In
plants, products of the LOX pathway have several diverse
functions including the mobilization of storage lipids and
proteins during germination (Feussner er al. 2001).
Contribution of the oxylipin pathway to plant defense can

Abbreviations: ISR - induced systemic resistance; hai - hours after inoculation; HPL - hydroperoxide lyase; HR - hypersensitive

response; LOX - lipoxygenase.
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also proceed from production of signal molecules
inducing defense gene expression leading to a powerful
plant defense mechanism against pathogens known as the
hypersensitive response (La Camera et al. 2004, Avanci
et al. 2010). The fatty acid hydroperoxide produced by
LOX can be converted into two aldehydes by
hydroperoxide lyase (HPL) and HPL products may have

Materials and Methods

Pearl millet [ Pennisetum glaucum (L.) R.Br.] seeds of
highly resistant (IP18292) and highly susceptible (7042S)
to downy mildew disease (Sudisha et al. 2008) were used
throughout the study. The downy mildew pathogen of
pearl millet Sclerospora graminicola isolated from the
susceptible pearl millet cultivar 7042S and maintained in
the same cultivar under greenhouse conditions
(temperature of 22 £ 2 °C and relative humidity of 80 %)
was used for all inoculation experiments. The
concentration of the S. graminicola zoospores was
adjusted to 4 x 10* zoospores cm™ with sterile distilled
water using haemocytometer (Safeeulla 1976).

Seeds of this susceptible cultivar were treated with
different concentrations of thiamine (vitamin By,
Hi media, Mumbai, India; 5, 10, 15, 20 and 25 mM) and
kept in a rotary shaker for 6 h. Two-day-old seedlings of
resistant (IP18292), susceptible (7042S) and thiamine
treated 7042S were inoculated by dipping roots into
solution with 4 x 10* zoospores cm™ and incubated in
dark at 25 + 2 °C (Safeeulla 1976). Inoculated and
uninoculated seedlings were harvested at 0, 3, 6, 9, 12,
24, 48 and 72 h after inoculation (hai) and immediately
wrapped in an aluminum foil and stored at -20 °C for
LOX enzyme assay and Northern blot hybridization
experiments. Seedlings mock inoculated with distilled
water were taken as control.

Thiamine treated seeds, distilled water treated seeds
(control) and seeds treated with metalaxyl (4dpron 355D
at 6 g kg'), which is used as standard control, were
grown separately in clay pots containing 2:1:1 soil, sand
and farm yard manure. Two-day-old-seedlings were
whorl-inoculated with the zoospore suspension of
S. graminicola at the above mentioned concentration
following the procedure of Singh and Gopinath (1985).
The experiment was carried out in four replicates of
100 seedlings and repeated twice. These pots were
arranged in a completely randomized block design and
maintained under greenhouse conditions (25 £ 2 °C, 95 %
relative humidity).

Another set of experiment was conducted under field
conditions using thiamine treatments at the same
concentrations with control sets at the downy mildew sick
plot (Department of Biotechnology, University of
Mysore, Mysore, Karnataka, India) in completely
randomized block design in 8 x 5 m plots in four

THIAMINE ENHANCES DOWNEY MILDEW RESISTANCE

a role in oxidation of octadecanoid pathway by lipid-
hydrolyzing activity (Howe and Schilmiller 2002).

Hence, the present study focuses on the expression
and activity of LOX during induction of pearl millet
downy mildew disease resistance by thiamine seed
treatment. Also the effect of thiamine in the growth
promotion of pearl millet has been evaluated.

replications consisting of four rows of 35 plants and
repeated twice. Following the normal agronomical
practices, the plants were raised and disease screening
was done using the infector row system.

Disease observations were done at 15-d intervals after
inoculation. The plants were rated for disease when they
showed typical downy mildew symptoms such as
sporulation on the abaxial leaf surface, chlorosis or
stunted growth. At the end of 60 d, disease incidence was
recorded as the percentage of plants showing symptoms
of downy mildew disease. The scoring system consists of
four-level scale described as 0 - 5 % = highly resistant,
5.1 - 10 % = resistant, 10.1 - 25 % = susceptible and
25.1 - 100 % = highly susceptible (Sudisha ez al. 2008).

To test the role of thiamine in promoting vegetative
growth and reproductive parameters, thiamine treated
seeds at 5, 10, 15, 20 and 25 mM concentrations along
with the control sets were sown in the field as explained
earlier. The effects on growth parameters (plant height,
length and girth of ear head) were measured at 60 d. The
experiment was conducted with four replicates of
100 plants each and repeated twice.

LOX enzyme extracts were prepared from frozen
seedlings (2 g) homogenized with 5 cm’® of ice-cold
0.2 M sodium phosphate buffer [pH 6.5, 1 % (m/v)
polyvinylpyrrolidone (PVP), 0.1 % Triton X-100 and
0.04 % (m/v) sodium meta-bisulfite]. The homogenate
was centrifuged at 9 000 g for 20 min at 4 °C and the
supernatant was used as the enzyme source. Protein
content in the supernatant was quantified according to
Bradford (1976). Enzyme activity was measured by
monitoring the appearance of the conjugated
dienehydroperoxide at 234 nm. Linoleic acid was used as
substrate, which was prepared according to the standard
method (Axelrod et al. 1981). Activity was recorded for
3 min using a Hitachi U-200 (Tokyo, Japan) spectro-
photometer.

Total RNA was extracted using the phenol-
chloroform method (Sambrook et al.1989). For
hybridization analysis, 20 pg of total RNA were
separated electrophoretically in formaldehyde agarose gel
and blotted on Hybond-N' membrane (Amersham
Pharmacia Biotech, Aylesbury, Buckinghamshire, UK)
by capillary transfer method in 20x SSC and fixed to the
membrane by baking for 90 min at 80 °C. RNA gel blots
were pre-hybridized in a solution containing 50 % (v/v)
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formamide, 0.25 M sodium phosphate (pH 7.2), 0.25 M
NaCl, 7 % (m/v) sodiumdodecyl sulphate (SDS) and
1 mM EDTA at 42 °C for 3 h and hybridized with
(0-*P) LOX probe in the same solution overnight. The
membranes were washed at 42 °C twice for 20 min each in
20x standard saline citrate and 0.1 % SDS. The blots were
exposed to image plates of phosphor imager for 2 - 3 h and
the plates were scanned with red laser using FLA (Fuji
film, Tokyo, Japan). After the images were obtained,

Results and discussion

Under greenhouse conditions, thiamine seed treatment
induced significantly higher downy mildew disease
protection in all the tested concentrations over the
untreated control. Among the five different concentrations,
the best result was noticed in 20 mM thiamine, which
recorded 72 % protection, followed by 25 mM
concentration, which offered disease protection of 65.5 %,

transcript intensity was analyzed with the Bioprofile Image
Analysis System (Vilber, Lourmat, France).

Data from three replicates were analyzed separately for
each experiment and subjected to arcsine transformation
and analysis of variance (ANOVA) using SPSS Inc. 16.0.
Significant effects of treatments were determined by
F values (P < 0.05). Treatment means were separated by
Tukey’s Honestly Significant Differences (HSD) test.

whereas other concentrations of 15, 10 and 5 mM recorded
disease protection of 63, 59 and 42 %. On the other hand
Apron 35SD treated seedlings recorded 91 % disease
protection. Under field conditions, highest downy mildew
protection of 70 % was also recorded with 20 mM
thiamine treatment, whereas, disease protection of 63, 62,
56 and 40 % was noticed within 25, 15, 10 and 5 mM

Table 1. Effect of seed treatment with thiamine on growth parameters of pearl millet plants under field conditions. Values are means
of 4 independent replicates = SE. Means followed by the same letter(s) within the column are not significantly different according to

Tukey’s HSD.

Thiamine [mM] Plant height [cm] Time to 50 %
flowering [d]

Number of Length of ears [cm]  Girth of ears [cm]
reproductive tillers

0 58.4+0.2d 40£0.7d

5 58.4+0.3d 41+0.7c
10 61.0x0.1c 41 £ 0.4c
15 67.2£0.3b 42 +0.2bc
20 72.0%1.1a 44+ 1.4a
25 67.7+0.1b 43 +1.1ab

2.1+£0.5b 9.4+0.8d 3.6%£0.9c
2.6 £0.0b 10.3+0.1c 3.7+0.1c
3.7+0.2a 11.9 £ 0.6b 3.8 £0.0bc
34+0.5a 12.1 £0.3ab 3.8 £0.0bc
3.5+03a 124 £0.7a 43 +0.3a
35+0.1a 12.1 £0.2ab 4.0 £ 0.1ab

Table 2. Lipoxygenase activity [nmol mg™(protein) min™'] in pear] millet seedlings measured at different hai. STU - susceptible
thiamine-treated uninoculated, STI - susceptible thiamine-treated inoculated, SU - susceptible uninoculated, SI - susceptible
inoculated, RU - resistant uninoculated, RI - resistant inoculated. Values are means of four independent replicates + SE. Means
followed by the same letter(s) within the column are not significantly different according to Tukey’s HSD.

Plants  Thiamine [mM] 0 h 3h 6h 12h 24 h 48 h 72 h

STU 5 10.940.1d 12.0+0.3¢ 13.240.2¢ 16.1+0.4b 21.0+0.4a 17.7+£0.2b 16.0+0.4b
STI 5 12.840.4d 14.04+0.4¢ 15.240.5¢ 19.2+0.2b 24.340.1a 23.140.9a 21.1+£0.2ab
STU 10 11.240.6f 12.4£0.5¢ 14.340.4cd  16.5£0.1c 22.0+0.1a 19.1+0.2b 16.5+0.1c
STI 10 13.94£0.1d 16.1£0.1¢ 16.940.4¢ 20.0£0.3b 25.740.1a 25.0+0.4a 19.2+0.6b
STU 15 11.9+0.1f 15.240.1e 17.74£0.3d 21.440.3b 23.340.7a 23.14+0.6a 20.04+0.5¢
STI 15 15.0+0.4ef 16.91£0.3¢ 20.440.5cd  26.1£0.3b 29.74+0.5a 27.240.8ab  23.740.1bc
STU 20 13.540.2¢ 29.540.6d 37.620.1bc  39.7+0.9b 43.840.3a 42.6%1.0a 30.8+0.2¢
STI 20 15.0£0.5¢ 32.640.5d 43.6+0.8bc  45.240.3b 49.7+0.4a 49.0+0.7a 38.2+0.2¢
STU 25 12.1+0.2d 15.340.5¢ 17.540.1¢ 21.940.1ab  24.0+0.1a 23.6+0.4a 20.5+0.8b
STI 25 15.0+0.2de 18.2+0.8d 25.840.4¢ 30.7+0.4b 33.94+0.2a 33.5+0.4a 31.74+0.4b
SU 10.6+0.6¢ 12.0+0.2de  13.6+1.0d 15.5+0.5¢ 20.8+0.4a 18.4+0.2b 15.3+0.2¢
SI 12.340.1 13.840.2 14.610.1 18.9+0.3 24.5+0.1 22.0+0.7 20.9+0.9
RU 19.0+0.8¢ 35.7+0.6d 46.0+0.5bc  50.0+0.4b 57.6+0.5a 52.5+0.3ab  49.3%1.4b
RI 21.04+0.5¢ 43.240.9d 49.0+0.7d 55.3+1.4c 69.2+1.2a 63.0+0.4ab  60.1%1.1b
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Fig. 1. Northern blot analysis. Temporal pattern of transcript accumulation hybridizes with (o.32P) LOX probe in pearl millet
seedlings. STI - susceptible seedlings treated and inoculated, STU - susceptible seedlings treated and uninoculated, SI - susceptible
seedlings inoculated, SU - susceptible seedlings uninoculated, RI - resistant seedlings inoculated, RU - resistant seedlings

uninoculated. Equal loading of total RNA is on the left.

concentrations of thiamine, respectively. Advancing from
greenhouse trials to field trial is an important step
towards the goal of practical application of induced
resistance elicited by any biotic or abiotic agents. The
mechanisms involved in thiamine induced resistance are
unknown and have not been attempted. However, the
induction of resistance by thiamine application has been
previously reported. The disease progress inhibiting
activities of thiamine against Xanthomonas oryzae in rice,
pepper mild mottle virus infection in tobacco plants,
Colletotrichum lagenarium in cucumber, Pseudomonas
syringe in Arabidopsis plants have been proved (Ahn
et al. 2005). Subsequent investigations indicated that the
resistance induced by thiamine is systemic, broad-
spectrum, and long-lasting (Ahn et al. 2005). Malamy
et al. (1996) demonstrated that thiamine stimulate
resistance to tomato mosaic virus in a salicylic acid
dependent manner. In Arabidopsis, thiamine primes the
pathogen-induced expression of pathogenesis-related 1
(PR-1) proteins and phenylalanine ammonia lyase as well
as callose deposition and an oxidative burst associated
with the hypersensitive response (HR) (Ahn ez al. 2007).
From other vitamins, riboflavin application was shown to
protect various hosts from viral, bacterial, fungal, and
oomycete pathogens, with little or no phytotoxicity
(Averyanov et al. 2000). Dong and Beer (2000) have
reported that foliar spray of riboflavin effectively
protected Arabidopsis thaliana from Perenospora
parasitica. Recent research demonstrated that riboflavin
induced resistance in rice against Rhizoctonia solani via
jasmonate-mediated priming of phenylpropanoid pathway
indicating the efficiency of riboflavin in LOX expression
(Taheri and Tarighi 2010).

Among five different concentrations used, treatment
with 20 mM thiamine revealed significant (P < 0.005)
enhancement of plant growth parameters followed by

25, 15, 10 and 5 mM thiamine over the untreated control
(Table 1). Earlier studies from our laboratory showed that
application of the plant growth promoter Vitazyme at the
lowest concentration (2 %) improve field emergence and
yield especially when an additional foliar spray was
applied. Application of thiamine and ascorbic acid
enhanced the vegetative growth and flowering in
Gladiolus (Nahed et al. 2009). Youssef and Talaat (2003)
reported a pronounced increase in vegetative growth and
chemical constituents of rosemary plants by foliar
application of thiamine. In another research, Karima
(2005) found that application of ascorbic acid on
sunflower plant led to significant increase in plant height,
number of leaves, fresh and dry mass of leaves.

In inoculated resistant and thiamine-treated seedlings
the LOX activity was evident at 0 hai and maximum was
reached at 24 hai. Increase (13.4 %) in LOX activity was
observed in inoculated seedlings treated with 20 mM
thiamine at 24 hai. Increase in LOX activity was also
noticed in 25, 15, 10 and 5 mM thiamine treated
inoculated samples (Table 2).

In this study we report the enhancement of
lipoxygenase enzyme during pearl millet - downy mildew
disease interaction. The constitutive expression of LOX
was seen in all the categories of seedlings. But there was
marked difference in the transcript accumulation in
resistant, and thiamine-treated seedlings (Fig. 1). The
LOX transcript abundance increased from 3 hai and
reached its maximum at 24 hai in resistant and thiamine
treated seedlings, whereas in susceptible cultivar the
expression of LOX was less in both inoculated and
uninoculated seedlings. LOXs have several functions in
plants; response to wounding, stress and pathogen attack
(Kolomiets ef al. 2001, Gao et al. 2008). In our study, the
distilled water-treated controls of both resistant and
susceptible pearl millet seedlings exhibited a constant
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increase in constitutive LOX activity, even without
elicitor-treatment or pathogen inoculation. This is
because, LOXs are known to have a central role in the
regulation of the biosynthesis of several secondary
metabolites, including terpenoids, phenylpropanoids and
antioxidants and usually the constitutive activation of
these metabolites are occurring around a few days after
germination (Avanci et al. 2010). The study of transgenic
lines and of the physiological role of different oxylipins
have made clear that LOX is not only important for the
synthesis of jasmonates, but also of a number of other
products that have specific constitutive roles in
development and in responses to stress (Porta and
Rocha-Sosa 2002). During germination, new LOXs are
synthesized in the seedling and the cotyledons. Maximal
accumulation of constitutive LOX protein and the
corresponding mRNAs lasts from a few hours to a few
days after germination due to lipid mobilization. The
constitutive mRNAs synthesized during germination
could also be found in the mature plant (Porta and
Rocha-Sosa 2002).

An increase in LOX activity in response to infection
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