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ABSTRACT: New pesticides based on plant extracts have recently gained interest in the development of nontoxic crop
protection chemicals. Numerous research studies are focused on the isolation and identification of new active compounds derived
from plants. In this manuscript we report about the use of the Mediterranean species Capparis spinosa as a potent natural
nematicidal agent against the root knot nematodes Meloidogyne incognita. Leaves, stems, and caper buds of Capparis spinosa were
used to obtain their methanol extracts (LME, SME, BME) that were successively in vitro tested against second stage nematode
juveniles (J2). In terms of paralysis induction, the methanol extract of the stem part (SME) was found more effective against M.
incognita and then the caper methanol buds and leaves extracts. The chemical composition analysis of the extracts carried out by
GC/MS and LC/MS techniques showed that methylisothiocyanate was the main compound of SME. The EC50 for SME after 3
days of immersion was 215 ± 36 mg/L. The constituent components of SME such as 2-thiophenecarboxaldehyde and
methylisothiocyanate were successively in vitro tested for their nematicidal activity against J2. Both compounds induced paralysis
on root knot nematodes ranking first (EC50 = 7.9 ± 1.6, and 14.1 ± 1.9 mg/L respectively) for M. incognita. Moreover, 2-
thiophenecarboxaldehyde showed a strong fumigant activity.
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■ INTRODUCTION

Plant secondary metabolites are a subset of a secondary plant
metabolite produced by an individual of one species that affects
the survival, health, growth, and reproduction or population
biology of another species.1 Allelochemicals can occur in plants
as volatile deterrents and repellents, inhibitors of oviposition, or
nonvolatile antifeedant.2,3 We recently discovered that volatile
plant secondary metabolites such (E,E)-2,4-decadienal and (E)-
2-decenal from Ailanthus altissima (Mill.), 2-undecanone from
Ruta chalepensis L., and furfural from Melia azedarach L. were
active, against root knot nematodes Meloydogyne incognita
(Kofoid et White) Chitw. and M. javanica (Treub) Chitw,4−7

supporting the concept that unique combinations of plant
volatiles are produced in response to attack by different pest
species.
Many scientific studies reported data on the biological

activity of plant extracts and their constituents against root-knot
nematodes.8−11 However, to date no studies have been
published on the nematicidal effects of extracts of capers
(Capparis spinosa L., Capparaceae) and its constituents against
the root-knot nematode M. incognita except for Al-Banna, who
found the root methanol extract to be not active against M.
incognita and M. javanica at 20 mg/L.12

Caper is widely distributed in the Mediterranean area and
West Asia, and it is used as a culinary spice as well as an anti-
inflammatory agent in folk medicine, to treat earache and
cough, and to expel intestinal worms.13,14 The caper bush,
known for the edible flower buds (capers), is a perennial

winter-deciduous plant with large white flowers. Both buds and
the fruit (caper berry) are usually consumed pickled.
Different chemical classes such as alkaloids, lipids, indoles,

flavonoids, and aliphatic glucosinolates were identified in
caper.15 Aliphatic glucosinolates, belonging to sulfur secondary
metabolites group, are hydrolyzed by the vacuolar enzyme
myrosinase (thioglucoside glucohydrolase, EC 3.2.3.1) to
produce isothiocyanates, nitriles, and thiocyanates in addition
to glucose and sulfate ion. Enzymatic degradation of
glucocapparin, a modified sugar found in capers,16 produces
the volatile allelochemical methylisothiocyanate. It is the major
degradation product that imparts soil fumigant activity to both
commercially available nematicides metham sodium and
dazomet.17 Methylisothiocyanate is also responsible for the
biological activity of Boscia senegalensis (Pers) Lam. ex Poiret
(Capparaceae) fruits and leaf extracts against stored grain
insects.18 Serra et al. reported that 2-phenyethylglucosinolate
and its hydrolysis derivatives from water cress (Nasturtium
of f icinale L.) were active against the potato cyst nematode
Globodera rostochiensis (Woll.).19 Interestingly, the suppressive
nematicidal effect of soil-incorporated Brassicaceae plant parts
containing glucosinolates has been known since 1951,20 and
today it is known as “biofumigation”. Nowadays, different plant
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species are commonly used.21 Nevertheless, to the best of our
knowledge, the nematicidal effects of the caper plant extracts or
its specific ingredients against M. incognita has not yet been
investigated.
Many plant extracts active against nematodes have been

reported in the literature. Unfortunately, every single
compound present in these complex mixtures may contribute
to both the beneficial and the adverse effects of the extract
itself. This is why knowing the chemical composition of the
extract is fundamental for better comprehension of its mode of
action.
In the present investigation we report (1) the GC/MS and

LC/MS chemical characterization of the aerial parts and caper
buds of C. spinosa methanol extracts (SME, LME, BME), (2)
the study of the in vitro paralyzing activity (EC50) of the
methanol extracts against M. incognita second-stage juveniles,
and (3) the in vitro biological activity against the root-knot
nematodes of pure compounds found in the extracts. In
addition, we synthesized and tested in vitro some 2-thiophene
carboxaldehyde derivatives which share with the parent
compound the same aromatic scaffold but support oxime or
nitrile as functional groups.

■ MATERIALS AND METHODS
Chemicals. Methylisothiocyanate, 2-naphtaldehyde, 2-thiophene-

carboxaldehyde, 2.5-thiophenedicarboxyaldehyde, 2-pyridine carbox-
aldehyde, indole-3-carbonitrile, indole-3-carboxaldehyde, 1H-indole-
2,3-dione, pyrrole-2-carboxaldehyde, 2-pyrrolidone, N-methyl-2-pyrro-
lecarboxaldehyde, methanol, Tween, and DMSO were purchased from
Sigma Aldrich (Milan, Italy) with a purity >98−99%. Water was
distilled through a Milli-Q apparatus.
Experimental Chemistry. Reaction progress was monitored by

TLC using Aldrich silica gel 60 F254 (0.25 mm) plates. 1H and 13C
NMR spectra were recorded on a Varian Unity Inova 500 MHz
spectrometer. IR spectra were recorded in Nujol mull or neat on a
Perkin-Elmer 1310 spectrophotometer. Melting points were deter-
mined on a Stuart Scientific SMP 11 melting point apparatus.
Synthesis of 2,5-Thiophenedicarbonitrile. A mixture of 2,5-

thiophenedicarboxaldehyde (2.14 mmol, 0.30 g) and NH2OH·HCl
(6.42 mmol, 0.45 g) in pyridine (22.26 mmol, 1.8 mL) was stirred at
100 °C for 2.5 h. After reaction, the solvent was removed under
vacuum to give the crude products as a brown viscous liquid. Yield (%)
= 55. IR (Nujol mull): 3280, 2320 cm−1. 1H NMR (500 MHz,
DMSO): δ 7.65 (s, 2H) ppm. 13C NMR (500 MHz, DMSO): δ
145.11, 119.67, 110.34 ppm.
Synthesis of 5-Formylthiophene-2-carbonitrile. A mixture of

2,5-thiophenedicarboxaldehyde (2.14 mmol, 0.30 g) and NH2OH·HCl
(3.21 mmol, 0.22 g) in pyridine (18.58 mmol, 1.5 mL) was stirred at
100 °C for 2.5 h. After reaction, solvent was removed under vacuum to
give the crude products as an orange solid, which was recrystallized
from ethanol. Yield (%) = 96. Mp = 198−200 °C. IR (Nujol mull):
3300, 2780, 2365, 1675 cm−1. 1H NMR (500 MHz, DMSO): δ 12.08
(s, 1H), 7.87 (d, 1H, J = 4.0 Hz), 7.43 (d, 1H, J = 4.0 Hz) ppm. 13C
NMR (500 MHz, DMSO): δ 182.11, 154.78, 139.54, 134.89, 120.00,
111.18 ppm.
Synthesis of 2-Thiophenecarboxaldehyde oxime. A mixture

of 2-thiophene carboxaldehyde (8.93 mmol, 1 g) and hydroxylamine
chlorhydrate (13.4 mmol, 0.93 g) was stirred at 100 °C for 1 h. After
reaction, 15 mL of distilled water was added and the reaction mixture
was extracted with ethyl acetate (3 × 15 mL). The organic phase was
dried over sodium sulfate, and the solvent was removed under vacuum
to give the product as a viscous pale green oil. Yield (%) = 62. IR
(Nujol mull): 3270, 2570, 1635 cm−1. 1H NMR (500 MHz, DMSO):
δ 9.04 (bs, 1H), 7.54 (d, 1H, J = 4.5 Hz), 7.22 (d, 1H, J = 5.3 Hz),
7.12 (m, 1H) ppm. 13C NMR (500 MHz, DMSO): δ 153.12, 144.12,
132.76, 122.67, 117.80 ppm.

Synthesis Thiophene-2-carbonitrile (F). A mixture of 2-
thiophenecarboxaldehyde oxime (1.97 mmol, 0.25 g), methanesulfonyl
chloride (1.97 mmol, 0.155 mL), and dry acid alumina was heated in
an oil bath at 100 °C for 1 h. After reaction, 15 mL of ethyl acetate was
added and the resulting mixture was filtered to remove alumina. The
filtrate was washed with distilled water (2 × 10 mL), and the organic
phase, previously dried on sodium sulfate, was concentrated to give the
crude product as an oil. The pure product, as a yellow oil, was obtained
after flash chromatography on silica gel (eluent dichloromethane).
Yield (%) = 61. IR (neat): 3250, 2780, 2374 cm−1. 1H NMR (500
MHz, DMSO): δ 12.08 (s, 1H), 7.87 (d, 1H, J = 4.0 Hz), 7.43 (d, 1H,
J = 4.0 Hz) ppm. 13C NMR (500 MHz, DMSO): δ 182.11, 154.78,
139.54, 134.89, 120.00, 111.18 ppm.

Synthesis of 2-Pyridinecarboxaldehyde Oxime. A mixture of
2-pyridinecarboxaldehyde (9.34 mmol, 1 g) and hydroxylamine
chlorhydrate (14 mmol, 0.97 g) was stirred at 100 °C for 1 h. After
reaction, 15 mL of distilled water was added; the reaction mixture was
neutralized and then extracted with ethyl acetate (3 × 15 mL). The
organic phase was dried over sodium sulfate, and the solvent was
removed under vacuum to give the product as a viscous pale yellow
solid. Yield (%) = 70. Mp = 110−112 °C. IR (Nujol mull): 3280,
2550, 1645 cm−1. 1H NMR (500 MHz, CDCl3): δ 9.47 (bs, 1H), 8.64
(d, 1H, J = 4.5 Hz), 8.32 (s, 1H), 7.83 (d, 1H, J = 7.5 Hz), 7.72 (m,
1H), 7.29 (m, 1H) ppm. 13C NMR (500 MHz, CDCl3): δ 152.51,
149.04, 144.20, 136.12, 127.00, 123.73 ppm.

Synthesis of Pyridine-2-carbonitrile. A mixture of 2-pyridine-
carbaldehyde oxime (2.46 mmol, 0.30 g), methanesulfonyl chloride
(2.46 mmol, 0.19 mL), and dry acid alumina was heated in an oil bath
at 100 °C for 1 h. After reaction, 15 mL of ethyl acetate/acetonitrile
(1/1) was added and the resulting mixture was filtered to remove
alumina. The filtrate was washed with distilled water (2 × 10 mL), and
the organic phase, previously dried on sodium sulfate, was
concentrated to give the crude product as an oil. The pure product,
as a yellow oil, was obtained after flash chromatography on silica gel
(eluent hexane/ethyl acetate 1/1). Yield (%) = 67. IR (neat): 3690,
2235 cm−1. 1H NMR (500 MHz, CDCl3): δ 7.75 (m, 2H), 7.22 (d,
1H, J = 4.5 Hz) ppm. 13C NMR (500 MHz, CDCl3): δ 137.32, 132.60,
127.45, 114.21, 109.91 ppm.

Plant Materials and Chemicals. The aerial parts and buds of C.
spinosa were collected in Cagliari, Sardinia, in Feb 2012. Voucher
specimens (CaboniCS050) were deposited in the Department of Life
Science and Environment for species identification. Fresh aerial plant
parts (100 g) were ground and extracted with methanol (1:1 w/v) in a
sonicator apparatus for 15 min, filtered through a Whatman no. 40
filter, and centrifuged for 15 min at 13 000 rpm. The extract was then
analyzed and identified by GC/MS. Plant materials were also dried at
105 °C for 24 h. The moisture of the stems, leaves, and buds were
51.18%, 79.12%, and 79.60% respectively.

GC/MS Analysis. Chromatographic separation and identification
of the main components of methanol extracts of Capparis spinosa was
performed on a Trace GC Ultra Gas Chromatograph (Thermo
Finnigan, MA) coupled with a Trace DSQ mass spectrometry
detector, a split−splitless injector, and an Xcalibur MS platform.
The column was a CP-WAX 57CB from Varian (60 m long, 0.25 mm
i.d., and 0.25 μm film thickness; Varian Inc., USA). The injector and
transfer line were at 200 °C. The oven temperature was programmed
as follows: 50 °C (hold 1 min) then raised to 220 °C (3 °C/min) and
isothermally hold for 13 min. Helium was the carrier gas at a constant
flow rate of 1 mL/min; 1 μL of each sample was injected in the
splitless mode (60 s). Mass spectrometry acquisition was carried out
using the continuous (EI positive) scanning mode from 45 to 500
amu. C. spinosa methanol extract components were identified by (a)
comparison of their relative retention times and mass fragmentation
with those of authentic standards and (b) computer matching against a
NIST/EPA/NIH Mass Spectral Library (NIST 08). For stems, leaves,
and buds quantitative analysis of methylisothiocyanate and 2-
thiophenecarboxaldehyde were carried out in triplicate with the
external standard method .

J2 Paralysis Bioassays. An Italian population of M. incognita was
reared on tomato (Solanum lycopersicum Mill.) cv. Roma VF for 2
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months in a glasshouse at 25 ± 2 °C. Batches of 30 egg masses
(averaging 4500 eggs/batch) were collected from infected tomato
roots. Batches were placed on 2 cm diameter sieves (215 μm aperture)
in a 3.5 cm diameter Petri dish, and then 3 mL of distilled water was
added as a natural hatching agent according to an already described
methodology.22 Batches were then incubated in a growth cabinet at 25
± 2 °C in dark condition. Emerging juveniles J2 (24 h) were removed
and collected every day and used for the experiments (Figure 1).

Nemathorin 150EC (a.i. fosthiazate 15%, Hellafarm Co), distilled
water, as well as solvent carriers served as controls for paralysis
correction. The LME, SME, and BME were tested against root-knot
nematodes at a dose range of 10−5.000 mg/L and assessed for toxicity
at 72 h.
Methylisothiocyanate and 2-thiophenecarboxaldehyde found in

stem and leaves methanol extracts were tested against J2 at a dose
range of 1.0−1000 mg/L. As part of a study on the nematicidal activity
we tested on nematodes structurally related aromatic heterocyclic
aldehydes, oximes, nitriles, and indoles such as 2,5-thiophenenedi-
carboxaldehyde, 2,5-thiophenedinitrile, 5-formylthiophene-2-carbon-
itrile, 2-pyridinecarboxaldehyde, 3-pyridinecarboxaldehyde, 2-pyridine-
carbaldehyde oxime, 2-pyridincarbonitrile, 2-naphthaldhehyde, 2-
thiophenecarboxaldehyde oxime, 2-thiophenecarbonitrile, indole-3-
carbonitrile, indole-3-carboxaldehyde, 1H-indole-2,3-dione, pyrrole-2-
carboxaldehyde, 2-pyrrolidone, and N-methyl-2-pyrrolecarboxaldehyde
(Figure 2). All pure compounds were subjected to dose−response
experiments against J2 at different dose−response ranges. Stock
solutions of pure compounds were prepared in methanol to overcome
insolubility, whereas Tween 20 in twice distilled water was used for
further dilution. Final concentration of methanol in each well never
exceeds 1% (v/v) because preliminary experiments showed that this
concentration was not toxic to nematodes. Distilled water as well as a
mixture of water and Tween (0.3% v/v) (carrier control) served as
controls. In all cases working solutions were prepared containing
double the test concentration and mixed in CellstarR 96-well cell
culture plates (Greiner Bio-One) at a ratio of 1:1 (v/v) with

suspension of 25 J2 added to each well. Multiwell plates were covered
to avoid evaporation and maintained in the dark at 20 °C. Juveniles
were observed with the aid of an inverted microscope (Zeiss, 3951,
Germany) at 10× and 20× after 1 and 24 h for pure compounds and
72 h for methanolic extracts of C. spinosa were ranked in two distinct
categories: motile or paralyzed/death. Moreover, at that point
nematodes were moved to plain water after washing in tap water
through a 20 μm pore sieve to remove the excess of extracts. Numbers
of motile and paralyzed or deaths J2 were assessed by stimulating the
juvenile body with a needle and then counting them. Paralysis
experiments were performed four times, and every treatment was
replicated six times.

Fumigant Activity Against J2. Nematode juveniles were
immersed in distilled water in wells adjacent to the treatment wells
where the test solution (LME, SME, BME, and test compounds) was
poured. For every treatment well four adjacent ones were used, and in
each well only one treatment dose was used. Paralysis or death
percentages recording the fumigant activity in the four adjacent to the
treatment wells served as an experiment’s treatment replication with
50 J2 instead of 25. Assessments were made 1 h (1 h) and 1 day (1 d)
after experiments were started.

Statistical Analysis. Since paralysis in solvent (methanol, Tween-
20) did not differ significantly from that observed in distilled water, the
percentages of paralyzed/death J2 were corrected by eliminating the
natural death/paralysis in the water control (0−5% of total number of
J2) according to the Schneider Orelli’s formula:22 corrected % =
{((mortality % in treatment) − (mortality % in control))/(100 −
(mortality % in control))} × 100, and they were analyzed (ANOVA)
after being combined over time. Since ANOVA indicated no
significant treatment by time interaction, means were averaged over
experiments. Corrected percentages of paralyzed/death J2 treated with
tested compounds were subjected to nonlinear regression analysis
using the log−logistic equation proposed by Seefeldt et al. in 1995:23 Y
= C + (D − C)/{1 + exp[b(log(x) − log(EC5O))]}, where C = the
lower limit, D = the upper limit, b = the slope at the EC50, and EC50 =
the test substances’ concentration required for 50% death/paralysis of
nematodes after eliminating the control (natural death/paralysis). In
the regression equation, the test substances’ concentration was the
independent variable (x) and the paralyzed J2 (percentage increase
over water control) was the dependent variable (y). The mean value of
the six replicates per test substances concentration and immersion (or
exposure to vapors) period was used to calculate the EC50 value. Mean
data values were reported with the respective standard deviations.

■ RESULTS AND DISCUSSION

Gas chromatography coupled with mass spectrometry is the
elective technique for chemical characterization of plant extracts
because it allows identification of a large number of plant
metabolites. As previously reported,3 we developed a method
for direct injection without derivatization of plant methanol
extracts. By use of a Carbowax column CP-WAX 57CB we
were able to separate polar and medium polar plant secondary
metabolites from C. spinosa plant methanol extracts (SME,
LME, BME), such as methylisothiocyanate, 5-hydroxymethyl-2-
furancarboxaldehyde, furfural, and 2-thiophenecarboxaldehyde
(Tables 1− 3). We also tried to determine the chemical
composition of the methanol extracts by liquid chromatog-
raphy−mass spectrometry−time-of-flight (LCMS-TOF), but
isothiocyanates or aldehydes were not detected because of their
volatility and low ionization efficiency during atmospheric
pressure ionization.
As a result of the GC/MS analysis, we were able to identify

24 plant metabolites of the methanol extract of stem (Table 1).
We confirmed by cochromatography the presence of 2-
thiophenecarboxaldehyde in the SME, and to our knowledge,
this is the first report of this compound found in a plant extract.
We found 2-thiophenecarboxaldehyde in stem extract at a

Figure 1. M. incognita infected tomato roots with galls and egg masses
(A), batches with egg masses (B), and hatched juveniles (C).
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concentration of 1.12 ± 0.31 mg/kg, while methylisothiocya-
nate levels in stem, leaves, and buds were 116 ± 42, 7.33 ±
3.78, and 3.87 ± 0.98 mg/kg on a dry weight basis, respectively.
Without taking into account plant compound bioavailability

or the synergetic effect when SME was tested against M.
incognita, a dose−response relationship was established and
significant paralysis/death of J2 was evident after 3 days of
exposure with an EC50/3d value calculated at 215 mg/L (Table
2). This value is rather low considering the activities of R.
chalepensis methanol extracts against M. incognita, exhibiting an
EC50 value of 1001 mg/L after 1 day of J2 immersion in test
solutions.5 Under the same conditions extracts from leaves and
buds extracts had no effect at all the tested concentrations (10−
1000 mg/L).
Among secondary plant metabolites identified in the

methanol extract of different parts of the plant C. spinosa,
methylisothiocyanate, furfural, and 2-thiophenecarboxaldehyde

were the most active compounds against J2 with EC50/1d of
7.86, 8.50, and 14.08, mg/L, respectively. Moreover, 2-
pyridinecarboxaldehyde and 2-thiophenecarboxaldehyde
showed a fumigant activity with an EC50/1d of 62 and 100
mg/L respectively. The activity of methylisothiocyanate and 2-
thiophenecarboxaldehyde against M. incognita is rather high if
compared to the nematicidal activity of fosthiazate (EC50/1d =
0.40 mg/L) (Table 3). This is the first report of the irreversible
nematicidal activity of 2-thiophenecarboxaldehyde as a
constituent of C. spinosa against M. incognita. According to
our results, methylisothiocyanate was the principal nematicidal
constituent of C. spinosa for all extracts (SME, LME, BME)
with percent concentrations of 64.57%, 17.56%, and 2.13%,
while 2-thiophenecarboxaldehyde was found only in the stem
extract (SME) at a 0.19% concentration. This evidence
supports the fact that leaves and buds extracts are not active
in in vitro experiments against J2. Recently, we reported the

Figure 2. Chemical structures of tested compounds.
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strong nematicidal activity of furfural against M. incognita and
M. javanica6 present in extracts of buds and stem at percent
concentrations of 1.12% and 3.62%, respectively.
Considering that aldehydes such as furfural and 2-

thiophencarboxaldehyde were active against juveniles of M.
incognita, we prepared structurally related compounds with the
same aromatic scaffold but supporting selected functional
groups such as oxime and nitriles. The in vitro experiments
against J2 evidenced the interesting biological activity of 2,5-
thiophenedicarboxaldehyde, 2-pyridincarboxaldehyde, 2-thio-
phenecarboxaldehyde, and indole-3-carbonitrile with EC50 of
1.13, 3.60, 14.08, and 68.9 mg/L, respectively (Table 3).
Together with methylisothiocyanate and furfural, 2-thiophene-
carbaxoaldehyde and 2,5-thiophenecarbaxoaldehyde were the
most active compounds tested against J2 while their derivatives
5-formylthiophenecarbonitrile and 2-thiophenecarboaxaldehyde
oxime were not active at the tested concentration. Interestingly,
indole-3-carbonitrile was 4-fold more potent than indole-3-

carboxaldehyde. Pyrrole 2-carboxaldehyde showed an EC50/1d
of 392 mg/L, while its N-methyl derivative N-methyl-2-
pyrrolecarboxaldehyde was inactive. Moreover, 2-pyridinecar-
boxaldehyde was very active, showing an EC50/1d of 3.60 mg/

Table 1. GC/MS Analysis of the Methanolic Extract of Caper Stems (SME)

compound Rt relative % mw EIMS (m/z) (amu) (abundance)

methylisothiocyanate 16.17 64.57 73 73 (100); 72 (52); 70 (12); 45 (7); 58 (7)
methyl pyrazine 18.09 0.84 94 94 (100); 67 (45); 53 (15)
3-hydroxy 2-butanone 19.24 0.43 88 45 (100); 88 (30); 73 (10); 55 (5)
unknown 19.83 1.48 74 (100); 45 (18); 74 (10)
2,5-dimethyl pyrazine 20.47 0.05 108 108 (100); 72 (38)
2,3-dimethyl pyrazine 21.22 0.15 108 108 (100); 67 (90)
4-hydroxy-4-methyl-2-pentanone 22.04 1.88 116 59 (100); 101 (55)
o-methyl-n-methyl carbamate 24.90 3.93 89 58(100); 89(55); 74(42); 59(22)
furfural 25.92 3.62 96 96 (100); 95 (59); 67 (10)
2-furyl methyl ketone 27.60 0.16 110 95 (100); 110 (33)
5-methyl-2-furaldehyde 30.37 0.67 110 110 (100); 108 (88); 53 (45); 81 (10)
benzoic acid methyl ester 32.23 0.28 136 105 (100); 77 (48); 136 (47); 51 (15)
furfuryl alcohol 33.64 1.00 98 98 (100); 97 (52); 69 (30); 81 (28); 70 (24)
2-(1H-imidazol-5-yl)propan-1-amine 34.39 0.06 125 96 (100); 95 (83); 68 (30); 59 (22); 81 (10)
3-thiophenecarboxaldehyde 34.53 0.22 112 111 (100); 112 (95); 83 (20); 58 (10); 57 (9)
2-thiophenecarboxaldehyde 35.10 0.19 112 111 (100); 112 (75); 58 (11); 57 (8); 83 (7)
(5-methyl-2-furyl)methanol 35.94 0.18 112 95 (100); 112 (72); 97 (40); 69 (32); 53 (20)
unknown 36.69 0.07 138(100); 123(90); 95(35);63 (18)
unknown 37.40 4.13 59 (100); 60 (3); 93 (2)
β-damascenone 39.67 0.12 190 69 (100); 121 (60); 190 (30); 105 (28); 91(15); 77(12); 79(8)
unknown 42.30 3.45 105 (100); 74 (20); 58 (15); 60 (13); 72 (11); 75 (9); 61 (7)
unknown 43.60 0.53 71(100); 55 (68)
methyl 2-pyrrolyl ketone 44.98 0.32 109 94(100); 109(82); 66(55)
unknown 45.48 0.23 127(100); 55(13); 99 (10)
formic acid. allyl ester 51.62 1.16 86 57(100); 58(43)
4-acetoxy-3-methoxystyrene 52.27 0.22 192 150(100); 135(63); 107(30); 77(22)
2.3-dihydro-3.5-diidroxy-6-methyl 4H-piran-4-one 54.49 0.59 144 144(100); 101(65); 72(32); 55(28); 73(20)
thioacetamide 56.99 0.32 75 75(100); 59(68)
5-hydroxymethyl-2-furan carboxaldehyde 61.54 8.08 126 97(100); 126(52); 69(32)
2-thiophene ethanol 64.20 1.06 128 97(100); 128(50); 69(32)

Table 2. Nematicidal Activity of C. spinosa Extracts (SME,
LME, and BME) against M. incognita Calculated after 1 and
3 Days of Immersion in Test Solutionsa

extract EC50/1d (mg/L ± SD) EC50/3d (mg/L ± SD)

SME >1000 215 ± 36
LME >1000 >1000
BME >1000 >1000

aC. spinosa methanolic extracts of stem, SME, leaves, LME, and buds,
BME.

Table 3. EC50 Values (mg/L ± SD, n = 4) of Pure
Compounds Against M. incognita at 1 h and 1 Day After
Treatment

compound 1 h, EC50 (mg/L) 1 d, EC50 (mg/L)

methyl isothiocyanate >10 7.86 ± 1.57
2,5-thiophenenedicarboxaldehyde 1.20 ± 0.15 1.13 ± 0,36
2,5-thiophenedinitrile >250 >250
2-pyridinecarboxaldehydea 25.0 ± 2.4 3.60 ± 1.13
3-pyridinecarboxaldehyde >250 >10
2-thiophenenecarboxaldehydea 105 ± 10 14.08 ± 1.86
2-thiophenecarboxaldehyde oxime >250 >250
2-thiophenecarbonitrile >100 >100
5-formylthiophene-2-carbonitrile >250 >250
indole-3-carbonitrile >250 68.9 ± 14.1
indole-3-carboxaldehyde >250 301 ± 33
1H-indole-2,3-dione >250 >250
pyrrole-2-carboxaldehyde >1000 392 ± 32
2-pyrrolidone >250 >250
N-methyl-2-pyrrolecarboxaldehyde >1000 >1000
furfural 11.40 ± 1.25 8.50 ± 0.89
fosthiazate 3.30 ± 0.95 0.40 ± 0.30

aThese compounds showed 100% mortality after 24 h of juveniles
immersion in 100 mg/L solution.
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L; conversely, moving the carbonyl group from the 2 to the 3
position, we did not measured any activity.
We also observed a toxin-mediated fast nematode paralytic

killing that correlates with the concentration of heteroaromatic
aldehydes. Consistent with our previous report on the
nematicidal activity of (E,E)-2,4-decadienal and (E)-2-decenal,4

we observed the nematodes treated with heteroaromatic
aldehydes were paralyzed or died in a straight shape. On the
other hand, in our experiments nematodes treated with the
organophosphorous fosthiazate were paralyzed in a coiling
shape, as previously reported.4 Wiratno et al. evidenced that
when M. incognita nematodes were treated with clove methanol
ethanol extract, they died in straight or bent shapes similar to
those killed by the pyrethroid deltamethrin.25 Moreover, Kong
et al. evidenced that pinewood nematode treated with muscle
activity blockers levamisole or morantal tartrate were paralyzed
in semicircular and coiling shapes, respectively.26 These facts
suggest a different mode of action of heteroaromatic aldehydes.
In particular, from a structural point of view, the most active

compounds, thiophene-2,5-dicarbaldehyde and 2-pyridinecar-
baldehyde (Figure 2), share some interesting features. In fact,
they possess high aromatic scaffolds and both support two
hydrogen-bond acceptors that seem to be placed in a suitable
position. Many reasons might be adduced for the lack of activity
of the other compounds showed in Figure 2. In particular,
different bond geometry, weaker hydrogen-bond acceptor
strength, and different oxidation state together with a reduced
electrophilicity of the carbon atom might be involved.
Besides, heteroaromatic aldehydes are relatively reactive

compounds due to the presence of the carbonyl carbon atom,
an electrophilic site that may easily react with primary amino
and thiol groups, resulting in formation of substituted imines,
called Schiff bases and hemithioacetals, respectively. According
to this chemical behavior, the cuticle damage that occurs when
nematodes are treated with furfural at 100 mg/L might be
adducted to a nucleophilic addition of the cuticle amino or thiol
residues the carbonyl functionality of the aldehyde. As
previously reported, this interaction leads to evident cuticle
and internal damage followed by leakage of the internal fluid
nematode material.3 Similar nematode cuticle damage was
reported for Panagrellus redivivus caused by a unique fungal
structure on the vegetative hyphae of Coprinus comatus.27,28

Additionally, Niu et al. reported that aurovertin-type metabo-
lites from the fungal strain Pochonia chlamydosporia lead to
destruction of the internal structure of the nematode P.
redivivus.29 Aurovertin-type metabolites produced by the strain
of C. arbuscolo are regarded as potent inhibitors of ATP-
synthesis and ATP-hydrolysis uncoupling oxidative phospor-
ylation.30,31 Moreover, Mahajan-Miklos32 reported production
from Pseudomonas aeruginosa of small diffusible secondary
nematicidal phenazine−pyocyanin metabolites that act as a
potent inhibitors of human V-ATPase.33 Even if the mode of
action of heteroaromatic aldehydes tested in our study is not
still elucidated, we suppose that, due to their structural
relationship, they work similarly to auvertin B, an inhibitor of
the vacuolar ATPase enzymes. Vacuolar-type ATPase proton
pumps play an essential role in nematode nutrition,
osmoregulation, cuticle synthesis, neurobiology, and reproduc-
tion34 and for these reasons can be an effective pesticide-target
against parasitic nematodes.
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