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A B S T R A C T

Clausena lansium (Lour.) Skeels is an attractive shrub or small tree, a member of the Rutaceae family. The seeds,
leaves and roots of this plant have been used as herbal medicines for a long time. In this study, seven amides
were isolated from the seeds of Clausena lansium. The antifungal assay indicated that lansiumamide B (4) and
lansiumamide C (2) displayed the highest antifungal activity against Sclerotinia sclerotiorum with EC50 values of
4.95 and 13.24 μg/mL, which were both lower than that of carbendazim (EC50= 0.64 μg/mL). The structure-
activity relationships of these amides were investigated using assays to measure their in vitro antifungal activities
against Sclerotinia sclerotiorum. The effect of the most potent compound lansiumamide B on morphology and
physiology of S. sclerotiorum were also evaluated. Lansiumamide B caused cell rupture and mycelial abnorm-
alities of S. sclerotiorum, and its curative efficacy (75.17%) against S. sclerotiorum infection was better than that
of carbendazim (56.57%). This study demonstrated that amides isolated from C. lansium possessed the potential
to be exploited as botanical fungicides for commercial application or can be used as templates for designing new
fungicides with novel action modes.

1. Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is a worldwide distributed
plant pathogen with a broad host range. More than 400 species of 270
genera, including many economically important crops and vegetables,
can be infected by this pathogen (Bardin and Huang, 2001; Firoz et al.,
2016; Ronicke et al., 2005). The disease caused by this pathogen was
called sclerotinia stem rot (SSR) or sudden death syndrome (SDS), one
of the most disastrous diseases in oilseed rape (Boland and Hall, 1994;
Clarkson et al., 2004; Huang et al., 2006; Kora et al., 2005; Letham
et al., 1976; Purdy, 1979). In China, SSR has been widespread almost in
all oilseed rape planted areas especially in Sichuan and Jiangsu pro-
vince. (Duan et al., 2012).

Generally, chemical control remains the main strategy for control-
ling SSR in practice for lacking completely disease-resistant oilseed rape
strains (Firoz et al., 2016). The benzimidazole and dicarboximide fun-
gicides were the most efficient fungicides in controlling SSR. However,
unscientific applications with repeated high doses of these fungicides
have caused a widespread high level of resistance (Kuang et al., 2011;
Liang et al., 2015; Ma et al., 2009; Wang et al., 2016a). Therefore, there

is a great and urgent demand for developing new fungicides with dif-
ferent modes of action as alternatives for chemical synthetic pesticides
being used vastly now.

Botanical secondary metabolites provide a series of promising al-
ternatives for synthetic fungicides, due to their easy biodegradation
which could have low residual toxicity on mammals and other non-
target organisms and potential different mode of actions compared to
current commercial fungicides (Dubey et al., 2008; Gerwick and Sparks,
2014; Ziv and Cilia, 2007). The bioactive phytochemicals with unique
structures, such as alkaloids, terpenoids, quinonoids and coumarins are
far better than those synthetic compounds and mainly exert defensive
functions to protect plants from pathogenic microorganism, which is
the result of millions of year’s coevolution of plant with their predators
(Berenbaum, 2002). That’s the reason why many botanical phyto-
chemicals have long been playing a prominent role in the development
of new fungicides and being the templates for a wide array of current
commercial synthetic fungicides (Gerwick and Sparks, 2014).

Clausena lansium (Lour.) Skeels is an attractive shrub or small tree, a
member of the Rutaceae family, widely distributed in Southern China
and Southeast Asia. The leaves and roots of this plant have been used as

https://doi.org/10.1016/j.indcrop.2018.05.037
Received 11 December 2017; Received in revised form 27 March 2018; Accepted 17 May 2018

⁎ Corresponding author at: Research and Development Center of Biorational Pesticides, Northwest A&F University, Yangling 712100, Shaanxi, China.
E-mail address: jtfeng@126.com (J. Feng).

Industrial Crops & Products 121 (2018) 352–359

0926-6690/ © 2018 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2018.05.037
https://doi.org/10.1016/j.indcrop.2018.05.037
mailto:jtfeng@126.com
https://doi.org/10.1016/j.indcrop.2018.05.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2018.05.037&domain=pdf


herbal medicine for treating respiratory disease, skin disease, viral
hepatitis and digestive system disease for a long time (Adebajo et al.,
2009; Huei, 1989). The seeds are mainly involved in treating acute and
chronic gastritis and ulcers (Maneerat et al., 2011). In addition, the fruit
of C. lansium receives large amounts of popularity among customers for
its fresh flavor, and it can be made into fruit cups, gelatins and other
desserts (Campbell, 1974; Chokeprasert et al., 2007). Previous phyto-
chemical studies on C. lansium have reported the isolation of amides
(Kumar et al., 1995; Maneerat et al., 2011), alkaloids (Du et al., 2015a;
Du et al., 2015b; Liu et al., 2015; Tatsimo et al., 2015) and coumarins
(Liu et al., 2014; Maneerat et al., 2012).

During the period of screening bioactive materials for new agro-
chemicals from Chinese medicinal herbs, the significant antifungal ac-
tivity against S. sclerotiorum of the crude extract from C. lansium seeds
was found. In the present study, we followed the bioassay-guided
method to isolate active ingredients from the seeds of C. lansium and
verified their antifungal activity against S. sclerotiorum in vitro and in
greenhouse. We also evaluated the effect of the main effective com-
ponent on morphology and physiology of S. sclerotiorum.

2. Materials and methods

2.1. General experimental procedures

The 1D NMR spectra were recorded in CDCl3 on Bruker DRX-500
(Bruker, Bremerhaven, Germany) spectrometer with tetramethylsilane
as the internal standard. The column chromatography was performed
with silica gel (100–200 and 200–300mesh, Qingdao Jiyida silica re-
agent Co. Ltd., Qingdao, China), FUJI RP-18 gel (40–75mm, FUJI,
Tokyo, Japan) and Sephadex LH-20 (GE healthcare, Connecticut,
America). Thin-layer chromatography (TLC) was carried out on silica
gel GF254 glass plates (Qingdao Jiyida silica reagent Co. Ltd., Qingdao,
China). Spots were observed under 275 nm UV light followed by
spraying with 3% bismuth potassium iodide solution. Preparative re-
versed-phase HPLC was carried out on a Waters 600 apparatus (Waters,
America) equipped with a UV detector (Waters 486) and an Agilent
PrepHT C-18 column (Agilent, 250×21.2 mm) at a flow rate of 4mL/
min. Conductivity was measured with CON510 conductivity meter
(Eutech/Oakton, Singapore). The mycelial morphology were observed
by JSM-6360LV scanning electron microscope (SEM, Japan). UV
Absorbance were detected by Multiskan MK3micro plate reader
(Thermo, Germany).

2.2. Plant materials

The seeds of C. lansium were collected from Guangzhou, Guangdong
Province, China, in August 2014, and authenticated by Prof. Li Y
(College of science, Northwest A&F University). A voucher specimen
(No. ZX201415) has been deposited in the Research and Development
Center of Biorational Pesticides in Northwest A&F University, Shaanxi
Province, China.

2.3. Extraction, bio-guided fractionation and isolation

The dried seeds of C. lansium (2.7 kg) were crushed and then ex-
tracted with 80% acetone (3×20 L, 24 h each time) at room tem-
perature, and the extract was concentrated by rotary evaporation in
vacuum at 45 °C to obtain a bright yellow residue (301 g). The crude
acetone extract was dissolved in water and then partitioned with CHCl3
and n-BuOH. The CHCl3 extraction section (154 g), which was the ac-
tive part (Table 1), was subjected to silica column (10×120 cm,
1500 g), eluted with a gradient of PE-CH3COCH3 (99: 1, 98: 2, 97: 3, 95:
5, 90: 10, 80: 20, 50: 50, 1: 99, each 1.7 L) to give eight fractions
(Fr.1–Fr.8) on the basis of the TLC profiles. Fr.2 and Fr.3 with anti-
fungal activity were selected for further isolation (Table 1). Fr.2
(11.7 g) was chromatographed on the C-18 silica and eluted with

CH3OH/water mixtures with increasing polarity (30:70, 50:50, 70:30
and 90:10, v/v) to obtain six subfractions (Fr.2-1–Fr.2-6). For the
subfraction Fr.2-3, the preparative HPLC was used for further pur-
ification, eluted with CH3OH/H2O mixture (80:20, v/v) to give com-
pounds 1 (27mg) and 2 (369mg). Further purification of subfraction
Fr.2-4 was carried out on the Sephadex LH-20 chromatography eluted
with CHCl3/CH3OH mixture (1:1, v/v) to give compound 3 (64mg).
Fr.3 (13.4 g) was separated by column chromatography (CC) of silica
gel (5× 80 cm, 120 g), eluted with a gradient of CHCl3-MeOH (100:0,
98: 2, 97: 3, 95: 5, 90: 10, 1: 99, each 1.7 L) to give seven subfractions
(Fr.3-1–Fr.3-7). Compounds 4 was crystallized as yellow crystal
(> 98%, 10.2 g) in Fr.3-2. For the subfraction Fr.3-3, the preparative
HPLC was used for further purification, eluted with CH3OH/H2O mix-
ture (60:40, v/v) to give compounds 5 (41mg), 6 (16mg) and 7
(13mg).

2.4. Media, pathogen and fungicide

S. sclerotiorum strain ACC01 used in bio-guided fractionation and
isolation of the seeds of C. lansium was purchased from Agricultural
Culture Collection of China, maintained on slants of potato sucrose agar
(PSA) at 4 °C. Five wild-type strains of S. sclerotiorum isolates JK19,
JY11, CS51, ZJ62 and TZ5 used in this study were collected from dif-
ferent fields of planting rape in Jiangsu Province of China between
2010 and 2012. In addition, CZ138R and LYG82R were laboratory-in-
duced dimethachlon-resistant mutants. HA53R, YX36R and YX77R
were laboratory-induced carbendazim-resistant mutants. All the iso-
lated and mutants strains were provided by Jiangsu Key Laboratory of
Pesticide, College of Plant Protection, Nanjing Agricultural University
and maintained on PSA slants at 4 °C. Analytical reagent carbendazim
(> 99%) was purchased from Shanghai Aladdin Biochemical Polytron
Technologies Inc. (Shanghai, China).

2.5. Antifungal assay in vitro

The sensitivity of S. sclerotiorum to acetone extracts, extraction
sections, fractions Fr.1-8 and compounds 1-7 from the seeds C. lansium
were measured as following steps. A mycelial plug (5mm in diameter)
cut from the margin of medium area was placed with its mycelia-side
down on the center of each plate with definite concentrations of tested
samples, and the plate with the same amount of acetone was used as a
solvent control. Plates were inoculated in a thermostatic chamber at

Table 1
The results of fungicidal activity of crude acetone extract, extraction sections,
and fractions against S. sclerotiorum.

Sample EC50 (μg/mL) Toxicity regression
equation (Y= a+bx)

χ2 df P

acetone extract 153.24 ± 37.51 Y=1.044+1.271x 2.17 3 0.53
CHCl3 extraction

section
42.96 ± 7.29 Y=1.816+1.330x 0.28 3 0.96

BuOH and the
remaining
H2O
extraction
sections

> 1000 – – – –

fraction Fr. 2 217.60 ± 61.33 Y=0.875+1.338x 1.67 3 0.64
fraction Fr.3 10.67 ± 2.03 Y=1.201+0.640x 1.35 3 0.71
fraction Fr. 1,

4–8
>1000 – – – –

Compound 1 54.66 ± 8.36 Y=−0.309+ 0.015x 1.81 3 0.30
Compound 2 13.24 ± 2.65 Y=1.284+0.705x 1.66 3 0.27
Compound 3 46.46 ± 7.24 Y=−0.104+ 0.013x 2.11 3 0.31
Compound 4 4.95 ± 0.98 Y=−1.035+ 1.474x 2.53 3 0.42
Compound 5-7 >100 – – – –
Carbendazima 0.64 ± 0.20 Y=0.014+1.264x 0.78 3 0.85

a Commercial fungicide carbendazim as positive control.
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25 °C. After 3–5 days, the average diameter of each colony was mea-
sured according to the method reported in a previous study (Liang
et al., 2015). The inhibition was calculated with the formula: Inhibition
(%)= (average diameter of the control – average diameter of the
treatment)/average diameter of the control× 100 (Wang et al., 2016a).
There were three replicates for each treatment, and the whole experi-
ment was repeated at least twice. Carbendazim was used as a positive
control.

As for the measurement of minimal inhibitory concentration (MIC)
of lansiumamide B, the mycelial plug (5mm in diameter) was prepared
as described above placed on the center of plate with definite con-
centrations of lansiumamide B. The final concentration which just in-
hibit the growth of mycelium is MIC.

2.6. Effect of lansiumamide B on mycelial morphology

A mycelial plug (5mm in diameter) of S. sclerotiorum cut from the
periphery of 2 days old colonies was placed with mycelia-side down on
the center of each PDA plate containing 4.95 μg/mL of lansiumamide B
(10mL). Plates without lansiumamide B were used as blank controls.
Plates were then incubated in a thermostatic chamber at 25 °C for 48 h.
Samples of S. sclerotiorum mycelium were cut from the margin of
medium area, and then were placed on the slide glass.

For SEM analysis (Soylu et al., 2007), mycelial discs (1 cm in dia-
meter) of sclerotia exposed to the EC50 concentration of test compounds
were fixed with 2.5% glutaraldehyde in 0.1 mol/L phosphate-buffer
(pH=7.2) for 2 h at room temperature. They were washed twice with
the same buffer, each time for 10min. The samples were dehydrated in
a graded ethanol series (70%, 80%, 90% and three times at 100%) each
series for 30min. The fixed material was then mounted on stubs using
double-sided carbon tape and coated with gold/palladium in a sputter
coater system in a high vacuum chamber for 150 s at 9mA. The samples
were examined and digital images were captured using a JSM-6360LV
scanning electron microscope (SEM, Japan). There were three re-
plicates for each treatment, and the experiment was repeated at least
twice.

2.7. Effect of lansiumamide B on cell membrane permeability

The impact of lansiumamide B on the cell membrane permeability
of S. sclerotiorum was determined according to the method of previous
studies (Wang et al., 2016a; Duan et al., 2013). Mycelial plugs of S.
sclerotiorum cut from the periphery of 2 days old colonies were trans-
ferred to a 250mL triangular flask containing 100mL of PDB which was
shaken for 36 h at 180 rpm and 25 °C, then lansiumamide B was added
into the flask at the final concentration of 4.95 μg/mL. The flasks were
shaken for additional 36 h, then collecting 0.5 g mycelia for each
treatment. The collected mycelia was washed with distilled water three
times and re-suspended in 20mL distilled water. Flasks without lan-
siumamide B were used as blank controls. After 0, 2, 4, 6, 8, 10 and
12 h, the conductivity of different groups was measured using CON510
conductivity meter (Eutech/Oakton, Singapore). After 12 h, the mycelia
were boiled for 5min, and final conductivity was measured. The ex-
periments were repeated twice and each treatment had three repeti-
tions. The relative conductivity was calculated with the formula: Con-
ductivity/Final conductivity× 100.

2.8. Intracellular glycerol assays

Cupric glycerinate colorimetry method was used to determine the
accumulation of intracellular glycerol (Duan et al., 2013). For pre-
paring the standard curve, 0, 2.5, 3, 4, 8, and 10mL of glycerol solution
(dissolved in H2O, 0.1 g/mL) was added to a 100mL volumetric flask
containing 10mL CuSO4 solution (0.035 g/L) and 35mL NaOH solution
(0.035 g/mL) respectively, and then distilled water was added to a final
volume of 100mL. After the treated flasks were incubated at 25 °C for

30min, the absorbance (Abs) of different concentrations of glycerol was
detected at 630 nm. Double distilled water was used as a blank control
and then a standard curve of glycerol was established by plotting Abs
against oxalate concentrations

For accumulation of intracellular glycerol assay, after treated with
4.95 μg/mL lansiumamide B for 2 h, 0.5 g mycelia (treatment of mycelia
with lansiumamide B was done same as in Section 2.7) of each sample
was collected and fixed in liquid nitrogen. Then, the mycelial powder
was suspended in 20mL distilled water. After heated for 20min at
80 °C, the slurry was centrifuged at 9000 rpm for 15min. The Abs of
supernatants detected at 630 nm was used to calculate the concentra-
tion of glycerol based on the standard curve. There were three re-
plicates for each treatment, and the experiment was repeated at least
twice.

2.9. Oxalic acid content

Oxalic acid content was measured according to the method of pre-
vious studies (Davidson et al., 2016; Duan et al., 2013). For preparing
the standard curve, 0, 1, 2, 3, 4, 5 mL oxalate solution (dissolved in
H2O, 0.4mg/mL) was added to a 25mL volumetric flask containing
HCl-KCl buffer (20mL, pH 2, 50mM), FeCL3 (2mL, 0.5mg/mL), and
sulphosalicylic acid (1.2 mL, 5mg/mL), and then distilled water was
added into each flask to a final volume of 25mL. After the treated flasks
were incubated at 25 °C for 30min, the absorbance of different con-
centrations of oxalate was detected at 510 nm. Double distilled water
was used as blank controls and then a standard curve of oxalate was
established by plotting absorbance against oxalate concentrations
(Wang et al., 2017).

Mycelial plugs of S. sclerotiorum cut from the periphery of 2 days old
colonies were transferred to a 250mL triangular flask containing
100mL of PDB. Then lansiumamide B was added into the flask at a final
concentration of 4.95 μg/ml. After shaking the flasks for 6 days at
180 rpm, 25 °C, the broth were filtered and centrifuged at 2000 rpm for
15min. The absorbance of supernatants detected at 510 nm was used to
calculate the concentration of oxalic acid based on the standard curve.
There were three replicates for each treatment, and the experiment was
repeated at least twice.

2.10. Peroxidase (POD) and phenylalanine ammonia-lyase (PAL) activities

The activities of POD and PAL of oilseed rape’s leaves were mea-
sured according to the method of a previous study (Wang et al., 2016b).
Oilseed rapes cultivated for 60 days were used to detect the enzyme
activities. The plants grew in a greenhouse at 25 °C with 50% relative
humidity. Leaves collected from the plants were treated with lansiu-
mamide B at concentrations of 20, 200 and 1000 μg/mL and water for
24 h before leaves were washed twice and then grated on ice. Three
leaves were collected from each treatment. Then POD and PAL activity
were measured according to the operating instructions of a commercial
kit (Nanjing jiancheng of bioengineering institute). One unit of POD
and PAL activity was defined as a change of one unit of absorbance per
minute and per hour (Wang et al., 2016a,b), respectively. The experi-
ments were repeated twice.

2.11. Control efficacy of lansiumamide B against S. sclerotiorum

The control efficacy (protective and curative activity) of lansiuma-
mide B against S. sclerotiorum in leaves of oilseed rape was assessed
with pot experiments according to the method of previous studies
(Kuang et al., 2011; Wang et al., 2017). First, leaves of 60 day old
oilseed rapes were washed twice with distilled water. For protective
effect assay, Lansiumamide B solution (containing 0.1% Tween 80 as
surfactant) with different concentrations (100, 300 and 900 μg/mL)
were sprayed to the whole plant, respectively. Then the mycelial plugs
were inoculated to the leaves after one day. Plants sprayed with water
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(plus 0.1% Tween 80) and 300 μg/mL carbendazim (plus 0.1% Tween
80) were served as negative control and positive controls, respectively.
Then the plants were placed in a greenhouse at 25 °C with 100% re-
lative humidity. After 3 days, the lesion diameter was measured and the
control efficacy of lansiumamide B was calculated according to the
following formula: (diameter of lesion in negative control – diameter of
lesion in the treatment)/diameter of lesion in negative control. There
were three replicates for each treatment, and the experiment was re-
peated at least twice.

For curative assay, the mycelial plugs were inoculated to the leaves
for one day before the leaves were sprayed with test sample solutions.
The rest steps were the same as the above.

2.12. Statistical analysis

Inhibition ratio of the strains were corrected using Abbott’s formula.
Calculation of EC50 values of the strains and analysis of variance
(ANOVA) with respect to least significant difference test (LSD,
P < 0.05) were performed via SPSS software, version 18.0.

3. Results

3.1. Fungicidal activity of the crude acetone extract, extraction sections,
and fractions against S. sclerotiorum

In the process of the bioassay-guided isolation, the antifungal ac-
tivity against S. sclerotiorum of the acetone crude extract, CHCl3, BuOH
and H2O extraction sections, and fractions 1-8 were evaluated. The
results were shown in Table 1. As can be seen, acetone crude extract
and CHCl3 extraction section showed antifungal activity with EC50

values of 153.24 and 42.96 μg/mL, respectively, while BuOH and H2O
extraction sections had no antifungal potency. For the fractions, only Fr.
2 and Fr. 3 had an obvious antifungal activity (217.60 and 10.67 μg/
mL, respectively). For the other fractions of Fr.1 and Fr. 4–8, no anti-
fungal activities had been observed (data not shown in Table 1).

3.2. Structural elucidation of isolated alkaloids

The fraction Fr. 2 and 3 were repeatedly chromatographed on the
silica gel, Sephadex LH-20, and ODS HPLC following the bioassay-
guided isolation method to give seven known compounds (Fig. 1). The
structures of seven known compounds were established as phenethyl
cinnamide (1) (Que et al., 2008), lansiumamide C (2) (Huei, 1989),
lansiumamide A (3) (Lin, 1989), lansiumamide B (4) (Lin, 1989),

lansiumamide I (5) (Bayer and Maier, 2004), SB-204900 (6) (Milner
et al., 1996) and clausenalansamide A (7) (Maneerat et al., 2011) by
comparing their 1H and 13C NMR spectroscopic data with literatures.

3.3. Fungicidal activity of compounds 1-7 against S. sclerotiorum

The fungicidal activity of isolated compounds were assessed ac-
cording to the reported mycelium growth rate method and the results
were given in Table 1. The results displayed that compounds 5, 6 and 7
showed absence of fungicidal activity at the concentration of 100 μg/
mL. Compounds 2 and 4 displayed a high fungicidal activity with EC50

values of 13.24 and 4.95 μg/mL, respectively, which were lower than
carbendazim (EC50= 0.64 μg/mL), a commercial systemic fungicide.
Compounds 1 and 3 exhibited a moderate activity with EC50 values of
56.66 and 46.46 μg/mL, respectively.

This study applied other eleven species of S. sclerotiorum to further
evaluate the antifugal activity of lansiumamide B (Table 2). The EC50

values of lansiumamide B against the tested strains ranged from 3.38 to
7.33 μg/mL. The MIC values of lansiumamide B against the tested
strains ranged from 17.00 to 21.00 μg/mL. This indicated that lansiu-
mamide B had a high fungicidal activity against S. sclerotiorum. Two of

Fig. 1. Chemical structures of isolated compounds 1–7 from Clausena lansium.

Table 2
The results of fungicidal activity and MIC measurement of lansiumamide B and
carbendazim against wild-type and fungicidal resistant strains of S. sclerotiorum.

Strainsa EC50
b (μg/mL) MIC b (μg/mL)

lansiumamide B carbendazim lansiumamide B carbendazim

ACC01 4.95 ± 1.21bc 0.64 ± 0.05a 28.00c 2.80a
JK19 4.19 ± 0.78d 0.42 ± 0.11bc 24.00c 1.30b
JY11 5.31 ± 1.35b 0.31 ± 0.08c 31.00b 1.20b
CS51 3.62 ± 1.11e 0.19 ± 0.02d 17.00d 1.00c
ZJ62 4.11 ± 0.98d 0.44 ± 0.04b 22.00 1.20b
TZ5 4.62 ± 1.47bc 0.70 ± 0.09a 25.00c 2.90a
CZ138R 3.86 ± 0.48de 0.43 ± 0.12b 20.00c 1.40b
LYG82R 4.12 ± 1.60c 0.48 ± 0.14b 30.00bc 1.30b
HA53R 7.33 ± 1.89a > 100 41.00a –
YX36R 3.38 ± 1.12e > 100 19.00d –
YX77R 4.27 ± 1.03c > 100 24.00c –

a JK19, JY11, CS51, and ZJ62 were wild-type strains. CZ138R, LYG82R were
laboratory-induced dimethachlon-resistant mutants. TZ5, HA53R, YX36R and
YX77R were laboratory-induced carbendazim-resistant mutants.

b Mean values followed by the same letter within the same column were not
significantly different in LSD (least significant difference) tests at P=0.05.
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the strains were resistant to dimethachlon. Three of the strains were
resistant to carbendazim. However, the sensitivity of strains to lansiu-
mamide B has no correlation with that to dimethachlon or carben-
dazim, which means that lansiumamide B has no cross resistance pro-
blem with carbendazim and dimethachlon. The solvent control had no
effect on mycelium.

3.4. Effect of lansiumamide B on mycelial morphology

The mycelial morphology of S. sclerotiorum was observed by SEM.
According to the figures, lansiumamide B (4) had an obvious inhibitory
effect on mycelial growth of S. sclerotiorum. The mycelia without
treatment was in normal growing (Fig. 2a), while after treated with
lansiumamide B (4) at the concentration of 4.95 μg/mL, the mycelia
was contorted (Fig. 2b) and thinner (Fig. 2c), with offshoot increasing
(Fig. 2d). Meanwhile, it can also be observed that the cytochylema
extravasated (Fig. 2e) and cells ruptured (Fig. 2f).

3.5. Effect of lansiumamide B on cell membrane permeability

The electrical conductivity of S. sclerotiorum was showed in Fig. 3.
After the mycelia of S. sclerotiorum was treated with lansiumamide B (4)

at the concentration of 4.95 μg/mL, the relative conductivity of S.
sclerotiorum was always significantly higher than that of untreated
control. These results indicated that lansiumamide B could induce the
increase of the cell membrane permeability of S. sclerotiorum.

3.6. Glycerol content

Intercellular glycerol accumulation of S. sclerotiorum was de-
termined by the cupric glycerinate colorimetry method using a standard
curve of glycerol. The intercellular glycerol accumulation of S. scler-
otiorum reached to 97.32mg/g after the mycelia of S. sclerotiorum was
treated with lansiumamide B at the concentration of 4.95 μg/mL for 2 h,
which was considerably different from the blank control untreated with
lansiumamide B (27.9mg/g).

3.7. Oxalic acid content

The content of oxalic acid was calculated by the absorbance at
510 nm using a standard curve. The results showed that the content of
oxalic acid was significantly greater after the mycelium was treated
with lansiumamide B at the concentration of 4.95 μg/mL (0.41mg/mL)
than the control (0.68 mg/mL).

3.8. Activity of defense-related enzymes (POD and PAL)

The activities of POD and PAL of oilseed rape’s leaves were mea-
sured, after the leaves were treated with lansiumamide B at different
concentrations of 20, 200 and 1000 μg/mL at 24 h, and the results were
shown in Fig. 4. The treated groups expressed a significant elevation in
POD and PAL activities at the concentrations of 200 and 1000 μg/mL.
While at the concentration of 20 μg/mL, the treated groups and the
blank controls exhibited no significant difference in POD and PAL ac-
tivities, respectively. Meanwhile, positive correlations were observed
between lansiumamide B (4) concentration and POD and PAL activities
of oilseed rape’s leaves.

3.9. Protective and curative activity

The protective and curative activities of the most potent compound
were preliminarily assessed by the reported method (Wang et al.,
2016a,b). The results of the pot experiments showed that lansiumamide

Fig. 2. Effect of lansiumamide B (4) on hyphal morphology of Sclerotinia sclerotiorum. (a) not treated by lansiumamide B (CK); (b) slimmer; (c) contorted; (d) offshoot
of top increasing; (e) hyphal plasma extravasated; (f) death of cells for rupture.

Fig. 3. Conductivity values (relative to maximum conductivity obtained with
boiled mycelia) of distilled water containing mycelia of Sclerotinia sclerotiorum
with lansiumamide B (4) treatment and the control.
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B exhibited a moderate protective activity and an excellent curative
activity against S. sclerotiorum on the leaves of oilseed rape (Table 3). As
shown in Table 3, apparent dose-dependent efficacies were observed
both in protective curative activity and curative activity assay. And
obviously, regardless of the leaves were treated in low or high con-
centrations of lansiumamide B, the curative efficacy of lansiumamide B
was always better than protective efficacy. There was no significant
difference in protective efficacy between lansiumamide B at the con-
centration of 900 μg/mL and carbendazim at the concentration of
300 μg/mL. For curative activity, at the concentration 300 μg/mL, the
efficacy of lansiumamide B reached to 75.17%, which was significantly
better than carbendazim at the same concentration. At the

concentration of 900 μg/mL, curative effect of lansiumamide B reached
to 93.46%.

4. Discussion

This study has confirmed the significant antifungal activity against
S. sclerotiorum of the crude extract from the seeds of C. lansium. In view
of its uses in traditional Chinese herbal medicine, the crude extract of C.
lansium should be safe to humanity and environment. Thus, C. lansium
has the potential to be developed as a botanical fungicide for the con-
trol of S. sclerotiorum and other pathogens.

Bioassay-guided fractionation and isolation of active ingredient
from 80% acetone extract of C. lansium leads to the discoveries of seven
amide alkaloids. Among these compounds, lansiumamide B (4) and
lansiumamide C (2) display the highest antifungal activity against S.
sclerotiorum with EC50 values of 4.95 and 13.24 μg/mL, which were
both lower than the carbendazim (EC50= 0.64 μg/mL), a commercial
fungicide. Other two active compounds phenethyl cinnamide (1) and
lansiumamide A (3) show a moderate antifungal activity (EC50= 56.66
and 46.46 μg/mL, respectively) in comparison with carbendazim. While
compounds 5–7 have no potency at the concentration of 100 μg/mL.

Observing and investigating the structures between bioactive and
inactive compounds, some interesting findings of structure-activity re-
lationships could be concluded (Fig. 5). Firstly, olefin group Δ2,3 is
necessary to the activity, having been revealed by comparing com-
pounds 5 with 6. Secondly, the cis configuration of olefin group Δ1′,2′ is
also critical to the activity, as could be seen from the inactive com-
pound 5, whose configuration of olefin group Δ1,2 was trans. However,
the existence of olefin Δ1′,2′ group is not necessary for antifungal ac-
tivity. This could be illustrated by the high activity of compound 1 with

Fig. 4. POD (a) and PAL (b) activity of the rape leaves treated with lansiumamide B (4). Values are means and standard errors.

Table 3
Protective and curative activity of lansiumamide B in pot experiments.

Treatment Protective activity Curative activity

Disease
Index

Control
efficacy (%)

Disease
Index

Control
efficacy (%)

lansiumamide B
(100 μg/mL)

62.30b 32.55d 44.15b 51.25c

lansiumamide B
300 μg/mL)

46.36c 49.81c 22.49c 75.17b

lansiumamide B
(900 μg/mL)

30.26c 67.24b 5.92d 93.46a

Carbendazim
(300 μg/mL)

29.44c 68.13b 39.33c 56.57c

Control 92.36a – 90.58a –

Note: Values are means of three oilseed rape seedlings and from two in-
dependent experiments. Values in each column followed by the same letter
were not significant differences according to LSD (P=0.05).

Fig. 5. The structure-activity analysis of the isolated amides.
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a saturated bond at the same positon. We hypothesize that the spatial
location of benzene ring B may be key to the antifungal activity. Ad-
ditionally, the substitution of nitrogen-atom could affect the antifungal
activities of the amides, which could be highlighted by the compound 1
whose antifungal activity was significant stronger than compound 3.
Taking all together, the unique substructures of olefin groups Δ2,3 and
Δ1′,2′ play essential parts in the antifungal activity of amide alkaloids,
while the nitrogen-atom could serve as the modified site for the im-
provement of the potency of primitive structures.

Electric conductivity is a characteristic parameter measuring the
ionic strength of a solution, related to the ionic concentration of the
solution. This research manifests that the relative electric conductivity
of S. sclerotiorum is significantly increased after being treated with
lansiumamide B, indicating that the treatment of lansiumamide B on S.
sclerotiorum leads to the exosmosis of intracellular electrolyte and the
increase of cell membrane permeability. These results are consistent
with the change of mycelial morphology (Fig. 2e), which is a direct
reflect for the increase of cell membrane permeability by micro-
examination.

Many studies show that glycerol is the main factor for micro-
organism to make osmotic adjustment (Gadd et al., 1984; Hocking and
Norton, 1983; Lewis and Smith, 2010; Luard, 1982). Generally, glycerol
and other osmotic stabilizers are synthesized and accumulated ex-
cessively in wild strains via activating the relevant signal transduction
pathway during environmental stress, and thereby causing the massive
influxes of external water that further results in the rupture and death
of cells. The content of intracellular glycerol increased after the my-
celium was treated with lansiumamide B, illustrating that it may be the
mechanism of the antifungal activity of lansiumamide B on S. scler-
otiorum.

Oxalate secretion is a main factor for the pathogenicity of S. scler-
otiorum (Godoy et al., 1990; Kim et al., 2008; Lumsden, 1979), and it
could enhance the pathogenicity of Sclerotinia in several ways (Dutton
and Evans, 1996). Oxalate-deficient mutants of S. sclerotiorum are
nonpathogenic and unable to produce sclerotia42. Here, the content of
oxalic acid decreases significantly after the mycelium S. sclerotiorum is
treated with lansiumamide B, which will be conducive to the decrease
of pathogenicity and result in the failure of infection.

Plants are dependent on their antioxidant enzymes for defending
themselves from infection, including peroxidase (POD) and phenylala-
nine ammonia-lyase (PAL), being used as the signal to respond the in-
vasion of the pathogens (Bucheli and Robinson, 1994; Duan et al.,
2013). In this study, the activities of POD and PAL are significantly
increased after the strain was treated with lansiumamide B at the
concentrations of 200 and 1000 μg/mL. These results demonstrate that
lansiumamide B can also enhance the defense capacity of plants besides
a direct action on pathogen.

The greenhouse experiment under a controlled experimental con-
dition is routinely used to simulate the efficacy of fungicide in field. The
results of the greenhouse experiment show that the most potent anti-
fungal amide, lansiumamide B, exhibits a moderate protective activity
and a remarkable curative activity against S. sclerotiorum on the leaves
of oilseed rape and the curative activity of lansiumamide B is better
than protective activity. Interestingly, although the antifungal activity
of lansiumamide B in vitro (EC50= 4.95 μg/mL) is nearly tenfold lower
than carbendazim (EC50= 0.64 μg/mL), the curative activity of lan-
siumamide B in vivo is significantly superior to carbendazim at the same
concentration. These data suggest that lansiumamide B has a great
potential to be exploited as a curative fungicide, and might have a novel
mode of action different from carbendazim.

5. Conclusion

In conclusion, by means of bioassay guided method, seven amides
were isolated and identified. Among the isolated compounds, com-
pounds phenethyl cinnamide (1), lansiumamide C (2), lansiumamide A

(3) and lansiumamide B (4) showed different levels of in vitro anti-
fungal activity against S. sclerotiorum. Based on the results of antifungal
trials in vitro, several structure-activity relationships were discussed,
which may be helpful in the further exploration of these bioactive
compounds. The most potent compound lansiumamide B (4) in vitro led
to the successive further study. The results of pot experiments showed
that lansiumamide B possessed excellent control efficacy on leaves of
oilseed rape, and the curative activity of lansiumamide B was sig-
nificant better than carbendazim at the same concentration. The results
of physiological and biochemical experiment showed that the treatment
with lansiumamide B led to glycerol accumulation and the enlargement
of cell membrane permeability, and thereby causing the rupture and
death of cells of S. sclerotiorum. In addition, lansiumamide B could
enhance the defensive capacity of oilseed rape through increasing POD
and PAL activity. And we are conducting further experiments to in-
vestigate the relevant mechanisms about this observed antifungal ac-
tivity of bioactive compounds and promote the likely of those bioactive
compounds for commercial applications.
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