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Two new quassinoids, javanicolide E (1) and javanicolide F (2), along with fifteen known C-20 quas-

sinoids were isolated from the seeds of Brucea javanica (L.) Merr. The antitobacco mosaic virus

(TMV) activity of these quassinoids was screened by the conventional half-leaf and leaf-disk method

along with Western blot analysis. All of the seventeen quassinoids showed potent anti-TMV activity.

Among them, eight compounds, brusatol (3), bruceine B (4), bruceoside B (5), yadanzioside I (6),

yadanzioside L (7), bruceine D (8), yadanziolide A (9), and aglycone of yadanziolide D (17), showed

strong antiviral activities, with IC50 values in the range of 3.42-5.66 μM, and were much more

effective than the positive control, ningnanmycin (IC50 = 117.3 μM). The antiviral structure-activity

relationships of quassinoids against TMV were also discussed.

KEYWORDS: Tobacco mosaic virus (TMV); Brucea javanica (L.) Merr.; quassinoids; structure-activity
relationship (SAR).

INTRODUCTION

Plant viruses cause dramatic losses in agriculture and horti-
culture all over the world (1). Tobacco mosaic virus (TMV), one
of themost well-studied plant viruses, infectsmore than 400 plant
species belonging to 36 families, such as tobacco, tomato, potato,
and cucumber (2-4). However, there are no chemical treatments
that can absolutely inhibit TMV once it does infect plants. In
finding an effective way to protect plants from TMV infection,
natural products from plants have been proved to be a rich
resource, as plants have already evolved multiple mechanisms to
selectively suppress pathogens by production of secondary meta-
bolites with antimicrobial activities. Guided by such a principle,
our previous research has identified a series of natural products
from plants with anti-TMV background (5-8). The antiviral
mechanism of some compounds was clarified (5), and a synergis-
tic effect between naturally occurring anti-TMV compounds was
also reported (9).

Brucea javanica (L.) Merr. (Simaroubaceae) is a shrub widely
distributed from Southeast Asia to Northern Australia (10). The
seeds of B. javanica (L.) Merr. are known as “Ya dan zi” in
Chinese folk medicine and contain predominantly quassinoids.
Previously, Shen et al. found that the ethanol extract of the seeds
of B. javanica showed dramatic anti-TMV activity (11), and only
one quassinoid, bruceine D, was isolated and was proposed to be
responsible for the anti-TMV activity (12). Although quassinoids
have exhibited many biological activities (13-16), it is the only

report concerning the anti-TMV activity (12). Therefore, we sys-
tematically investigate the quassinoids from B. javanica in an
attempt to findmore active quassinoids and clarify the structure-
activity relationship on TMV inhibiton activities of these com-
pounds.

In the present work, according to bioassay-guided isolation of
crude extract, two new quassinoids, along with fifteen known
quassinoids, were isolated from the seeds of B. javanica. Herein
we report the structural elucidation of new compounds and the
anti-TMV activity of all isolated quassinoids.

MATERIALS AND METHODS

General Experimental Procedures.
1H and 13C NMR spectra were

acquired on Bruker DRX-500 and AM-400 spectrometers (Massachusetts)
with TMS as an internal standard.MS spectra weremeasured on aWaters
HPLC-Thermo Finnigan LCQ Advantage ion trap mass spectrometer
(Milford, PA). Optical rotation was determined on a Horiba SEPA-300
polarimeter (Horiba,Tokyo, Japan). Column chromatography (CC)
(Qingdao Haiyang Chemical Co., Qingdao, China) was carried out on
silica gel G (100-200 mesh, 200-300 mesh), silica gel H (10-40 μm), and
Sephadex LH-20 (40-70 μm) (AmershamPharmacia BiotechAB,Uppsala,
Sweden). Thin-layer chromatography was conducted on silica gel plates
GF254 (Qingdao Haiyang Chemical Co., Qingdao, China). Spots on
chromatograms were detected by spraying with 10%H2SO4-EtOH. Leaf
disks were kept in a RXZ280B culture chamber (Ningbo, Zhejiang,
China). SDS-PAGE and Western blotting were carried out using a Bio-
Rad electrotransfer system (Bio-Rad, Hercules, CA).

PlantMaterial. The seeds of B. javanica (L.) Merr. were bought from
the Kunming Juhuacun herb medicine market. The specimen was identi-
fied byDr. XujiaHu of theKunming Institute of Food andDrugControl.
A voucher specimen (No. 200708312) has been deposited in the State Key
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Laboratory of Phytochemistry and Plant Resources in West China,
Kunming Institute of Botany, CAS.

Extraction and Isolation.Dried powder of seeds ofB. javanica (21kg)
was extracted withMeOH (three times under reflux for 4, 3, and 3 h). The
solvent was removed under reduced pressure to give a residue (1772 g),
which was suspended with water and then extracted with petroleum ether,
chloroform, and n-BuOH, successively. The extracts were evaporated
under vacuum to afford corresponding extracts of petroleum ether (310 g),
chloroform (75 g), and n-BuOH (340 g). The chloroform extract was
separated with a 1.5 kg silica gel G (100-200 mesh) column eluted with
petroleum ether and EtOAc to give five fractions. Fraction 2 (petroleum
ether/EtOAc, 7:3) gave compounds 3 (7.3 g), and fraction 3 (petroleum
ether/EtOAc, 6:4) was extensively chromatographedover columns of silica
gel andSephadexLH-20 toafford1 (11.5mg),2 (15mg),4 (4.1 g),16 (35mg),
and 17 (20 mg). By Diaion SP-700 resin column chromatography (H2O/
MeOH, 1:0, 4:1, 3:2, 2:3, and 0:1), the n-BuOHextract ofB. javanica gave five
fractions. The H2O/MeOH (3:2) and H2O/MeOH (2:3) eluates were sub-
jected to a reversed-phased silica gel column and Sephadex LH-20 to give
compounds 5 (1.32 g), 6 (23mg), 7 (124mg), 8 (3.7 g), 9 (418mg), 10 (4.5 g),
11 (32.5 g), 12 (27 mg), 13 (4.6 g), 14 (0.8 g), and 15 (643 mg).

Javanicolide E (1). Amorphous powder, C26H34O11, [R]D24 = þ55.7
(c 0.4, MeOH). UV λmax (MeOH): 219.2 nm. IR (KBr) νmax (cm

-1): 3451,
1738, 1644, 1378, 1264, 1139. 1HNMR (500MHz, CDCl3) and

13CNMR
(125 MHz, CDCl3) data were presented in Table 1. HRESIMS: m/z
545.1985, [M þ Na]þ calculated for 545.1998.

Javanicolide F (2). Amorphous powder, C30H40O13, [R]D
24 = þ52.6

(c 0.4, MeOH). UV λmax (MeOH): 376.6, 220.8, 198.8 nm. IR (KBr) νmax

(cm-1): 3441, 1738, 1726, 1640, 1253, 1113. 1H NMR (500 MHz, CDCl3)
and 13C NMR (125 MHz, CDCl3) data were presented in Table 1.
HRESIMS: m/z 631.2364, [M þ Na]þ calculated for 631.2366.

Anti-TMVAssays. Preparation of Screening Materials. TMV (U1
strain) was obtained from the Yunnan Key Laboratory of Agricultural
Biotechnology, Yunnan Academy of Agricultural Sciences, P. R. China.
The virus was multiplied in Nicotiana tabacum cv.K326 and purified
as described by Gooding and Hebert (17). The concentration of TMV
was determined as 16 mg/mL with an ultraviolet spectrophotometer
[virus concentration= (A260 � dilution ratio)/E1cm

0.1%,260nm]. The purified
virus was kept at -20 �C and was diluted to 32 μg/mL with 0.01 M PBS
before use.

Nicotiana glutinosa and N. tabacum cv.K326 plants were cultivated in
an insect-free greenhouse.N. glutinosawas used as a local lesion host, and
N. tabacum cv.K326. was used to determine systemic TMV infection. The
experiments could be conducted when the plants grow to the 5-6-leaf
stage.

The tested compounds were dissolved in DMSO and diluted with
distilled H2O to the required concentrations. The solution of equal
concentration of DMSO was used as negative control. The commercial
antiviral agent ningnanmycin was used as a positive control.

Half-Leaf Method (18). The virus was inhibited by mixing with the
solution of compound.After 30min, themixture was inoculated on the left
side of the leaves of N. glutinosa, whereas the right side of the leaves was
inoculated with the mixture of DMSO solution and the virus as control.
The local lesion numbers were recorded 3-4 days after inoculation. Three
repetitions were conducted for each compound. The inhibition rates were
calculated according to the formula

inhibition rate ð%Þ ¼ ½ðC- TÞ=C� � 100%

where C is the average number of local lesions of the control and T is the
average number of local lesions of the treatment.

Leaf DiskMethod (8,9).Growing leaves ofN. tabacum cv. K326 were
mechanically inoculated with equal volumes of TMV (32 μg/mL). After
6 h, 10 or 15 leaf disks that were smooth and thin and without major veins
were cut from the leaf surface with an inside diameter of 1 cm. The leaf
disks were floated on solutions of compounds or ningnanmycin and
solutions of DMSO as negative control. Disks of healthy leaves were
floated on DMSO solution as mock. All leaf disks were kept in a culture
chamber at 25 �C for 48 h. Then the coat protein of TMVwas analyzed by
Western blot analysis.

SDS-PAGE and Western Blot Analysis of TMV Coat Protein (CP).
SDS-PAGE was performed as described by Sambrook et al. (19). Briefly,

leaf disks from the leaf-disk method were ground in protein loading buffer
(40 g/L SDS, 10mL/L β-ME, 200mL/L glycerin, 2 g/L bromophenol blue,
0.1 mol/L Tris-HCl, pH 6.8) and then 5 μL of sample and 3 μL of marker
were loaded on a polyacrylamide gel (5% stacking gel, 12.5% separating
gel). Samples were run in duplicate. After SDS-PAGE, TMV protein
bands were transferred at 200 mA for 45 min onto a nitrocellulose mem-
brane (0.2 μm) using an electrotransfer system (Bio-Rad, Hercules, CA).
The membrane was washed in TBST (1 mol/L Tris-HCl, pH 7.5; 1 mol/L
NaCl; 0.05% Tween-20) and blocked with 5% nonfat milk powder in
TBST for 1 h at 37 �C. The membrane was washed three times for 15 min
with TBST and reacted with a mixture of 1:5000 alkaline phosphatase-
conjugated antirabbit IgG (Sigma, St. Louis, MO) and 1:8000 polyclonal
antibodies of TMV for 1 h at 37 �C. After it was washed three times for
15 min with TBST, the membrane was incubated in substrate buffer
(1mol/LTris-HCl, pH9.5; 1mol/LNaCl; 1mol/LMgCl) with 330 μL/mL
NBT and 165 μL/mL BCIP for 3-5 min in the dark until the bands of the
CP were clear.

RESULTS AND DISCUSSION

Bioassay Guided Isolation. We tested inhibition activities
against TMV using the crude extracts of B. javanica by the
half-leaf method. The methanol extracts at a concentration of
1mg/mL showed the inhibition rate of 73.9%.Then themethanol
extracts were suspended in water and extracted with petroleum
ether, chloroform, and n-BuOH, successively. At the concentra-
tion of 1 mg/mL, the chloroform and the n-BuOH extracts
showed a high inhibition rate against TMV with the inhibition
rates of 100% and 76.2%, respectively. Further separation of the
two extracts afforded twonew compounds, javanicolideE (1) and
javanicolide F (2), as shown in Figure 1. In addition, 15 known

Table 1. 1H NMR and 13C NMR Spectral Data of 1 and 2 in CDCl3

javanicolide E (1) javanicolide F (2)

position δH (J in Hz) δC δH (J in Hz) δC

1 R 2.37 (1H, d, J = 12.5) 50.2 t 2.36 (1H, d, J = 13.0) 50.2 t

1 β 2.89 (1H, d, J = 12.5) 2.90 (1H, d, J = 13.0)

2 209.2 s 209.2 s

3 3.72 (1H, d, J = 10.5) 79.8 d 3.72 (1H, d, J = 10.5) 79.8 d

4 1.66 (1H, m) 40.8 d 1.66 (1H, m) 40.8 d

5 1.87 (1H, d, J = 12.5) 43.2 d 1.89 (1H, t, J = 11.0) 43.2 d

6 R 2.23 (1H, d, J = 14.5) 29.1 t 2.22 (1H, d, J = 15.0) 29.1 t

6 β 1.53 (1H, t, J = 13.0) 1.54 (1H, d, J = 14.0)

7 4.70 (1H, brs) 82.2 d 4.72 (1H, brs) 82.2 d

8 45.7 s 45.7 s

9 2.05 (1H, brs) 42.2 d 2.03a 42.1 d

10 42.3 s 42.3 s

11 4.22 (1H, d, J = 4.0) 71.2 d 4.21 (1H, d, J = 4.5) 71.3 d

12 4.18 (1H, s) 75.8 d 4.19 (1H, s) 75.7 d

13 81.2 s 81.2 s

14 3.10 (1H, brs) 51.2 d 3.14 (1H, brs) 51.2 t

15 b 65.7 d b 66.2 d

16 167.1 s 167.0 s

18 1.17 (3H, d, J = 6.0) 16.19 q 1.18 (3H, d, J = 6.5) 16.18 q

19 1.26 (3H, s) 16.14 q 1.26 (3H, s) 16.15 q

20 a 3.76a 73.6 t 3.75 (1H, d, J = 8.0) 73.6 d

20 b 4.60 (1H, d, J = 7.5) 4.60 (1H, d, J = 8.0)

21 171.9 s 171.6 s

OCH3 3.77 (3H, s) 52.9 3.79 (3H, s) 53.2

10 164.4 s 164.6 s

20 5.61 (1H, s) 114.0 d 5.75 (1H, s) 111.8 d

30 160.9 s 165.2 s

40 1.92 (3H, s) 27.6 q 82.3 s

50 2.18 (3H, s) 20.5 q 2.12 (3H, s) 14.5 q

60 1.51 (3H, s) 26.1 q

70 1.51 (3H, s) 26.1 q

80 169.6 s

90 2.01 (3H, s) 21.6 q

a Signals overlap each other. bNot detectable.
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compounds were also obtained and identified as brusatol (3) (20),
bruceine B (4) (21), bruceoside B (5) (22), yadanzioside I (6) (23),
yadanziosides L (7) (23), bruceine D (8) (22), yadanziolide A (9)
(24), yadanziosides F (10) (23), bruceoside A (11) (22), yadanzio-
side G (12) (25), bruceine E (13) (26), bruceine F (14) (26),
yadanzigan (15) (27), dedydrobruceine B (16) (28), and aglycone
of yadanzioside D (17) (29), respectively.

Structure Elucidation of New Compounds. Javanicolide E (1)
was obtained as an amorphous powder. Its molecular formula
was determined to be C26H34O11, indicating 10 degrees of
unsaturation. The IR spectrum showed the bands of hydroxyl
(3450 cm-1) as well as carbonyl (1738 cm-1) groups. Its 1HNMR
spectrum showed resonances of one secondary methyl (δ 1.17),
one tertiary methyl (δ 1.26), two olefinic methyls (δ 1.92 and
2.18), one carbomethoxy group (δ 3.77), and one olefinic proton
(δ 5.61) (Table 1), which indicated that 1 was a quassinoid with a
picrasane skeleton. The 1H and 13C NMR data of 1 exhibited
close similarity to those of bruceine D (8) (21), indicating the
structures of the two compounds were very similar to each other
except for ring A. The AB system of two protons of C-1 as well

asHMBCcorrelations ofH2-1,H-3, 3-OH, andH3-18 to a carbo-
nyl (δ 209.2) suggested it is located at C-2. Unlike the case of
javanicolideC (18) (17), a large coupling constant ofH-3withH-4

Figure 1. Structures of compounds 1-17 (from Brucea javanica) and nigakilactone B (from Picrasma quassioides).

Table 2. TMV Infection Inhibition Activities of Compounds on N. glutinosa
in Vivoa

compd

inhibition

rate (%) compd

inhibition

rate (%)

javanicolide E (1) 52 ( 7.5 yandanzioside F (10) 31.1 ( 8.9

javanicolide F (2) 52.1 ( 6.8 bruceoside A (11) 24.1 ( 7.9

brusatol (3) 94.0 ( 5.3 yandanzioside G (12) 33.7 ( 5.3

bruceine B (4) 94.6 ( 7.3 bruceine E (13) 28.7 ( 6.9

bruceoside B (5) 78.4 ( 11.1 bruceine F (14) 31.2 ( 5.3

yadanzioside I (6) 81.5 ( 5.4 yadanzigan (15) 30.6 ( 2.4

yandanzioside L (7) 73.8 ( 4.3 dehydrobruceine B (16) 59.1 ( 5.1

bruceine D (8) 84.7 ( 6.5 aglycone of yadanziolide

D (17)

70.8 ( 3.6

yadanziolide A (9) 83.4 ( 4.9 ningnamycin 25.3 ( 2.4

a The concentrations of compounds were 20 μM. All results are expressed as
mean ( SD; n = 3 for all groups.
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(d, J=10.5 Hz) indicated both H-3 and H-4 take up the axial
position in the chair conformation of ringA. Due to the observed
ROESY correlations of H-3 with H-5 and of H-4 with H-19, H-3
was therefore designated to the R-orientation while H-4 was
β-oriented. Thus, the structure of javanicolide E (1) was eluci-
dated as shown in Figure 1.

Javanicolide F (2) was obtained as an amorphous powder. Its
molecular formula was determined to be C30H40O13. The

1H
NMRand 13CNMRspectra (Table 1) of 2 showedhigh similarity
with those of 1, except for the side chain at C-15. The HMBC
spectrum revealed that 2 bears an (E)-4-hydroxy-3,4-dimethyl-
2-pentenoyloxy group at C-15, just like yadanzioside G (12) (24)
isolated from the same plants. Thus, the structure of javanicolide
F (2) was elucidated as shown in Figure 1.

To the best of our knowledge, javanicolide E (1) and F (2) are
among the very few examples of picrasane-type quassinoid with
saturated ring A from B. javanica.

TMV Inhibition Activities of Compounds. The inhibitory activi-
ties of compounds 1-17 against TMV replication were tested
using two approaches. First, the half-leaf methodwas used to test
the antiviral activity in the local lesion host N. glutinosa in vivo.
Then, the leaf-disk method was used to evaluate the anti-
viral activity of each compound in the systemic infection host
N. tabacum cv. K326. Ningnanmycin, a commercial product for
plant disease in China, was used as a positive control.

The antiviral inhibition rates of compounds 1-17 at the
concentration of 20 μM tested by the half-leaf method were listed
in Table 2. The results showed that all the compounds exhibited
inhibition activities against TMV replication with inhibition rates
ranging from 24.1% to 94.6%. Except compound 11 (bruceoside
A, 24.1%), all the other compounds showed higher inhibition

rates than that of the positive control, ningnanmycin (25.3%).
Among the 17 quassinoids, brusatol (3) and bruceine B (4),
sharing a diosphenol (3-hydroxy-3-en-2-one) unit in ring A,
exhibited the best activity, with the inhibition rates 94% and
94.6%, respectively. Replacement with β-glucose at 3-OH (5-7)
or a hydrogenation at 3-OH (8-9) gave a slight decrease of
activity (Table 2). The saturation of the 3,4-double bond resulted
in great loss of the antiviral activity from 94% (3) to 52% (1). The
lost of the carbonyl at C-2 can also led to great lost in antiviral
activity; the inhibition rate decreased from 84.7% (8) to 31.1%
(13) and 30.6% (15) and from 83.4% (9) to 24.1% (14) with the
carbonyl at C-2 in 8-9 substituted by the hydrogen (13-14) or
β-glucose (15), which indicated the C-2 carbonyl was essential for
the antiviral activity. Compared with compounds 1-17, nigaki-
lactone B (a quassinoid from Picrasma quassioides), without an
epoxymethano bridge from C-8 to C-13, showed no anti-TMV
activity (9), indicating the epoxymethano bridge moiety might be
essential for anti-TMV activity.

The inhibition rates of eight compounds, brusatol (3), bruceine
B (4), bruceine D (8), yadanziolide A (9), yadanzioside I (6),
yadanzioside F (10), dedydrobruceine B (16), and bruceoside B

Table 3. IC50 Values of Selected Compounds against TMV on N. glutinosa

inhibition rate

compd 1.25 μM 2.5 μM 5 μM 10 μM 20 μM IC50 (μM)

brusatol 20.0% 48.8% 64.7% 71.5% 88.9% 3.42

bruceine B 20.5% 40.6% 65.2% 81.5% 88.9% 3.47

bruceoside B 21.4% 31.7% 53.8% 66.7% 78.9% 4.64

yadanzioside I 26.1% 35.4% 54.9% 67.9% 83.7% 4.22

yadanzioside L 20.0% 35.0% 53.3% 64.3% 80.6% 4.86

bruceine D 21.4% 29.1% 47.9% 66.7% 78.6% 5.29

yadanziolide A 22.4% 39.2% 46.1% 58.7% 75.0% 5.50

aglycone of yadanziolide D 21.4% 38.5% 48.4% 59.2% 71.7% 5.66

12.5 μg/mL 25 μg/mL 50 μg/mL 100 μg/mL 200 μg/mL 52.1 μg/mL
ningnamycin 28.0% 37.9% 46.6% 67.5% 86.2% 117.3 μM

Figure 2. Western blot analysis. (A) Inhibition activities of compounds 3-8 (20 μM); CKþ, ningnanmycin; CK, negative control. (B) Inhibition activities of
compounds 1 and 9-17; N, nigakilactone B. (C) Dose-dependent inhibition of TMV replication (compound 3).

Table 4. Protective Effects of Selective Compounds on TMV Infectiona

compd conc (μM) inhibition rates (%)

brusatol 20 77.5( 2.5

bruceine B 20 86.3( 5.2

bruceine D 20 72.2( 4.4

bruceoside B 20 90.2 ( 1.5

yadanzioside L 20 54.4( 2.5

a All results are expressed as mean ( SD; n = 3 for all groups.
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(5), were more than 70% .The IC50 value of the eight compounds
were tested and listed in Table 3, with ningnanmycin as the
positive control. Among them, brusatol (3) exhibited the best
activity, with the IC50 value of 3.42 μM; the efficiencywas 34-fold
that of ningnamycin (117.3 μM).

To assess whether these quassinoids inhibit TMV replication in
systemic infection hostN. tabacum cv.K326, the leaf-diskmethod
along withWestern blot analysis of TMV coat protein (CP) in the
presence of 20 μM compound was carried out (Figure 2). The
bands of CP were not detected, when treated with compounds
3-9 (Figure 2A and B); while treated with compounds with
moderate activity (16, 17) or low activity (10-15), weak or strong
bands were detected (Figure 2B). This result was in accordance
with their inhibition rates in Table 2. However, nigakilactone
B (9), a quassinoid from Picrasma quassioides Benn., showed no
activity with a strong CP band as that of negative control
(Figure 2B). Western-blot analysis further confirmed quassinoids
from Brucea javanica could inhibit the accumulation of TMVCP
in vitro. The quantity of TMV CP decreased with increasing
concentrations of compounds in a dose-dependent manner (e.g.,
Figure 2C, compound 3).

Protective Effects of Compounds on TMV in Vivo. N. glutinosa
were pretreated with solutions of compounds or a solution of
DMSO for 6 h before inoculation with TMV (6). The protective
effects of five compounds were evaluated (Table 4). The results
showed that, at the concentration of 20 μM, all the five tested
compounds showed potent protective effects to the host plants,
with the inhibition rates ranging from 54.4% to 90.2%. The
results indicated that pretreatment with these quassinoids could
increase the resistanceof thehost plant toTMVinfection.Figure 3
showed the protective effect of bruceine B (4); pretreated with 4

(Figure 3A), the local lesion number was much less than that of
the control (Figure 3B), with the inhibition rate of 86.3 ( 5.2%.

In summary, a series of C-20 quassinoids with TMV inhibition
activities were isolated from B. javanica. The in vivo tests showed
that most quassinoids were more effective than the positive control
ningnanmycin.Further study suggested that somequassinoids could
not only inhibit the accumulation of TMVCP but also enhance the
host plant’s resistance to TMV infection. Quassinoids are the
character components of the Simaroubeacea family, and recently,
over 150quassinoids have been isolated (13). Since there hasbeenno
effective antiviral product against TMV, perhaps quassinoidswould
be considered as lead structures for anti-TMV agents.

ACKNOWLEDGMENT

This work was financially supported by grants from the
Knowledge Innovation Program of the Chinese Academy of
Sciences (KSCXR-YW-N-008), the Ministry of Science and
Technology (2009CB522303), and the 863 program or State
Hightech Development Plan (2007AA021505).

Supporting Information Available: Supporting figures. This
material is available free of charge via the Internet at http://pubs.

acs.org.

LITERATURE CITED

(1) Bos, L. Crop losses caused by viruses. Crop. Prot. 1982, 1, 263–282.
(2) Craeger, A. N.; Scholthof, K. B.; Citovsky, V.; Scholthof, H. B.

Tobacco mosaic virus: pioneering research for a century. Plant Cell.
1999, 11, 301–308.

(3) Ritzenthaler, C. Resistance to plant viruses: old issue, new answer.
Curr. Opin. Biotechnol. 2005, 16, 118–122.

(4) Liu L. R. The Control of Disease and Pests of Tobacco; Science Press:
Beijing, China, 1998; P31.

(5) Li, Y. M.; Wang, L. H.; Li, S. L.; Chen, X. Y.; Shen, Y. M.; Zhang,
Z. K.; He, H. P.; Xu, W. B.; Shu, Y. L.; Liang, G. D.; Fang, R. X.;
Hao, X. J. Seco-pregnane steroids target the subgenomic RNA of
alphavirus-like RNA viruses. Proc. Natl. Acad. Sci. U.S.A. 2007,
104, 8083–8088.

(6) Li, Y. M.; Zhang, Z. K.; Jia, Y. T.; Shen, Y. M.; He, H. P.; Fang,
R. X.; Chen, X. Y.; Hao, X. J. 3-Acetony-3-hydroxyoxindole: a new
inducer of systemic acquired resistance in plants. Plant Biotechnol. J.
2008, 6, 301–308.

(7) Li, Y. M.; Jia, Y. T.; Zhang, Z. K.; Chen, X. Y.; He, H. P.; Fang,
R. X.; Hao, X. J. Purification and characterization of a new ribo-
some inactivating protein from cinchonaglycoside C-treated tobacco
leaves. J. Integr. Plant Biol. 2007, 49, 1327–1334.

(8) Wang, Y. H.; Zhang, Z. K.; Yang, F. M.; Sun, Q. Y.; He, H. P.; Di,
Y. T.; Mu, S. Z.; Lu, Y.; Chang, Y.; Zheng, Q. T.; Ding, M.; Dong,
J. H.; Hao, X. J. Benzylphenethylamine alkaloids from Hosta plan-
taginea with inhibitory activity against tobacco mosaic virus and
acetylcholinesterase. J. Nat. Prod. 2007, 70, 1458–1461.

(9) Chen, J.; Yan, X. H.; Dong, J. H.; Sang, P.; Fang, X.; Di, Y. T.;
Zhang, Z. K.; Hao, X. J. Tobacco mosaic virus (TMV) inhibitors
from Picrasma quassioides Benn. J. Agric. Food Chem. 2009, 57,
6590–6595.

(10) Kim, I. H.; Suzuki, R.; Hitotsuyanagi, Y.; Takeya, K. Three novel
quassinoids, javanicolides A and B, and javanicoside A, from seeds
of Brucea javanica. Tetrahedron 2003, 59, 9985–9989.

Figure 3. Protective effects of bruceine B on TMV infection. (A) N. glutinosa plants treated with 20 μM bruceine B 6 h before inoculation with TMV;
(B) N. glutinosa plants treated with DMSO solution 6 h before inoculation with TMV. After inoculation with TMV, the plants were cultivated in an insect-free
greenhouse for 3-4 days until the local lesions were clearly visible.



Article J. Agric. Food Chem., Vol. 58, No. 3, 2010 1577

(11) Shen, J. G.; Zhang, Z. K.; Wu, Z. J.; Xie, L. H.; Lin, Q. Y. Antiviral
effect of Ailanthus altissima and Brucea javanica on tobacco mosaic
virus. Zhongguo Zhong Yao Za Zhi 2007, 32, 27–29.

(12) Shen, J. G.; Zhang, Z. K.; Wu, Z. J.; Ouyang, M. A.; Xie, L. H.; Lin,
Q. L. Antiphytoviral activity of bruceine-D from Brucea javanica
seeds. Pest Manage. Sci. 2008, 46, 191–196.

(13) Guo, Z.; Vangapandu1, S.; Sindelar, R. W.; Walker, L. A.; Sindelar,
R. D. Biologically active quassinoids and their chemistry: potential
leads for drug design. Curr. Med. Chem. 2005, 12, 173–190.

(14) NoorShahida, A.; Wong, T. W.; Choo, C. Y. Hypoglycemic effect of
quassinoids from Brucea javanica (L.) Merr (Simaroubaceae) seeds.
J. Ethnopharmacol. 2009, 124, 586–591.

(15) Xie, H. Y.; Deng, H. N.; Huang, S. X.;Wu, Z.; Zhang,M. Studies on
the chemical components of Brucea javanica. Zhong Yao Cai 1998,
21, 398–400.

(16) Lidert, Z.; Wing, K.; Polonsky, J.; Imakura, Y.; Okano,Masayoshi.;
Tani, S.; Lin, Y. M.; Kiyokawa, H.; Lee, K. H. Insect antifeedant
and growth inhibitory activity of forty-six quassinoids on two species
of agricultural pests. J. Nat. Prod. 1987, 50, 442–448.

(17) Gooding, G. V.Jr.; Hebert, T. T. A simple technique for purification
of tobacco mosaic virus in large quantities. Phytopathology 1967, 57,
1285–1287.

(18) Song, B. A.; Zhang, H. P.; Wang, H.; Yang, S.; Jin, L. H.; Hu, D. Y.;
Pang, L. L.; Xue, W. Synthesis and antiviral activity of novel chiral
cyanoacrylate derivatives. J. Agric. Food Chem. 2005, 53, 7886–7891.

(19) Sambrook, J.; Fritsch, E.; Maniatis, T. Molecular cloning: a labora-
tory manual, 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring
Harbor, NY, 1989.

(20) Harigaya, Y.; Konda, Y.; Iguchi, M.; Onda, M. Spectroscopic
studies of brusatol. J. Nat. Prod. 1989, 52, 740–748.

(21) Anderson, F.; Judith, L.; Gilardi, R.; George, C. Structure of
bruceine B hydrate. Acta Crystallogr., Sect. C 1987, 43, 801–803.

(22) Lee, K. H.; Imakura, Y.; Sumida, Y.; Wu, R. Y.; Hall, I. H.
Antitumor agents. 33. Isolation and structural elucidation of bruceo-
side-A and -B, novel antileukemic quassinoid glycosides, and
brucein-D and -E from Brucea javanica. J. Org. Chem. 1979, 44,
2180–2185.

(23) Yoshimura, S.; Sakaki, T.; Ishibashi,M.; Tsuyuki, T.; Takahashi, T.;
Honda, T. Constituents of seeds of Brucea javanica. Structures of
new bitter principles, yadanziolides A, B, C, yadanziosides F, I, J,
and L. Bull. Chem. Soc. Jpn. 1985, 58, 2673–2679.

(24) Yoshimura, S.; Sakaki, T.; Ishibashi,M.; Tsuyuki, T.; Takahashi, T.;
Matsushita, K.; Honda, T. Structures of yadanziolides A, B, and C,
new bitter principles from Brucea javanica.Chem. Pharm. Bull. 1984,
32, 4698–4701.

(25) Fukamiya, N.; Okano, M.; Tagahara, K.; Ararani, T.; Muramoto,
Y.; Lee, K. H. Antitumor agents, 90. Bruceantinoside, A new cyto-
toxic quassinoids glycoside from Brucea antidysenterica. J. Nat.
Prod. 1987, 50, 1075–1079.

(26) Li, X.; Tso, S. H. Studies on the anticancer principles in the seed of
Yadanzi (Brucea javanica). III. Isolation and structural elucidation
of bruceoside A, bruceoside B, bruceine E, and bruceine F. Zhong-
caoyao 1980, 11, 530–532.

(27) Zhang, J. S.; Lin, L. Z.; Chen, Z. L.; Xu, R. S.; Sun, X. Y. Studies on
the chemical constituents of Brucea javanica. II. Brucein E-gluco-
pyranoside. Huaxue Xuebao 1983, 41, 149–152.

(28) Phillipson, J. D.; Darwish, F. A. Bruceolides from Fijian Brucea
javanica. Planta Med. 1981, 41, 209–220.

(29) Kim, I. H.; Takashima, S.; Hitotsuyanagi, Y.; Hasuda, T.; Takeya,
K. New quassinoids javanicolides C and D and javanicosides B-F,
from seeds of Brucea javanica. J. Nat. Prod. 2004, 67, 863–868.

Received for review October 10, 2009. Revised manuscript received

December 17, 2009. Accepted December 19, 2009.


