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Abstract: Plants can defend themselves against fungal iofedty natural means induced
by biotic and abiotic elicitors. Osthol is a natwwampound extracted from dried fruits of
Cnidii Monnieri Fructus. In this study, it has been shown to mdy be a fungicide with
acceptable curative properties (control efficacyp8f72), but it also showed a significant
prophylactic effect (with control efficacy of 77 )3@gainst pumpkin powdery mildew at a
concentration of 100ug-mL>. In pumpkin leaves with/or without inoculation of
Sphaerotheca fuligineaosthol treatment induced the accumulation of ichse and
peroxidase and enhanced the transcription of @séirgene in non-inoculated leaves. The
potentiation of phenylalanine amonia-lyase activityleaves by osthol application and
following inoculation was absent in that with intation or osthol treatment, indicating
that induced PAL in osthol-pretreated plants wasutation-mediated. In conclusion, this
natural compound could induce resistance respontgeiplant against powdery mildew.

Keywords. Osthol, coumarinic compound, induced resistanceporese, Cucurbita
moschataSphaerotheca fuligineahitinase, POD, PAL
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1. Introduction

Plants have constitutive and induced mechanisnaefend themselves against pathogenic agents.
The induced mechanism has been widely studied,nzarty abiotic or biotic components have been
exploited for their eliciting properties to induesistance [1,2].

Pathogenesis-related proteins consist of enzymasdimg chitinase peroxidase, phenylalanine
amonia-lyase and certain other proteins which actat® to high levels following pathogen attacks.
Their induction has been correlated with greatesistance to subsequent pathogen attack [3].
Chitinases catalyze the hydrolysis #{1-4) linkages in the linear homopolymer, chitin.réle for
chitinases in plant defense against fungal attagduggested by the absence of chitin in highertglan
its presence in fungal cell walls [4], and the fiigdthat plant chitinases inhibit spore germinatonl
mycelia growth of certain fungi in vitro [5,6]. Gimases are constitutively expressed at low leirels
leaves and at high levels in roots [7]. Increasaetls of the gene expression or the enzymic agtivit
have been observed in leaves after inoculation pathogenic microbe [8-10].

Osthol is a coumarinic compound (7-methoxy-8-[3+myktent-2-enyl] coumarin), extracted from
dried fruits of Cnidii monnieri Fructus. Traditionally, osthol is used as an exkemedicine for the
treatment of eczema, cutaneous pruritus @txcchomonas vaginalisand an internal medicine for
frigidity [11,12]. Recent pharmacological studieavl revealed it to possess antiallergic [13],
antiosteoporotic [14] and anti-inflammatory aciest [15]. Its antifungal activity was proven on
Alternaria alternate A. ergillus sp., Cryptococuus neoformansgtc. [16]. Our previous studies also
showed that osthol has a wide antifungal activitigh the EGo value ranging from 21.1pg-mL* to
61.62 pg-mL* against Rhizoctonia solani Colletotrichum mllsage Phytophora capsiciand other
phytopathogenic fungi [L7Coumarin, as an allelochemical, sufficiently afethe overall root growth
and morphology and the root type at the concentraif 0.25 mM [18,19], but no evidence concerning
about the increased resistance in host plant reggdon coumarinic compounds has been reported.

Pumpkin powdery mildew (caused Byphaerotheca fuligingaheavily affects yield and quality of
pumpkins Cucurbita moschat®uch) produced for market every year. During dudg of antifungal
activity of osthol against powdery mildew on pumpkie found that this natural compound can act as
not only a curative fungicide, but also as a préasere agent. We also analyzed the expression of
chitinases and other pathogenesis-related pratdiasues of pumpkins treated by osthol.

2. Resultsand Discussion
2.1 Results
2.1.1 Effect of osthol on powdery mildew infectiohpumpkin

Seven days after inoculation, the powdery mildesedse index on every plant was estimated. The
water control plants had a disease index of 7&@bjficantly higher than those of 15.56 and 2Z@@3
osthol applications before and after inoculatiorowldver, there were no significant differences
between the curative and preventive effects of adstiyainst powdery mildew on pumpkin. The
concentration of 10Qug-mL* showed the best control efficacy whatever the timiénoculation
(Table 1).
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Table 1. Assessment of the efficacy of osthol against pewdeldew on cucumber leaves

Treatment Mean (Diseaseindex)® Control efficacy °
Osthol (100ug-mL™) before inoculation  15.56 ¢ 77.36

Osthol (50ug-mLY) before inoculation ~ 42.22 b 41.64

Osthol (10(1,Lg-ml_'1) after inoculation 22.63 c 68.72

Osthol (50ug-ml_'1) after inoculation 50.78 b 29.81

Water control 72.35a

Disease assessment was carried out 5 days afteritidation. The interval between the osthol aggilon

and fungal inoculation was 2 days.

# values represent means of Disease Index made @mmts. Mean values followed by the same letter in
each column do not differ statistically. Data weréjected to one-way analyses of variance and mean
separation was performed using LSD tests (a=0.05).

® Control efficacy was determined from disease ir(d\ggtercontrol-ostholtreatmen;t(loo)_
watercontro

2.1.2 Enzyme Assays

Enzyme activities of chitinase, peroxidase (PODRivdg and phenylalanine amonia-lyase (PAL) in
pumpkin leaves were assayed using colloidal chithQ, and L-phenylalanine as substrates,
respectively. Although inoculations were carried 2ways after the osthol application, the actti
were measured from the first day of osthol applcat

Figure 1. Chitinase activity in pumpkin leaves upon osthmplacation and/ofS. fuliginea
inoculation. Non-osthol-treated and non-inoculaf@dnts (WO), plants treated with
osthol and non-inoculated (SO), non-osthol-tregtéaht inoculated (WI) and osthol-
treated plant inoculated with. fuliginea(Sl). Each value is the mean = S.E. for n=3.
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Overall, osthol treatments markedly increased chitinase aditivigaves of pumpkin, compared to
the remaining treatments (Figure 1). In plants (SI) treatéldl @gthol and inoculated Wy. fuliginea
increased chitinase activity by two days (1.56) after osthotntes@, reaching the maximum level
(3.29) after four days, followed by plants (SO) treated with ostholnbaotinoculated and control
plants. Activity of chitinase in inoculated leaves (WI) showetba $ncrease, and the activity kept a
low level in leaves of non-osthol-treated and non-inoculated pumpkin (Wi@ughout the
experimental period.

Figure 2. Peroxidase activity in pumpkin leaves upon osthol application ar&i/or
fuligineainoculation. Non-osthol-treated and non-inoculated plants (WO), plantsdrea
with osthol and non-inoculated (SO), non-osthol-treated plant inoculated (WI) and osthol
treated plant inoculated with. fuliginea(Sl). Each value is the mean + S.E. for n=3.
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After osthol application, the activities of POD Ieaves of pumpkin began to rise (Sl and SO)
(Figure 2). Especially, the following inoculatiem the second day significantly £20.05) increased
its activity, and on the fourth and eighth day, élcgvity of POD appeared two peaks (0.89 and 1i194)
osthol-treated and inoculated plants (SI). Dutimgwhole sampling time, the POD activity of osthol
treated plants with no inoculation (SO) was higikan non-treated and non-inoculated control (WO),
and the activity peak appeared on the fourth day mvach lower (0.63). As to plants inoculated but
not osthol-pretreated (WI), the POD activity wasldichanged during the first six days, showing no
difference with the (WO) control, and then the attishowed a dramatically increase till the end of
test sampling period.

According to Figure 3, the activity of PAL in theordrol plant is very low (WO), and the
inoculation of S. fuligineaor application of osthol caused no change in thsablevel of PAL.
However, the activity increased rapidly from secatay (0.05) after inoculation dd. fuligineain
osthol-pretreated plant (Sl), and reached the maxirtevel (0.075) on the sixth day. From the second
day, its activity in S| plants maintaining highdralong then other treatments.
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Figure 3. PAL activity in pumpkin leaves upon osthol applioa and/orS. fuliginea
inoculation. Non-osthol-treated and non-inoculaf@dnts (WO), plants treated with
osthol and non-inoculated (SO), non-osthol-tregteaht inoculated (WI) and osthol-
treated plant inoculated with. fuliginea(Sl). Each value is the mean + S.E. for n=3.
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2.1.3 Chitinase gen€itin) transcription

To examine the expression of tl@itin gene response to the osthol treatment, we isotatedl
RNA from leaves of osthol-treated pumpkin. RT-PCRswised to generate cDNA and amplification
products by using primers specific f@hitin and, as a control, primers corresponding to than act
cDNA. Using this approach, a fragment with lengbth829 bp was obtained (accession number in the
GenBank: EU056338). We found th@hitin could be constructively expressed (Figure 4B, Gkit
osthol treatment could also greatly increase tipgesssion (Figure 4B, Os).

2.2 Discussion

In this study, we investigated the influence oftfgatment of pumpkin with osthol on the powdery
mildew control and the activation of pathogenesiated proteins. We confirmed that applications of
osthol on pumpkin leaves both before and afterutaion reduced the disease index. Giving that the
accumulation of these proteins after pathogen fitfleccorrelates with induced resistance [20], we
used the activities of chitinase, POD and PAL alcetors of the activation of the defense response
[21]. Osthol application by spraying proved to he tnducer of chitinase, POD accumulation. To our
knowledge, this is the first report suggesting thabumarinic compound could be a prophylactic agen
against powdery mildew on pumpkin through stimulgta resistance response in the host plant. An
induction period required by agents is an inteiMfatime between application of the agent and the
challenge from the pathogen. In most cases it epsrted to lie between one and seven days [22]. In
our study, in order to assess both the efficadiggaiective and curative, the potentiation of dafein
plants by osthol was assessed five days after ribeuiation [23]. Longer periods provided no
significant difference from the assessment datea(dat shown).
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Figure 4. Increase in expression dEhitin in osthol-treated pumpkinChitin was
amplified by RT-PCR from total RNA derived from bst-treated pumpkin (Os), with
plant treated with water as control. The expecied sf the resulting cDNA fragment
was 329 bp (B). As an internal control, the aatamscript was also amplified by RT-PCR
(A). Sizes of the molecular length standards (M) iruparallel are indicated at the left.

2000

1000
750

500
250

100

The visual assessment of disease development asuradaby mildew covering the leaf surface
demonstrated both the protective and curative @esthol on pumpkin. In these experiments, osthol
(100 pg-mL*Y) -treated plants had a level of infection abodold-lower than untreated plants. The
curative roles could be derived from fungicidaliefty of the compound [17]. The protective roles
suggested the resistance response in the plantsaddy osthol application.

Identifying induced proteins such as chitinaseppielase, PAL, etc., could provide and elucidate
plant defense responses. We used enzyme assayBRTaRC€CR differential display of chitinase in
osthol-treated cucumber plants to detect defergmrese proteins and mRNA.

Chitinases in plants showed a close relationshib vésistance against pathogens. The enzymes
also can be induced by wounding or by exposurdhgene, fungal cell wall preparations, or abiotic
elicitors such as salicylic acid (SA) and mercwinroride [24,25]. The high peroxidase activities ar
usually associated with later stages of the inbectprocess and are linked to lignification and
generation of hydrogen peroxides that inhibit pgdrs directly or generate other free radicals with
antimicrobial effects [26,27]. In this paper, odttieatment increased the activities of these ermzym
the pumpkin leaves. The following inoculation ofusad to the highest chitinase and peroxidase
activities in all treatments, indicating the strorggistance response in the host plant agdbnst
fuliginea.

PAL is the first and a key enzyme of the phenylpropd pathway that leads to the synthesis of
benzoic acid, SA and a variety of other phenol nisderelated plant secondary metabolites [28]. The
activation of PAL activity is an early, common amaportant response of plant to biotic and abiotic
stresses [29]. In this paper, PAL activity was nuatreased after inoculation or osthol treatment.
However, which could be strong increased by treatmaf osthol application and following
inoculation. This indicated that the potentiation dsthol of PAL activity in pumpkin leaves was
mediated by the inoculation. This may be result@ @pecial signal pathway of PAL unlike that of
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POD and chitinase. In previous research about ¢laionship of the induced resistance to phenol
metabolism, Rémus-Borkt al. reported that response in wheat plants ag&8iwsheria graminid.sp.
tritici could be activated by silicon treatment. The preseof several antifungal compounds were not
found in wheat plants that were treated with siidout not inoculated nor were they found in
inoculated plants that had not been pretreated siiitton [1,30]. It seems that osthol shares same
signal transduction model with silicon to activdte phenol metabolism.

Application of osthol induced a progressive andicant increase of the enzymes, chitinase and
POD. Such responses were more dramatic in osthaletl plants challenged wigh fuliginea thus
providing support to the concept that a triggesignal produced by inoculation is essential toHeirt
enhance synthesis and accumulation of defenséveefabducts of chitinase, POD and PAL [27].

Plants can be induced to become more resistamséaske through various biotic or abiotic elicitors
[31]. Various chemicals such as 2,6-dichloroisotirgo acid (INA) and its derivatives, the benzo-
1,2,3-thiadiazole derivatives like S-methylbenz®;3;thiadiazole-7-carbothiate [32,33], various salt
(phosphates, silicates and oxalates) [34,35], prabae [36], D,L-f-aminobutyric acid (BABA)
[37,38], 2,2-dichloro-3,3-dimethylcyclopropane aaxilic acid [39], salicylic acid (SA), jasmonic dci
(JA), chitosan, etc. [35] have been discovered whieem to mimic the biological activation of
resistance. However, coumarinic osthol was notntego Of these compounds, only BABA has also
been reported to display a curative effect [37, Bpperties similar to those now seen in osthot, b
the mode of action of proposed resistance induchgnBABA has not been clearly elucidated
[23,40,41].

Plant elicitors are of interest for their functibm activate plants’ own natural defenses against
phytopathogens [27]. Osthol proved to be an efiiciglicitor of defense mechanisms in pumpkin.
Giving that osthol is an efficient fungicide, itpgication may be more convenient in the field to
control powdery mildew and other potential pathageif integrated properly in plant health
management programs, such compounds can prolongstfel life of both the resistance genes in
plant and the fungicides [33].

3. Experimental Section
3.1 Plant material and osthol

Pumpkin C. moschatpseeds were obtained from Tomorrow Seed Compaaggsu province,
P.R. China). Surface sterilization was performedrhbying with 70% (v/v) ethanol for 10 min on a
magnetic stirrer. Then seeds were rinsed in digtiWater for 1 min. Germination of the seeds was in
100% humidity for 7 days in the dark. Geminateddsewith two cotyledons were transferred to
Hoagland liquid medium grown further in a greenfmaintained at 25 °C with a relative humidity of
80% and a photoperiod of 16/8 (light/dark) h/d. Exments were carried out when seedlings were in
four-leaf stage. Osthol (99.5%) used in this stwdg purchased from NICPBP (National Institute for
the Control of Pharmaceutical and Biological PraduBeijing, P. R. China). Freshly prepared osthol
at a concentration of 50 or 100-mg* was applied in the assessment trial on osthataf§i against
powdery mildew. All the other reagents were of giiehl grade. Our previous field study showed that
the concentration of 100 prgL™* could effectively control powdery mildew on pumpkin
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3.2 Treatment, pathogen inoculation and diseasessssent

A field isolate ofS. fuligineafrom an infected pumpkin seedling was used. Ce#iwof powdery
mildew were maintained by transfer of conidia tsfr sterile seedlings every two or three weeks. One
day before the inoculation, heavily infested leawese shaken to displace older spores and ensaire th
conidia were freshly formed. Plants were randonslsigned to five groups of 10 replicates and were
sprayed to run-off with (i) water (untreated coftr&0 ugmL™’ osthol treatments comprised (i)
“osthol” application two days before inoculationnda (iii) “osthol” application two days after
inoculation 100 pgnL™ osthol treatments comprised (iv) “osthol” applioat two days before
inoculation; and (v) “osthol” application two dayter inoculation. Plants in treatments were
inoculated by shaking sporulating colonies of pumpkildew over the leaves of plants to be infected.
Disease assessment was carried out five daysthéenoculation. The infection degree was assessed
visually using a 0-5 scale: where 0 = no diseasg$yms, 1 = less than 1/5 of the host surface eaver
by mycelia, 2 = 1/5-1/3 of the surface covered hycefia, 3 = 1/3-1/2 of the surface covered by
mycelia, 4 = 1/2-2/3 of the surface covered by rigc® = more than 2/3 of the surface covered by
mycelia. Disease index of every plant was deterdyinecording to the mathematical formula:

axb
Disease IndexZ x100%.
N x K

wherea is the number of leaves with the correspondingatibn degreebh is the infection degree of
leaves (scale differences from 0-B),is the total number of leaves counted in a plandK is the
maximal value of lesion intensity (= 5 on the choseale) [42]. Data were subjected to one-way
analyses of variance (ANOVA) and mean separatiols warformed using the least significant
difference (LSD) test (a=0.05).

3.3 Treatment and extraction of leaf material

Four-leaf pumpkin plants were randomly assigned four groups. The four treatments studied
were plants sprayed with 100 pd." osthol (referred to as SO), plants sprayed wittem@eferred to
as WO), osthol-pretreated plants inoculated v@8thfuliginea(inoculation was carried out on the
second day of osthol treatment, referred to asa®d) non-osthol pretreated plants inoculated 8ith
fuliginea (inoculation was carried out on the second ddgrmed to as WI). When the osthol solution
was sprayed on SO and SI plants, the same volumatefr was sprayed on WO and WI plants. The
top extended leaves were collected at time courde 8, 3, 4, 6, 8 and 10 days after the treatment
(inoculation was performed immediately after secoaltection of leaves). Leaf tissues (exactly 03 g
were ground in liquid nitrogen and homogenized ins-HCIl (0.05 M, pH 8.0, 3 mL). The
homogenates were centrifuged for 20 min at 3,500hg. supernatants were used as enzyme sources
for the following enzyme assay.

To investigate the expression of chitinase genmmpkin response to osthol treatment, inoculated
plants was sprayed with 100 pd_" osthol. Four days after treatment, the top extdridaves were
sampled for RT-PCR analysis. The non-inoculatedtplaprayed with water served as control. RNA
extraction was performed using Simply P Total RNAr&ction kit (Bloer Technology CO., Hangzhou,
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P.R. China). The RNA was solubilized in sterilizdidtilled water and reprecipitated in 0.25 volume
3.0 M potassium acetate and 2.5 volumes ethanost@med at -80 °C prior to quantification.

3.4 Enzyme Assays
3.4.1 Chitinase activity

Chitinase activity was assayed by measuring theuamof the reducing end group, GIcNAc (N-
acetyl-b-D-glucosamine), produced from colloidalitich The assay mixture consisted of enzyme
extract (0.3 mL) and 1.0% colloidal chitin (0.2 mfter incubation at 37 °C for 1 h, the mixtureswva
inactivated in boiling water for 5 min. After ceifiigation at 5,000 rpm for 10 min, supernatantikiqu
(0.2 mL) was kept in a boiling water bath for 3 méfter cooling down, potassium borate solution
(0.8 M, 0.1 mL) and 1% DMAB (3 mL) were added ie tbupernatant. After incubation at 36 °C for 20
min, the value of absorbency for each treated samphs detected at 544 nm using a
spectrophotometer. The activity was calculated feostandard curve based on known concentrations
of N-acetyl$-D-glucosamine. The chitinase activity was definedhesamount of liberated GICNAc
hour® gram fresh weight[43].

3.4.2 POD activity

Peroxidase activity was determined at 30 °C by difiedl spectrophotometric method [44]. The
reaction mixture consisted of plant extract (0.1)mQ.05 M guaiacol (1 mL), 50 mM sodium
phosphate buffer (pH 6.0, 2.9 mL). The reaction wtsted by addition of 2% J@, (1 mL). The
reaction was incubated in a water bath and absoebah470 nm was recorded every 15 s for one
minute. Peroxidase activity was expressed absorbancg, min’ gram fresh weight

3.4.3 PAL activity

Phenylalanine amonia-lyase activity was determimgthe modified method d#5]. The reaction
mixture contained leaf extract (0.3 mL), 0.2 M pylatanine solution (1 mL) and 0.05 M borate buffer
(pH 8.8, 2.7 mL). The reaction was quenched with 61CI (0.1 mL). The production of cinnanate
during 1 h at 30 °C was measured by the absorbarargge at 290 nm. PAL activities were expressed
as4 absorbance (290 nm) mirgram fresh weight In case of every enzyme under investigation of
these trials, each treatment consisted of threkcadgs and three spectrophotometric readings were
taken per replicate. The Tukey test was used fopesing means

3.5 RT-PCR

In preparation for RT-PCR, RNA samples from the plkim were transcribed into DNA using
First Strand cDNA Synthesis Kit (Toyobo Co., Japdrt)e resulting fist strand cDNA was used for
PCR. PCR for chitinase geneCKHitin) was performed with the forward primer 5'-
ACTGCCGCTCAATCCTTC-3 and the reverse primer 5-AGGTTGTTTCCTTGTGGT-3’ (primer
designed according to online sequence, E13289).pfingers were synthesized by Nanjing Sunshine
Biotechnology Co., Ltd. (P.R. China). Actin, congively expressed in the plant, was assayed as
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internal control. The primer pairs: 5-ATGCTGCTACBITAAACG-3' (Forward), 5-
CAAATGGCTGTCTTGAATGC-3' (Reverse) were used to dmtactin transcript. Reaction mixture
(50 pL) consisted of PCR Buffer (10x, 5uL), dNTPxtare (10 mM, 1uL), MgGl (25 mM, 3uL),
Primer mix (10uM each, 2.5uL), template DNA (cDNA, 1uL), Tag DNAlinmerase (0.5 pL) and
autoclaved, distilled water. The following progravas performed: 94 °C for 3 minutes then followed
by 27 cycles of 94 °C for 1 min, 52 °C for 40 setgyrand 72 °C for 1 minute. The products are fmnall
extended at 72 °C for 5 min. PCR efficiency watetbdy agarose gel electrophoresis.
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