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ABSTRACT Entomopathogenic Photorhabdus bacteria (Enterobacteriaceae: Gamma-pro-
teobacteria), the natural symbionts of Heterorhabditis nematodes, are a rich source for the
discovery of biologically active secondary metabolites (SMs). This study describes the isola-
tion of three nematicidal SMs from in vitro culture supernatants of the Arizona-native
Photorhabdus luminescens sonorensis strain Caborca by bioactivity-guided fractionation.
Nuclear magnetic resonance spectroscopy and comparison to authentic synthetic standards
identified these bioactive metabolites as trans-cinnamic acid (t-CA), (4E)-5-phenylpent-4-
enoic acid (PPA), and indole. PPA and t-CA displayed potent, concentration-dependent
nematicidal activities against the root-knot nematode (Meloidogyne incognita) and the citrus
nematode (Tylenchulus semipenetrans), two economically and globally important plant para-
sitic nematodes (PPNs) that are ubiquitous in the United States. Southwest. Indole showed
potent, concentration-dependent nematistatic activity by inducing the temporary rigid paral-
ysis of the same targeted nematodes. While paralysis was persistent in the presence of
indole, the nematodes recovered upon removal of the compound. All three SMs were
found to be selective against the tested PPNs, exerting little effects on non-target species
such as the bacteria-feeding nematode Caenorhabditis elegans or the entomopathogenic
nematodes Steinernema carpocapsae, Heterorhabditis bacteriophora, and Hymenocallis
sonorensis. Moreover, none of these SMs showed cytotoxicity against normal or neoplastic
human cells. The combination of t-CA 1 PPA 1 indole had a synergistic nematicidal effect
on both targeted PPNs. Two-component mixtures prepared from these SMs revealed com-
plex, compound-, and nematode species-dependent interactions. These results justify further
investigations into the chemical ecology of Photorhabdus SMs, and recommend t-CA, PPA
and indole, alone or in combinations, as lead compounds for the development of selective
and environmentally benign nematicides against the tested PPNs.

IMPORTANCE Two phenylpropanoid and one alkaloid secondary metabolites were isolated
and identified from culture filtrates of Photorhabdus l. sonorensis strain Caborca. The three
identified metabolites showed selective nematicidal and/or nematistatic activities against
two important plant parasitic nematodes, the root-knot nematode (Meloidogyne incognita)
and the citrus nematode (Tylenchulus semipenetrans). The mixture of all three metabolites
had a synergistic nematicidal effect on both targeted nematodes, while other combinations
showed compound- and nematode-dependent interactions.
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In the United States, plants are subject to attack from over 50,000 different parasites
and pathogens (1, 2). Among them are plant parasitic nematodes (PPNs), which cause

billions of dollars in crop losses annually (3–5) and threaten food security (6, 7). In the
southwestern U.S., the most significant PPN-generated losses to agriculture are caused by
two species in the Tylenchina suborder. The root-knot nematode (Meloidogyne incognita) is
an endoparasite of over 3,000 plant species (8–10) while the citrus nematode Tylenchulus
semipenetrans is a semi-endoparasite of numerous citrus species worldwide (11, 12). In both
species, the first-stage juveniles undergo one molt while still in the egg. The second stage
juveniles (J2s) hatch from the egg and represent the infective stage. After penetrating
the plant host through its roots, M. incognita J2s migrate through cortical tissues toward
the vascular zone where they establish a permanent feeding site (i.e., giant cells), acquire a
“sausage” shape and become sedentary (8, 9). Three additional molts occur prior to the adult
stage. M. incognita is sexually dimorphic with globose shaped females that remain in the
plant roots, while males are vermiform and leave the roots. Upon maturity, females lay eggs
into a gelatinous mass (galls) that protect them against unfavorable environmental condi-
tions, and the life cycle is repeated. In T. semipenetrans, only the anterior end of the young
females penetrates the cortex of the root where these J2s begin feeding on three to six
nurse cells. The intense feeding by the females causes their posterior end to enlarge and
protrude outside the root. After fertilization, females lay eggs outside of the root in a gelati-
nous matrix and the life cycle is reinitiated (11).

At present, management of PPNs relies heavily on the use of synthetic nematicides
(13–18). However, the deleterious effects of these chemicals on wildlife, the environment,
and human health are well documented (19, 20). Moreover, the recent banning of several
chemical nematicides and the phase-out of methyl bromide from the pest-control market
severely limit the available chemical treatment options (21) for annual and perennial crops.
These considerations highlight an urgent need to discover new, environmentally friendly
methods for the cost-effective management of PPNs in agriculture.

A promising approach to develop such methods is to study microorganisms that
antagonize PPNs by producing biologically active secondary metabolites (SMs; 17–20). Among
these microorganisms, entomopathogenic Photorhabdus bacteria are considered a rich
source of bioactive metabolites (22–26). Photorhabdus are the natural mutualistic symbionts
of Heterorhabditis entomopathogenic nematodes. The third-stage infective juveniles (IJs) of
these entomopathogenic nematodes carry the bacteria in their intestinal tract and vector
them from one insect host to another (27). Once the Heterorhabditis IJs penetrate a new
insect host, they migrate to the hemolymph and regurgitate Photorhabdus cells into the
body cavity of the insect. There, the bacteria release potent toxins that kill the insect host
within 24 h to 48 h. During this pathogenic phase, Photorhabdus also produce small mole-
cule SMs that have broad-spectrum bioactivities to outcompete other microorganisms that
may invade, or scavengers that would consume the insect cadaver (28).

Previous studies have shown that certain Photorhabdus-derived SMs exhibit antibacterial
(29), antifungal (30, 31), insecticidal (32), and nematicidal activities (33–35). A body of evidence
also suggests that the spectra of SM production differ widely among different Photorhabdus
species and even strains (23, 36), and under different environmental and nutrient availability
conditions (36). Furthermore, closely related strains may produce different SM congeners that
may exhibit different biological activities (37, 38). Therefore, new Photorhabdus species and/or
strains may yield novel SMs with diverse bioactivities (38), and may have the potential to be
developed into bio-nematicides.

Over the past 2 decades, a wide variety of SMs have been isolated and structurally
characterized from Photorhabdus strains. Nevertheless, only a few SMs including stilbenes,
anthraquinones, indoles, peptides, and phenol derivatives have been tested for biological
activity under laboratory conditions (30–35, 39, 40). These Photorhabdus-derived SMs were
successfully isolated using two different in vitro approaches. Most of the early studies on
Photorhabdus-derived SMs employed a biologically unbiased workflow to isolate prominent
SMs under varied culture conditions (30, 40, 41), with the isolated SMs evaluated for selected
biological activities in a post hoc analysis (30, 40). More recent studies adopted a chemically
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unbiased approach, and used bioassay-guided fractionation to isolate, purify, and structur-
ally characterize bioactive SMs responsible for targeted bioactivities (31, 32). For some SMs
with a known structure, total chemical synthesis may replace the isolation of metabolites
from the microorganisms. Such “synthetic SMs” may facilitate bioactivity evaluations, espe-
cially when the productivity of the microbial cultures is insufficient. Moreover, synthetic SMs
may also offer a more facile source for structure-activity relationship studies, and a low-cost
alternative for the commercial production of active ingredients for pharmaceuticals and
agrochemicals, including nematicides.

Until now, only a few studies explored the targeted isolation of Photorhabdus SMs
with activities against PPNs (33–35). Thus, 3,5-dihydroxy-4-isopropylstilbene from P.
luminescens MD displayed nematicidal activity against the targeted plant- or fungal-feeding
nematodes such as Bursaphelenchus and Aphelenchoides spp. However, it was also toxic at sim-
ilar concentrations (up to 100 mg/ml) to Caenorhabditis elegans, a non-target bacterivorous
nematode. More importantly, 3,5-dihydroxy-4-isopropylstilbene showed no activity against the
most economically significant PPNs such as the root-knot nematode, Meloidogyne incognita
(33, 34). In contrast, indole, isolated from the same P. luminescens strain, provoked a transient
paralysis on the tested nematode species, causing a nematicidal effect only at high concentra-
tions. No results were reported for the effects of indole on C. elegans or entomopathogenic
non-target nematodes (33, 34). These pioneering studies also did not formally determine the
LC50 (lethal concentration causing 50% nematode death) or the EC50 values of the compounds
(effective concentration causing 50% nematode reversible paralysis) against the infective juve-
nile stages of the tested nematodes.

Previously, our team assessed the bioactivities of crude extracts (complex mixtures of SMs)
of two Arizona-native Photorhabdus luminescens strains (Caborca and CH35) to reveal selective
nematicidal activities against the infective juveniles of the targeted PPN species, the root knot
nematode M. incognita (23). These same extracts displayed low to no nematicidal activity
against non-target soil nematode species, such as C. elegans and the entomopathogenic
nematodes Steinernema spp. In addition, the LC-MS fingerprints of these crude extracts
indicated the presence of at least nine unique compounds not previously detected in
other Photorhabdus species. Based on these results, we hypothesized that these Photorhabdus
strains may produce novel SMs with selective nematicidal activity against economically impor-
tant PPNs, and that certain combinations of these SMs may even result in synergistic effects.

The present study describes the isolation and structure elucidation of three SMs with
nematicidal activities from the Arizona-native Photorhabdus spp. Caborca strain. Specifically,
the nematicidal and/or nematistatic activities of the individual compounds and SM combina-
tions were assessed against two targeted PPN species, M. incognita and T. semipenetrans,
both ubiquitous in the southwestern U.S. The effects of the metabolites were also evaluated
against a panel of non-target nematodes, including the free-living stages of bacteria-feeding
and entomopathogenic species. The influence of these compounds on human cells and the
assessment of the synergistic, additive, and antagonistic effects of the SM mixtures in vitro
are also reported.

RESULTS
Isolation and identification of nematicidal SMs. Three metabolites with nematicidal

activities were isolated from in vitro liquid cultures of P. l. sonorensis Caborca by bioactivity-
guided fractionation, using the J2 ofM. incognita as the indicator PPN species. The structures
of pure, bioactive Photorhabdus-derived SMs were elucidated by NMR spectroscopy (Fig. 1; see
also Tables S1 to S3 in the supplemental material, https://www.researchgate.net/publication/
357662416_Selective_Toxicity_of_Secondary_Metabolites_from_the_Entomopathogenic
_Bacterium_Photorhabdus_luminescens_sonorensis_against_Selected_Plant_Parasitic_
Nematodes_of_the#fullTextFileContent) and by comparison to authentic synthetic stand-
ards. The metabolites were identified as: (i) trans-cinnamic acid (t-CA); (ii) (4E)-5-phenylpent-
4-enoic acid (PPA); and (iii) indole.

trans-cinnamic acid shows selective nematicidal activity against targeted PPNs. t-CA
displayed a potent, concentration-dependent nematicidal activity against the targeted PPNs
(Fig. 2A). At 24 h postexposure, the LC50 of t-CA was 67 mg/mL against M. incognita and
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76mg/ml against T. semipenetrans (Table 1). These LC50 values were not statistically different,
as shown by the non-overlapping 95% confidence intervals of the LC50 values (Table 1) and
corroborated by unpaired two-samples Wilcoxon tests (Table S4A).

Upon extended exposure to t-CA (24 h versus 48 h or 72 h), we observed a trend indicat-
ing that slightly lower t-CA concentrations may be required to kill 10%, 25%, 50%, and 90%
of the two targeted nematode populations (Fig. 2B and C; Fig. S1), including a 34% reduc-
tion of the LC90 againstM. incognita at 72 h versus 24 h (Table 2). However, these differences
for the LC values at different time points did not reach statistical significance in most cases
(Tables 2 and 3). A linear regression analysis and a Wilcoxon test further validated the
observed non-significant effects of exposure times on t-CA potencies against the targeted
PPNs (Fig. S1; Tables S5 and S6), although a linear decrease of the LC10 values was seen
against M. incognita with a regression coefficient (b) of –.14 (P = 0.02; Fig. S1B) as confirmed
by the Wilcoxon test (Table S5). In addition, no differences were observed in the nematicidal
potencies of t-CA between the targeted PPNs upon 48 h and 72 h of in vitro exposure
(Tables S4B and S4C).

t-CA exerted weak nematicidal activity against the selected non-target nematodes
after 24 h of exposure at concentrations above 200 mg/mL (Fig. 2A and Table 1).
Mortality with one of the non-target entomopathogenic nematodes, S. carpocapsae,
did not reach 50% even at the highest TCA concentration tested (500 mg/mL), so an
LC50 could not even be established (Table 1). The LC50 values against the other non-tar-
get entomopathogenic nematodes (H. bacteriophora and H. sonorensis) and the bacte-
ria-feeding nematodes (C. elegans and Rhabditis blumi) ranged from 308 to 421 mg/mL,
with the highest LC50 value measured for H. sonorensis, the natural host of the t-CA pro-
ducer P. l. sonorensis Caborca (Table 1). Thus, the LC50 values of t-CA against the tar-
geted PPNs at 24 h of exposure were significantly lower than those observed against
the non-target nematodes (Table S4A), with this compound displaying a selectivity

FIG 1 Nematicidal secondary metabolites from P. l. sonorensis Caborca. (A) trans-cinnamic acid (t-CA).
(B) (4E)-5-phenylpent-4-enoic acid (PPA). (C) Indole.
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FIG 2 Nematicidal effects of t-CA. (A) Acute toxicity exerted by various concentrations of t-CA against
the indicated nematodes after 24-h exposure. (B) Acute toxicity exerted by various concentrations of
t-CA against M. incognita after 24-h, 48-h, or 72-h exposure. (C) Acute toxicity exerted by various
concentrations of t-CA against T. semipenetrans after 24-h, 48-h, or 72-h exposure.
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index of $ 5-6 (LC50 for the non-target nematodes over those for the targeted PPNs).
Notably, the 48-h and 72-h LC50 values of t-CA against the targeted PPNs were also sig-
nificantly lower than the 24-h LC50 of t-CA against the selected non-targeted nemato-
des (Tables S4B and S4C).

TABLE 1 In vitro nematicidal activities of t-CA, PPA, and indole

Compound Species LC50
a [mg/mL] 95% CIc Slope± SEd

t-CA M. incognita 67.3 (56.5, 77.2) 6.486 0.29
T. semipetrans 75.8 (67.4, 82.0) 8.296 0.50
C. elegans 308 (294, 322) 11.46 0.40
S. carpocapsae .500e —h —
H. bacteriophora 356 (317, 386) 9.826 0.56
H. sonorensis 421 (399, 440) 20.56 1.06
R. blumi 345 (333, 357) 16.66 0.93

PPA M. incognita 44.4 (38.8, 48.6) 7.196 0.43
T. semipetrans 66.3 (50.7, 73.4) 11.16 0.79
C. elegans 278 (244, 308) 11.66 0.60
S. carpocapsae .400f NAi 1.906 0.94
H. bacteriophora .400f NA 4.336 0.59
H. sonorensis .400f NA 0.466 0.32
R. blumi 346 (327, 363) 16.16 0.93

Compound Species EC50
b
[mg/mL] 95% CI

c
Slope± SE

d

Indole M. incognita 56.3 (52.9, 59.6) 9.486 0.47
T. semipenetrans 37.1 (28.7, 43.4) 5.376 0.30
C. elegans 159 (152, 168) 6.106 0.22
S. carpocapsae .400g NA NA
H. bacteriophora .400g NA NA
H. sonorensis .400g NA NA
R. blumi 37.0 (23.9, 48.3) 2.396 0.10

aLC50, lethal concentration, causing 50%mortality to the nematode population after 24 h of in vitro exposure.
bEC50, effective concertation, causing 50% reversible paralysis to the nematode population after 24 h of in vitro
exposure.

c95% CI, 95% confidence interval for the LC50 or EC50.
dSE, standard error.
e50%mortality was not reached after 24-h exposure at the highest concentration tested (500mg/mL).
f50%mortality was not reached after 24-h exposure at the highest concentration tested (400mg/mL).
g50% temporary paralysis was not reached after 24-h exposure at the highest concentration tested (400mg/mL).
h—, not established.
iNA, not applicable.

TABLE 2 In vitro activity of Photorhabdus-derived secondary metabolites against J2 juveniles ofMeloidogyne incognita

Compound Exposure

LC10
a

LC25
a

LC50
a

LC90
a

Slope± SEd[mg/mL] (95% CIc)
t-CA 24 h 42.7 (25.6, 52.2) 53.0 (38.0, 61.6) 67.3 (56.5, 77.2) 106.0 (89.6, 159.0) 6.486 0.29

48 h 37.3 (19.1, 47.2) 45.7 (29.0, 55.1) 57.3 (44.0, 68.2) 87.9 (73.0, 137.0) 6.896 0.30
72 h 39.5 (30.8, 45.1) 45.2 (37.7, 50.4) 52.5 (46.3, 58.0) 69.7 (62.6, 82.9) 10.46 0.45

PPA 24 h 29.4 (22.1, 34.6) 35.8 (29.0, 40.5) 44.4 (38.8, 48.6) 66.9 (61.4, 75.5) 7.196 0.43
48 h 27.6 (19.0, 33.3) 33.6 (25.7, 39.0) 42.0 (35.4, 46.9) 63.9 (57.2, 75.9) 7.016 0.39
72 h 24.8 (16.0, 31.0) 30.7 (22.0, 36.6) 38.9 (31.2, 44.9) 61.0 (52.7, 76.5) 6.566 0.33

EC10
b

EC25
b

EC50
b

EC90
b

Compound Exposure [mg/mL] (95% CI
c
)

Indole 24 h 41.3 (36.8, 44.9) 47.8 (43.9, 51.1) 56.3 (52.9, 59.6) 77.0 (72.3, 83.2) 9.486 0.47
48 h 44.3 (36.8, 49.7) 51.7 (45.0, 56.6) 61.3 (55.8, 66.1) 84.7 (77.9, 95.3) 9.106 0.43
72 h 62.9 (31.4, 72.3) 68.9 (42.1, 76.9) 76.3 (57.7, 83.2) 92.5 (85.0, 119.0) 15.36 1.27

aLethal concentration (LC10, 25, 50, 90), the concentration of the indicated compound necessary to cause 10%, 25%, 50%, or 90% mortality, respectively, in theM. incognita J2
juvenile populations after 24 h of in vitro exposure.

bEffective concentration (EC10, 25, 50, 90), the concentration of the indicated compound required to cause temporary paralysis in 10%, 25%, 50%, or 90%, respectively, of theM.
incognita J2 juvenile populations after 24 h of in vitro exposure.

c95% CI, 95% confidence interval for the LC50 or EC50.
dSE, standard error.
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(4E)-5-phenylpent-4-enoic acid (PPA) shows selective nematicidal activity against
targeted PPNs. PPA also exhibited potent, concentration-dependent nematicidal activity
against the targeted PPNs (Fig. 3A). The LC50 value of PPA for M. incognita (44 mg/mL) was
significantly lower (a 33% reduction) than that observed for T. semipenetrans (66mg/mL) at 24
h postexposure (Table 1; Table S4A). When considering extended exposure to this metabolite,
a trend was perceivable in most cases for lower concentrations of PPA that were required to kill
10%, 25%, 50%, and 90% of the two target nematode populations after 48 h and 72 h of expo-
sure (Fig. 3B and C; Fig. S2). However, these trends did not reach statistical significance against
either of the two targeted PPNs (Tables 2 and 3). A linear regression analysis and a Wilcoxon
test led to the same conclusion when considering M. incognita as the target (Fig. S2A and
Table S5), while the LC10 and the LC25 values against T. semipenetrans showed a modest linear
decrease (LC10: b =20.40, P = 0.03; and LC25: b =20.44, P = 0.04; Fig. S2B). Likewise, significant
decreases in the 48-h and 72-h LC10 values were observed when using the Wilcoxon test
(Table S6). After being exposed to PPA from 48 h to 72 h, no significant differences in the nem-
aticidal potencies of PPA were detected between the two targeted PPNs (Tables S4B and S4C).

PPA showed weak nematicidal activity against the non-target, bacteria-feeding nematode
species at 24 h of exposure at concentrations above 200 mg/mL (Fig. 3A and Table 1). Thus,
the LC50 value of PPA against C. elegans was found to be 278 mg/mL, while that for R. blumi
was significantly higher (346 mg/mL). In contrast, LC50 values could not even be established
against the selected entomopathogenic nematodes, because mortality did not reach 50%
even at the highest PPA concentrations tested (400mg/mL; Table 1). Thus, the 24-h LC50 values
of PPA against the targeted PPNs were significantly lower than those observed against the
non-target nematodes (Table S4A), with this compound displaying a selectivity index of$ 6 to
8. Also, the 48-h and 72-h LC50 values of PPA against the targeted PPNs were significantly
lower than the 24-h LC50 against the selected non-targeted nematodes (Tables S4B and S4C).

Indole shows selective nematistatic activity against targeted PPNs. Indole exhibited
potent, concentration-dependent nematistatic activity against the targeted PPNs at 24
h postexposure (Fig. 4A), manifesting in temporary rigid paralysis of the nematodes. The
EC50 of indole for T. semipenetrans (37 mg/mL) was significantly lower (34% reduction) than
that observed forM. incognita (56mg/mL) after 24 h of exposure (Table 1; Table S4A).

When considering extended indole exposure (up to 72 h), a trend was observed for
increasing concentrations of indole to be necessary to sustain paralysis with increasing time.
Judged by the non-overlapping 95% confidence intervals of the LC50 values, these trends
were not statistically significant forM. incognita (Table 2), while for T. semipenetrans, both the
EC50 and the EC90 were significantly higher (84% and 79% increase, respectively) at 72 h com-
pared with that observed at 24 h (Table 3). However, a linear regression analysis and a

TABLE 3 In vitro activity of Photorhabdus-derived secondary metabolites against J2 juveniles of Tylenchulus semipenetrans

Compound Exposure

LC10
a

LC25
a

LC50
a

LC90
a

Slope± SEd[mg/mL] (95% CIc)
t-CA 24 h 53.1 (41.2, 61.2) 62.8 (52.2, 70.0) 75.8 (67.4, 82.0) 108.0 (100.0, 121.0) 8.296 0.50

48 h 51.5 (39.7, 59.1) 60.0 (49.6, 66.6) 71.0 (63.0, 76.8) 98.0 (90.7, 110.0) 9.176 0.58
72 h 46.2 (34.5, 54.0) 54.9 (44.4, 61.8) 66.5 (58.1, 72.5) 95.8 (88.2, 108.0) 8.106 0.51

PPA 24 h 50.8 (27.0, 60.5) 57.6 (36.6, 66.0) 66.3 (50.7, 73.4) 86.4 (78.2, 109.0) 11.106 0.79
48 h 42.7 (31.2, 50.0) 50.1 (39.8, 56.6) 59.8 (51.7, 65.6) 83.7 (76.3, 96.6) 8.786 0.52
72 h 19.3 (3.06, 31.9) 28.0 (8.0, 42.7) 42.2 (20.9, 65.2) 92.4 (60.6, 312.0) 3.766 0.12

EC10
b

EC25
b

EC50
b

EC90
b

Compound Exposure [mg/mL] (95% CI
c
)

Indole 24 h 21.4 (12.8, 27.9) 27.8 (18.9, 34.2) 37.1 (28.7, 43.4) 64.2 (55.7, 77.8) 9.486 0.47
48 h 40.6 (8.18, 57.5) 51.2 (16.1, 67.0) 66.2 (33.5, 80.6) 108.0 (89.7, 173.0) 6.046 0.44
72 h 40.5 (13.1, 55.8) 51.9 (23.3, 66.0) 68.3 (43.5, 81.0) 115.0 (97.4, 175.0) 5.656 0.38

aLethal concentration (LC10, 25, 50, 90), the concentration of the indicated compound necessary to cause 10%, 25%, 50%, or 90% mortality, respectively, in the T. semipenetrans
J2 juvenile populations after 24 h of in vitro exposure.

bEffective concentration (EC10, 25, 50, 90), the concentration of the indicated compound required to cause temporary paralysis in 10%, 25%, 50%, or 90%, respectively, of the T.
semipenetrans J2 juvenile populations after 24 h of in vitro exposure.

c95% CI, 95% confidence interval for the LC50 or EC50.
dSE, standard error.
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FIG 3 Nematicidal effects of PPA. (A) Acute toxicity exerted by various concentrations of PPA against
the indicated nematodes after 24-h exposure. (B) Acute toxicity exerted by various concentrations of
PPA against M. incognita after 24-h, 48-h, or 72-h exposure. (C) Acute toxicity exerted by various
concentrations of PPA against T. semipenetrans after 24-h, 48-h, or 72-h exposure.
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FIG 4 Nematistatic effects of indole. (A) Temporary paralysis exerted by various concentrations of
indole against the indicated nematodes after 24 h exposure. (B) Temporary paralysis exerted by various
concentrations of indole against M. incognita after 24-h, 48-h, or 72-h exposure. (C) Temporary paralysis
exerted by various concentrations of indole against T. semipenetrans after 24-h, 48-h, or 72-h exposure.
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Wilcoxon test suggest that these increasing trends are in fact significant for both of the tar-
geted PPNs (Fig. S3 and Tables S5 and S6), with the exception of the EC90 againstM. incognita
(b = 0.16; P = 0.13; Fig. S3A). Indeed, the use of non-overlapping 95% confidence intervals to
determine the significance of trends is deemed potentially too conservative in some cases
(42). After 48 h and 72 h of the indole exposure, the nematistatic potency of this compound
did not vary between the targeted PPNs (Tables S4B and S4C).

The targetedM. incognita J2s were able to recover from indole-induced temporary paralysis.
When the paralyzed nematodes were rinsed with water after 24 h of indole exposure, between
93% (60mg/mL of indole) to 96% (80mg/mL of indole) ofM. incognita regained baselinemobil-
ity after 24 h of recovery (x 2 = 4.80; df = 2; P = 0.09; Table 4). Extended exposure (72 h) to the
same concentrations of indole yielded similar recovery rates (x 2 = 5.00; df = 2; P = 0.08).

Indole also induced temporary paralysis on the selected non-target, bacteria-feeding
nematodes (C. elegans and R. blumi; Fig. 4A). The 24-h EC50 of 37 mg/mL against R. blumi
was significantly lower (a 77% reduction) than that observed against C. elegans (159mg/mL)
(Table 1; Table S4A). In contrast, the selected non-target entomopathogenic nematode spe-
cies were resistant to the nematistatic effects of indole in concentrations up to 400mg/mL.

The 24-h EC50 values of indole against the targeted PPNs were significantly lower
than those observed against the non-target nematodes (Table S4A). There was also a signifi-
cant reduction in the 24-h EC50 values against the targeted PPNs when compared to those
against the entomopathogenic nematodes alone (Table S4A), but the difference did not reach
statistical significance against the bacteria-feeding nematodes (Table S4A). Indole displayed a
selectivity index of 5–8 when compared to the selected non-target nematode species (7-11 to
the entomopathogenic nematodes alone and 2–3 to the bacteria-feeding nematodes alone).
These observations indicate that the nematistatic activity of indole is highly selective when
contrasting the targeted PPNs with the selected entomopathogenic nematodes, but this selec-
tivity is much more limited with respect to the bacteriovores used in this study. Noticeably,
the 48-h and 72-h EC50 values of indole against the targeted PPNs were still significantly lower
than the 24-h EC50 against the selected non-target nematodes or against the selected entomo-
pathogenic nematodes alone (Tables S4B and S4C).

The effects of indole could also be escalated to a nematicidal outcome with much
higher concentrations of the compound. Thus, indole displayed an LC50 of 307mg/ml against
M. incognita at 24 h exposure, while the LC50 against T. semipenetrans was significantly higher
than that observed against M. incognita (388 mg/ml; Tables 5 and 6). Indole also showed
nematicidal activity against C. elegans and R. blumi at concentrations of $ 300 mg/ml (data
not shown).

Mixtures of t-CA, PPA and indole exhibit varied interactions against target PPNs.
Different combinations of the three purified P. l. sonorensis SMs had different effects on the two
targeted PPN species, ranging from antagonistic to synergistic (Tables 5 and 6). In M. incognita,
the LC50 of the t-CA1 PPA combination was 22.9mg/ml, with no statistically significant change
upon the further addition of indole (LC50 of 19.9mg/mL for t-CA1 PPA1 indole) or upon the
replacement of t-CA with indole (LC50 of 40.0mg/mL for PPA1 indole; Table 5). The potencies
of the TCA 1 PPA two-compound mixture and the t-CA 1 PPA 1 indole three-compound
combination were significantly higher than those of indole or t-CA used as individual SMs

TABLE 4 Recovery ofMeloidogyne incognita J2 exposed to indole

Treatment

Recovery after 24 h in water [%]

24-h exposure to treatment 72-h exposure to treatment
Control (DMSO) 98.0 98.5
60mg/mL indole 95.9 95.5
80mg/mL indole 94.9 92.8

x 2 4.80 5.00
dfa 2 2
P-value 0.09 0.08
adf, degree of freedom.
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(Table 5; orthogonal contrast comparisons shown in Table S7). These two sets of compound
mixtures also indicated synergistic effects againstM. incognita, with an additive index (AI) of 0.17
(t-CA1 PPA) and 0.24 (t-CA1 PPA1 indole) as calculated with the equation used for mixture
toxicity evaluations (43). The PPA 1 indole mixture showed an additive effect (AI,– 0.03), while
the t-CA1 indole combination was antagonistic (AI,20.31; Table 5) againstM. incognita.

In T. semipenetrans, the LC50 of the t-CA 1 PPA 1 indole three-part combination
(27.3 mg/mL) and that of the t-CA 1 PPA two-part combination (40.6 mg/mL) were signifi-
cantly lower than those observed for each of the constituent metabolites (Table 6). The three-
compound mixture was also significantly more potent than the t-CA 1 indole or the PPA 1

indole two-part combinations (Table 6; Table S8). Based on the equation used for the mixture
toxicity evaluation (43), this three-component SM mixture had a synergistic effect against T.
semipenetrans, with an AI of 0.19. The t-CA1 PPA and the PPA1 indole two-component mix-
tures exhibited weakly antagonistic effects (AI,20.15), while the combination of t-CA1 indole
was strongly antagonistic (AI,20.45; Table 6).

t-CA, PPA, and indole display no in vitro toxicity against human cells. None of the
three isolated SMs from P. l. sonorensis Caborca displayed in vitro cytotoxicity against non-neo-
plastic human cells (HFF, foreskin cells), and against three human cancer cell lines (NCI-H460,
non-small cell lung cancer; SF-268, central nervous system glioma; and MCF-7, breast cancer),

TABLE 5 Interaction effects among Photorhabdus-derived secondary metabolites inMeloidogyne incognita

Compound or mixture
LC50

a

[mg/mL]
95%clb

[mg/mL] Slope (± SEc) Additive indexd (CIb) Combination effect
Individual compounds
t-CA 67.3 (56.5, 77.2) 6.48 (6 0.29) NAf

PPA 44.4 (38.8, 48.6) 7.19 (6 0.43) NA
Indole 307.0 (277.0, 338.0) 23.0 (6 0.69) NA

Compound mixtures
t-CA1 indole 72.1e 63.0, 79.7e 5.31 (6 0.12) –0.31 (–0.34 to20.27) Antagonistic interaction
t-CA1 PPA 22.9e 16.7, 28.7e 3.18 (6 0.12) 0.17 (0.04 to 0.38) Synergistic interaction
PPA1 indole 40.0e 22.8, 45.6e 8.97 (6 0.87) –0.03 (–0.07 to 0.49) Additive interaction
t-CA1 PPA1 indole 19.9e 14.2, 26.5e 6.45 (6 0.31) 0.24 (0.03 to 0.49) Synergistic interaction
aLethal concentration, the concentration causing 50%mortality in the nematode population after 24 h of in vitro exposure.
b95% confidence interval for the LC50.
cSE, standard error.
dAdditive index values with confidence intervals in the negative range indicate antagonistic interactions; those in the positive range show synergetic interactions; and those
with confidence intervals overlapping 0 signify additive interactions among the compounds in the mixtures.

eEqual concentrations (w/v) of two or three SMs were used in a 1:1 or 1:1:1 mixture. For example, a t-CA1 PPA mixture of 72.1mg/mL indicates a solution that contained
72.1mg/mL t-CA and 72.1mg/mL PPA.
fNA, not applicable.

TABLE 6 Interaction effects among Photorhabdus-derived secondary metabolites in Tylenchulus semipenetrans

Compound or mixture
LC50

a

[mg/mL]
95%clb

[mg/mL] Slope (± SEc) Additive indexd (CIb) Combination effect
Individual compounds
t-CA 75.8 (67.4, 82.0) 8.29 (6 0.50) NAf

PPA 66.3 (50.8, 73.4) 11.1 (6 0.79) NA
Indole 388.0 (378.0, 399.0) 20.0 (6 1.96) NA

Compound mixtures
t-CA1 indole 91.7e (60.3, 103.0)e 9.17 (6 0.70) –0.45 (–0.51 to20.05) Antagonistic interaction
t-CA1 PPA 40.6e (38.3, 42.6)e 14.3 (6 1.09) –0.15 (–0.32 to20.10) Antagonistic interaction
PPA1 indole 66.9e (60.3, 71.7)e 8.94 (6 0.50) –0.18 (–0.35 to20.16) Antagonistic interaction
t-CA1 PPA1 indole 27.3e (12.4, 34.9)e 5.66 (6 0.43) 0.19 (0.01 to 1.17) Synergistic interaction

aLethal concentration, the concentration causing 50%mortality in the nematode population after 24 h of in vitro exposure.
b95% confidence interval for the LC50.
cSE, standard error.
dAdditive index values with confidence intervals in the negative range indicate antagonistic interactions; those in the positive range show synergetic interactions; and those
with confidence intervals overlapping 0 signify additive interactions among the compounds in the mixtures.

eEqual concentrations (w/v) of two or three SMs were used in a 1:1 or 1:1:1 mixture. For example, a t-CA1 indole mixture of 91.7mg/mL indicates a solution that contained
91.7mg/mL t-CA and 91.7mg/mL indole.
fNA, not applicable.
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even at the highest concentrations tested (200 mM = 30 mg/mL of t-CA, 35 mg/mL of PPA,
23mg/mL of indole; data not shown).

DISCUSSION

In this study, three secondary metabolites (SMs) with nematicidal activities were isolated
from in vitro cultures of P. luminescens sonorensis strain Caborca, a bacterial symbiont of the
Arizona-native entomopathogenic nematode Heterorhabditis sonorensis Caborca. The identities
of the isolated metabolites as trans-cinnamic acid (t-CA), (4E)-5-phenylpent-4-enoic acid (PPA),
and indole, respectively, were confirmed by 1H-NMR and 13C-NMR spectroscopy (Tables S1 to
S3) and comparison to authentic synthetic standards. While these SMs have previously been
detected in cultures of other P. luminescens strains (31, 33–35, 41), detailed investigations of
the concentration-dependent nematicidal and/or nematistatic activities of these compounds
and their mixtures against plant parasitic nematodes (PPNs) have not been reported.

We found that both t-CA and PPA display potent nematicidal activities against the
J2 of two economically important PPN species, M. incognita and T. semipenetrans, with
the 24-h LC50 values in the 44 to 76 mg/mL range (Tables 1 to 3) and with the 48-h and
72-h LC50 values in the 39–66 mg/mL range (Tables 1 to 3). The LC50 values against the
selected PPNs were significantly lower than those observed against the selected non-target
nematode species (Tables 1 to 3; Tables S4A to S4C). While the nematicidal potency of t-CA
did not differ significantly between the two targeted PPNs across observation times, PPA
was 33% more potent against M. incognita than against T. semipenetrans at 24 h of in vitro
exposure. However, when the incubation period was prolonged from 24 h to 48 or 72 h, the
differences in the nematicidal potency of PPA against the target nematodes were no longer
significant. Our investigation of the time dependence of the nematicidal effects of t-CA and
PPA show that most mortality occurs within the first 24 h of exposure of T. semipenetrans
and M. incognita (Tables 2 and 3; Fig. S1 and S2; Tables S5 and S6). This may indicate that
both SMs are concentration-dependent nematicides that cause sudden-onset acute toxicity,
although the mechanism of action of these SMs needs to be determined in further studies.
Importantly, neither t-CA nor PPA had any effect, at concentrations corresponding to their
LC50 values in M. incognita or T. semipenetrans, against a panel of non-target nematodes
including the bacteria-feeding species C. elegans and R. blumi, and the entomopathogenic
nematodes H. bacteriophora, H. sonorensis, and S. carpocapsae (Fig. 2A and 3A). t-CA and
PPA elicited mortality only at high concentrations against these non-target nematodes (LC50

values in the range of 278–421 mg/mL; Table 1). For PPA, LC50 values could not be estab-
lished for the entomopathogenic nematode species even at concentrations close to the
water solubility limit of the compound (400 mg/mL). Moreover, neither t-CA nor PPA dis-
played in vitro cytotoxicity against human cells.

Isolation and structure elucidation of PPA as a constituent of the fermentation extracts of
a Korean-native Photorhabdus luminescence [sic] strain was reported earlier (41). However, to
the best of our knowledge no previous studies have investigated the activity of PPA against
economically important PPNs. In contrast, t-CA has been shown to display nematistatic activ-
ity against the J2s of M. incognita and the potato cyst nematode Globodera pallida (44). Our
results extend and refine these previous observations on t-CA and PPA by focusing on nem-
atode mortality as the endpoint, and also reveal their selective nematicidal activity against
both M. incognita and T. semipenetrans compared with a panel of non-target nematodes.
Taken together, the potent and selective nematicidal activity of t-CA and PPA raises the pos-
sibility that these SMs may be suitable lead compounds to develop selective nematicides
against these PPNs that cause multibillion dollar crop losses annually (3–5), and threaten
food security worldwide (6, 7).

With respect to indole, previous studies have noted nematicidal effects at high concen-
trations, and paralysis at lower concentrations against tested PPNs (34, 45). In addition, Hu
et al. (34) reported that the selected PPNs, Bursaphelenchus xylophilus and M. incognita,
were more susceptible to indole than the non-target entomopathogenic nematodes such
as Heterorhabditis spp. Here, we show that indole provokes nematistatic effects on the tar-
geted PPNs T. semipenetrans and M. incognita, with EC50 of 37 or 56 mg/mL, respectively
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(Table 1). While R. blumi was similarly sensitive (EC50 of 37 mg/mL) to the nematistatic
effects of indole, C. elegans, the other non-target bacteria-feeding nematode in our panel
was much more resistant (EC50 of 159 mg/mL; Table 1; Table S4). With concentration
escalation, nematicidal effects could eventually be elicited against the targeted PPNs and
the selected bacterivores, but only at very high concentrations (LC50 of $ 300 mg/mL).
Notably, indole displayed no significant nematistatic or nematicidal activities against any
of the tested entomopathogenic nematodes even at concentrations near its limit of
water solubility (Table 1), nor did it exert in vitro toxicity against human cells.

The onset of paralysis upon indole exposure was rapid, and this nematistatic effect
was persistent against the studied PPNs up to 72 h, with only a very modest reduction
in potency observed upon prolonged incubation with the compound (Tables 2 and 3;
Fig. S3; Tables S5 and S6), attributable to degradation (45). Even at extended expo-
sures, significantly lower EC50 values were found against the targeted nematodes, com-
pared to the 24-h EC50 against the selected non-targeted nematodes. The increase of
the EC50 values against the targeted PPNs upon increased exposure periods, indicates
that indole is predominantly a concentration-dependent nematistatic agent, where pa-
ralysis can only be sustained with increased indole concentrations. The temporary na-
ture of the paralysis caused by indole was also noted for B. xylophilus and M. incognita
(34). Correspondingly, our experiments showed that M. incognita recovered from
indole-induced temporary paralysis when the metabolite was removed, with over 90%
of M. incognita regaining baseline mobility during a recovery period of 24 h, regardless
of the length of prior exposure (24 h to 72 h) to the metabolite (Table 4).

The three nematicidal and/or nematistatic SMs investigated in this study are all readily
produced by P. l. sonorensis Caborca under identical in vitro culture conditions. This raised
the intriguing possibility that these SMs may also display synergistic interactions against
the targeted species when they are used in combination. Here, we report the effects of
two- or three-component mixtures of pure SMs on the targeted, economically important
PPNs. Our findings reveal complex interactions that lead to different treatment outcomes
based on the nematode species and/or the specific combinations of the metabolites used.
Most importantly from a crop protection perspective, the three-component mixture (t-CA1

PPA 1 indole) displayed a synergistic effect on both PPN species tested (Tables 5 and 6).
However, most two-part compound combinations showed additive or weakly antagonistic
effects except the t-CA1PPA mixture against M. incognita, with the t-CA 1 indole combina-
tion showing the highest rate of antagonism against the two PPNs tested (Tables 5 and 6).
These results indicate that there is an idiosyncratic interplay between the nematodes under
study and the complex biochemistry of the tested SMs. Future studies should focus on the
mechanisms of action of these Photorhabdus metabolites and their interactions on multiple
nematode species. These interactions also raise interesting questions on the chemical ecol-
ogy of P. l. sonorensis SMs in multitrophic interactions during the symbiotic life cycle of the
bacterium. Additional investigations should also address the in vivo performance, stability,
and toxicity of these SMs in greenhouse, and eventually, field studies.

Conclusions. Developing more effective, safe, and ecologically sustainable chemical
control agents against nematode pests is a priority area for crop protection science. PPA,
t-CA and indole show potent, concentration-dependent nematicidal, and/or nematistatic
activities against two highly destructive PPNs; display promising selectivity in relation to
model non-target species such as selected bacteria-feeding and entomopathogenic nemato-
des; and elicit negligible in vitro toxicity against human cells. Together with their accessibility
via chemical synthesis, these properties warrant further investigations into these Photorhabdus
SMs, formulated separately or as their synergistic mixtures, as lead compounds for nematicide
development.

MATERIALS ANDMETHODS
Bacterial strains and cultivation conditions. Photorhabdus luminescens sonorensis strain Caborca

(46) was cultured on nutrient agar plates supplemented with 0.025% (wt/vol) bromothymol blue and
0.004% (wt/vol) 2,3,5-triphenyl tetrazolium chloride at 28°C in the dark (47, 48). A single blue-green, 40 h
to 44 h old bacterial colony was inoculated into 15 mL Luria-Bertani (LB) medium in a 50-mL flask and
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cultivated with shaking at 200 rpm overnight at 28°C in the dark. One-milliliter aliquots of the resulting
preculture were transferred into fresh LB media (100 mL LB in 500-mL Erlenmeyer flasks), and the cul-
tures were incubated with shaking at 200 rpm for 96 h at 28°C in the dark.

SM isolation and structure elucidation. P. l. sonorensis cultures (10 L total volume) were acidified
with 6 M HCl to pH 4.0 and extracted twice with equal volumes of ethyl acetate with shaking at 200 rpm
for 30 min each at 28°C in the dark. The mixtures were centrifuged for 10 min at 5,000 rpm at 4°C, the or-
ganic phases were collected and combined, dried with 1% (vol/vol) anhydrous sodium sulfate, filtered
through filter papers, and concentrated in a rotary evaporator at 37 to 40°C. The resulting thick oily, dark
brown residues (crude extracts) were transferred to glass vials with lids and stored at 4°C in the dark.

For testing the nematicidal activity, the crude extracts were dissolved in dimethyl sulfoxide (DMSO)
and diluted with distilled water to concentrations of 2,000 or 1,000mg/mL (DMSO# 1%; vol/vol). Nematicidal
bioassays were implemented at each stage of the bioassay-guided isolation process and considered the J2 of
the root-knot nematode, M. incognita, as the indicator organism. Crude extracts with demonstrated nematici-
dal activity were fractionated using open silica gel column chromatography (22 mm � 450 mm) with a step-
wise gradient of a mixture of chloroform and methanol, starting at CHCl3:MeOH = 100:0, then 99:1, 98:2, 97:3,
95:5, 93:7, 90:10, 80:20, and 0:100, yielding 19 fractions (49). Each resulting fraction was evaluated for its nemati-
cidal activity and monitored by thin-layer chromatography (TLC) and high-performance liquid chromatography
(HPLC) following the procedure as described previously (23, 39).

Six fractions that showed nematicidal activity were further purified by preparative HPLC (Delta Prep
4000 system with a PDA 996 detector, Waters Corporation; equipped with a Kromasil 100 C18 reversed-
phase column, 250 mm � 10 mm � 5 mm, Sigma-Aldrich). This led to the isolation of three metabolites
with nematicidal activities (t-CA and PPA were present in more than one silica gel fractions). The isolated
metabolites were identified as trans-cinnamic acid (t-CA; Fig. 1 and Table S1), (4E)-5-phenylpent-4-enoic
acid (PPA; Fig. 1 and Table S2), and indole (Fig. 1 and Table S3). The chemical structures and purities of
the isolated metabolites were determined by nuclear magnetic resonance (NMR) spectroscopy (one
dimensional 1H-NMR and 13C-NMR spectra), and liquid chromatography-mass spectrometry (LC-MS) to
determine the molecular weight and the ion fragmentation patterns. Structure assignments were further
confirmed by comparing the isolated SMs with chemically synthesized authentic standards from com-
mercial sources (“synthetic SMs”: t-CA and indole from Alfa Aesar, and PPA from Enamine). In addition,
the nematicidal activities of the isolated SMs and the commercially available synthetic SMs were also
compared and validated to be equipotent in causing mortality.

Nematode rearing. Only soil inhabiting (free-living or infective) stages of target and non-target
nematode species were considered in the present study. All nematode cultures (except T. semipenetrans)
were maintained in the Stock laboratory (University of Arizona). M. incognita was reared in planta using
susceptible tomato plants (cv. Roma VF; seedlings with five or six true leaves; courtesy of Dr. J. Brown,
University of Arizona). Eggs of M. incognita were extracted from infected tomato plant roots, and J2
were collected after hatching, following the procedures of Atamian et al. (50). T. semipenetrans was iso-
lated from infested lemon orchards at the Yuma Agricultural Center, University of Arizona (Yuma, AZ,
USA). Eggs of T. semipenetrans were extracted from infected lemon tree roots using the procedures of
El-Borai et al. (51), and J2 were collected using the same procedure as that described for M. incognita.

The non-target species, C. elegans wild-type strain N2 Bristol (courtesy of Dr. G.L. Sutphin, University
of Arizona) and Rhabditis blumi DF5010 (Caenorhabditis Genetics Center, University of MN, USA) were main-
tained in vitro in nematode growth medium (NGM) agar plates seeded with Escherichia coli (Migula) Castellani
and Chalmers, strain OP-50, as described previously (52). Mixed juveniles and hermaphrodites (5 to 6 days old)
were collected from the culture plates prior to the bioassays. Infective third-stage juveniles (IJs) of three non-
target entomopathogenic nematode species (H. sonorensis Caborca strain, H. bacteriophora TT01 strain, and
Steinernema carpocapsae All strain) were also maintained by rearing them in vivo using wax moth larvae
(Galleria mellonella) as the host, according to procedures described previously (53), and collected for bioassays
within 2 to 4 days of their emergence from nematode-infected cadavers. Nematode population density (num-
ber of nematodes per ml) was standardized prior to setting up well-plate bioassays, by adjusting each nema-
tode suspension to a concentration of 100 nematodes in 20mL of distilled water.

Nematicidal assays. Twelve-well tissue culture plates were used as the experimental arena. For each
of the tested nematode species, an inoculum of 100 nematodes, suspended in 20mL distilled water, was added
to each well. For t-CA (Alfa Aesar), 14 incremental concentrations were considered, ranging from 10 to 500 mg/
mL in distilled water, with a final volume of 1 mL/well (DMSO# 1%; vol/vol). For PPA (Enamine) and indole (Alfa
Aesar), 13 incremental concentrations were tested ranging from 10 to 400 mg/mL in 1 mL of distilled water
(DMSO# 1%; vol/vol). Due to the relative insolubility of PPA and indole in water, higher concentrations 400mg/
mL than could not be considered. Distilled water with 1% DMSO was used as the negative control. To measure
the combined nematicidal effects of the three SMs, equal concentrations of two or three SMs were mixed in 1:1
or 1:1:1 mixture. For example, a 20mg/mL solution of a two-SM mixture contained 20mg from metabolite A and
20mg metabolite B, dissolved in 1 mL distilled water. Individual or combined SMs from 10mg/mL to 200mg/mL
(in 20mg/ml increments) were prepared in distilled water (DMSO# 1%; vol/vol) and used for the bioassays.

The well plates were covered with their lids and incubated at 25°C in the dark. For the targeted nematode
species, nematicidal activity was recorded at 24 h, 48 h, and 72 h after initial exposure to the individual SMs.
For the non-target species, data were only recorded at 24 h after initial exposure to the individual SMs. For
SM mixtures, mortality was recorded 24 h after initial exposure of the targeted nematode species. Nematodes
were probed with a needle to assess if they were alive, dead, or paralyzed. Typically, dead nematodes were
straight and had a clear appearance due to cell necrosis, while paralyzed nematodes had a shrunken, wavy,
curved, or rounded appearance. Those nematodes that resumed activity upon probing were considered to
suffer from temporary paralysis (impaired motility). Paralyzed nematodes were rinsed at least three times in
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distilled water and held for an additional 24 h to check for their recovery from temporarily paralysis. To ascertain
the LC50 of indole, dilutions from 260mg/mL to 400 mg/mL (in 20 mg/mL increments) were used (DMSO# 1%;
vol/vol). Experiments were repeated at least three times per treatment for each concentration tested.

Cytotoxicity assays. The non-cancerous HFF cells (human foreskin cells) and three human cancer
cell lines, NCI-H460 (non-small cell lung cancer), SF-268 (central nervous system glioma), and MCF-7
(breast cancer) were used to evaluate the in vitro cytotoxicity of the isolated Photorhabdus SMs. The MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric method (54) was used with
doxorubicin as the positive control, and DMSO as the negative control. Photorhabdus SMs were tested at
50, 100, and 200mM concentrations, and the assays were repeated three times.

Data analysis. For the toxicity data visualization, the relationship between percent mortality or tem-
porary paralysis and metabolite concentration were described by a sigmoidal curve, which was fitted by
the logistical function using the statistical software package SigmaPlot for Windows, version 14.0 (Systat
Software Inc.). The inflection point of the sigmoidal curve corresponds to the concentration that kills or
immobilizes 50% of the test population (lethal concentration, LC50; or effective concentration of tempo-
rary paralysis, EC50). Concentration-response data of single metabolites or SM mixtures were pooled for
each concentration and subjected to probit regression analysis using the Polo Plus program (LeOra
Software). The LC or EC values, along with the corresponding 95% confidence intervals, were estimated
for each single SM or SM mixture at each exposure time, depending on the experimental setting.

The selectivity index of a given SM was calculated by dividing the averages of the LC50 or EC50 values
obtained against each of the selected non-target nematodes by the LC50 or the EC50 values observed for
each of the targeted PPN tested.

For the analysis of SM combination effects, the statistical method described by DeLorenzo and
Serrano (43) was considered:

S ¼ Am=Aið Þ1 Bm=Bið Þ

Where: S = sum of biological activity; Am = LC50 for compound A in the mixture; Ai = LC50 for compound A
measured alone (individual effect); Bm = LC50 for compound B in the mixture; Bi = LC50 for the individual effect
of compound B. S values were used to calculate an additive index (AI). If S # 1.0, then AI = (1/S) 2 1.0. If
S$ 1.0, then AI = S(–l)1 1.0. An AI value with confidence intervals in the negative range indicates antagonistic
toxicity; an AI value with confidence intervals greater than zero indicates synergistic toxicity; and an AI value
with confidence intervals overlapping zero indicates additive toxicity.

Statistically significant differences in LC or EC values among SMs at a given exposure time, within or
among nematode species, were first interpreted based on non-overlapping 95% confidence intervals. In
addition, averages of LC or EC values of each replicate from each single SM and mixtures were used to
perform unpaired two-samples Wilcoxon tests via the NPAR1WAY procedure of SAS to compare and
assess selective effects of each SM between the target and non-target nematodes species, within the tar-
get nematodes, or within the non-target nematode species. For the nematicidal or nematistatic time course
studies with single SMs, data from the 24 h, 48 h, and 72 h exposures were used for a linear regression analysis
with the REG procedure and unpaired two-samples Wilcoxon tests with the NPR1WAY procedure in SAS. To
further evaluate the interaction effects among the seven different SM applications (single compounds and
two-part or three-part compound mixtures), the LC50 values were compared using one-way ANOVA with the
GLM procedure of SAS, followed by an orthogonal contrasts test. All analyses were performed using SAS for
Windows version 9.4 (SAS Institute Inc.).

Data availability. The data sets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

ACKNOWLEDGMENTS
We thank Patricia Espinosa-Artiles and Manping Liu (Southwest Center for Natural Products

Research, The University of Arizona) for their technical assistance in bacterial fermentation and
cytotoxicity assessment of Photorhabdus SMs; and Luis Ruiz (Animal and Comparative
Biomedical Sciences, The University of Arizona) for his technical assistance in egg extraction
for PPN bioassays.

I.M. and S.P.S. conceived the project; A.K., I.M., and S.P.S. designed the experiments;
A.K. conducted the experiments; C.W. and Y.X. contributed to technical assistance in the
isolation and structure elucidation of the metabolites; A.K. analyzed the data, and wrote
the manuscript; I.M. and S.P.S. contributed to manuscript editing. All authors read and
approved the manuscript.

I.M. has disclosed financial interests in Teva Pharmaceutical Works Ltd., Hungary and
the University of Debrecen, Hungary that are unrelated to the subject of the research
presented here. All other authors declare no competing interests.

Results from this research and its applications are under provisional patent agreement
(UA19-266 PPA).

This article does not contain any studies with human participants or vertebrate
animals performed by any of the authors.

Activity of Photorhabdus Secondary Metabolites

Volume 10 Issue 1 e02577-21 MicrobiolSpectrum.asm.org 15

https://www.MicrobiolSpectrum.asm.org


This study was supported by grants from the Graduate and Professional Student
Council of The University of Arizona (to A.K.); the Center for Insect Science Research of
The University of Arizona (to I.M. and S.P.S.); the USDA National Institute of Food and
Agriculture Hatch project (1020652 to I.M.), and the Higher Education Institutional Excellence
Program of theMinistry of Human Capacities in Hungary (NKFIH-1150-6/2019 to I.M.).

REFERENCES
1. Madden L, Wheelis M. 2003. The threat of plant pathogens as weapons

against U.S. crops. Annu Rev Phytopathol 41:155–176. https://doi.org/10
.1146/annurev.phyto.41.121902.102839.

2. Fletcher J, Bender C, Budowle B, Cobb WT, Gold SE, Ishimaru CA, Luster D,
Melcher U, Murch R, Scherm H, Seem RC, Sherwood JL, Sobral BW, Tolin
SA. 2006. Plant pathogen forensics: capabilities, needs, and recommenda-
tions. Microbiol Mol Biol Rev 70:450–471. https://doi.org/10.1128/MMBR
.00022-05.

3. Singh S, Singh B, Singh AP. 2015. Nematodes: a threat to sustainability of
agriculture. Procedia Environ Sci 29:215–216. https://doi.org/10.1016/j
.proenv.2015.07.270.

4. Chitwood DJ. 2003. Research on plant-parasitic nematode biology con-
ducted by the United States Department of Agriculture-Agricultural Research
Service. Pest Manag Sci 59:748–753. https://doi.org/10.1002/ps.684.

5. Elling AA. 2013. Major emerging problems with minor Meloidogyne spe-
cies. Phytopathology 103:1092–1102. https://doi.org/10.1094/PHYTO-01
-13-0019-RVW.

6. Bernard GC, Egnin M, Bonsi C. 2017. The impact of plant-parasitic nemato-
des on agriculture and methods of control, p 121–151. In Shah M.,
Mahamood M (ed), Nematology-concepts, diagnosis and control. InTech,
Rijeka, Croatia.

7. Topalovi�c O, Elhady A, Hallmann J, Richert-Pöggeler KR, Heuer H. 2019.
Bacteria isolated from the cuticle of plant-parasitic nematodes attached
to and antagonized the root-knot nematode Meloidogyne hapla. Sci Rep
9:1–13. https://doi.org/10.1038/s41598-019-47942-7.

8. Sasser JN. 1980. Root-knot nematodes: a global menace to crop produc-
tion. Plant Dis 64:36–41. https://doi.org/10.1094/PD-64-36.

9. Sasser J, Carter CC. 1985. An advanced treatise onMeloidogyne, volume I: biol-
ogy and control. North Carolina State University Graphics, Raleigh, NC.

10. Lamberti F, Taylor CE. 1979. Root-knot nematodes (Meloidogyne species):
systematics, biology and control. Academic Press, New York, USA.

11. Verdejo-Lucas S, Kaplan D. 2002. The citrus nematode: Tylenchulus semi-
penetrans, p 207–219. In Starr JL, Cook R, Bridge J (ed), Plant resistance to
parasitic nematodes. CABI, Wallingford, UK.

12. Duncan LW, Cohn E. 1990. Nematode parasites of citrus, p 321–346. In
Luc M, Sikora RA, Bridge J (ed), Plant-parasitic nematodes in subtropical
and tropical agriculture. CABI, Wallingford, UK.

13. Engelbrecht G, Horak I, Jansen van Rensburg PJ, Claassens S. 2018. Bacil-
lus-based bionematicides: development, modes of action and commerci-
alisation. Biocontrol Sci Technol 28:629–653. https://doi.org/10.1080/09583157
.2018.1469000.

14. Duncan LW. 2009. Managing nematodes in citrus orchards, p 135–174. In
Ciancio A, Mukerji K (ed), Integrated management of fruit crops nemato-
des. Springer science1business media B.V.

15. Duncan LW. 2005. Chapter 11: Nematode parasites of citrus., p 437–466.
In Luc M, Sikora RA, Bridge J (ed), Plant parasitic nematodes in subtropical
and tropical agriculture., 2nd ed CAB international, Oxford, UK.

16. Duncan LW. 1999. Chapter 13: Nematode diseases of citrus, p 136–148. In
Timmer LW, Duncan LW (ed), Citrus health management. APS Press, St.
Paul, Minnesota, USA.

17. Thomas SH, Nischwitz C. 2018. Plant parasitic nematodes of New Mexico
and Arizona, p 113–130. In Subbotin SA, Chitambar JJ (ed), Plant parasitic
nematodes in sustainable agriculture of north America. Springer, Cham,
Switzerland.

18. Verdejo-Lucas S, Mckenry V. 2004. Management of the citrus nematode,
Tylenchulus semipenetrans. J Nematol 36:424–432.

19. Jayaraj R, Megha P, Sreedev P. 2016. Organochlorine pesticides, their
toxic effects on living organisms and their fate in the environment. Inter-
discip Toxicol 9:90–100. https://doi.org/10.1515/intox-2016-0012.

20. Mangas I, Vilanova E, Estévez J, França TCC, Mangas I, Vilanova E, Estévez
J, França TCC. 2016. Neurotoxic effects associated with current uses of
organophosphorus compounds. J Braz Chem Soc 27:809–825.

21. Desaeger JA, Watson TT. 2019. Evaluation of new chemical and biological
nematicides for managing Meloidogyne javanica in tomato production
and associated double-crops in Florida. Pest Manag Sci 75:3363–3370.
https://doi.org/10.1002/ps.5481.

22. Bode HB. 2009. Entomopathogenic bacteria as a source of secondary
metabolites. Curr Opin Chem Biol 13:224–230. https://doi.org/10.1016/j.cbpa
.2009.02.037.

23. Orozco RA, Molnár I, Bode H, Stock SP. 2016. Bioprospecting for second-
ary metabolites in the entomopathogenic bacterium Photorhabdus lumi-
nescens subsp. sonorensis. J Invertebr Pathol 141:45–52. https://doi.org/
10.1016/j.jip.2016.09.008.

24. Shi YM, Bode HB. 2018. Chemical language and warfare of bacterial natu-
ral products in bacteria-nematode-insect interactions. Nat Prod Rep 35:
309–335. https://doi.org/10.1039/c7np00054e.

25. Tobias NJ, Mishra B, Gupta DK, Sharma R, Thines M, Stinear TP, Bode HB.
2016. Genome comparisons provide insights into the role of secondary
metabolites in the pathogenic phase of the Photorhabdus life cycle. BMC
Genomics 17:11. https://doi.org/10.1186/s12864-016-2862-4.

26. Engel Y, Windhorst C, Lu X, Goodrich-Blair H, Bode HB. 2017. The global
regulators Lrp, LeuO, and HexA control secondary metabolism in ento-
mopathogenic bacteria. Front Microbiol 8:1–13.

27. Stock SP. 2015. Diversity, biology and evolutionary relationships, p 3–27.
In Compos-Herrera R (ed), Nematode pathogenesis of insects and other
pests: ecology and applied technologies for sustainable plant and crop
protection. Springer, Cham, Switzerland.

28. Lewis E, Hazir S, Hodson A, Gulcu B. 2015. Chapter 5: Trophic relationships of
entomopathogenic nematodes in agricultural habitats, p 139–163. In Campos-
herrera R (ed), Nematode pathogenesis of insects and other pests: sustainability
in plant and crop protection. Springer, Cham, Switzerland.

29. Sundar L, Chang FN. 1992. The role of guanosine-3’,5’-bis-pyrophosphate
in mediating antimicrobial activity of the antibiotic 3,5-dihydroxy-4-ethyl-
trans-stilbene. Antimicrob Agents Chemother 36:2645–2651. https://doi
.org/10.1128/AAC.36.12.2645.

30. Li JX, Chen GH, Wu HM, Webster JM. 1995. Identification of two pigments
and a hydroxystilbene antibiotic from Photorhabdus luminescens. Appl
Environ Microbiol 61:4329–4333. https://doi.org/10.1128/aem.61.12.4329
-4333.1995.

31. Bock CH, Shapiro-Ilan DI, Wedge DE, Cantrell CL. 2014. Identification of
the antifungal compound, trans-cinnamic acid, produced by Photorhab-
dus luminescens, a potential biopesticide against pecan scab. J Pest Sci
87:155–162. https://doi.org/10.1007/s10340-013-0519-5.

32. Ullah I, Khan AL, Ali L, Khan AR, Waqas M, Hussain J, Lee IJ, Shin JH. 2015.
Benzaldehyde as an insecticidal, antimicrobial, and antioxidant com-
pound produced by Photorhabdus temperata M1021. J Microbiol 53:
127–133. https://doi.org/10.1007/s12275-015-4632-4.

33. Hu K, Li J, Webster JM. 1996. 3,5-Dihydroxy-4-isopropylstilbene: a selec-
tive nematicidal compound from the culture filtrate of Photorhabdus
luminescens. Can J Plant Pathol 18:104–105.

34. Hu K, Li J, Webster JM. 1999. Nematicidal metabolites produced by Photorhab-
dus luminescens (Entrobacteriaceae), bacterial symbiont of entomopathogenic
nematodes. Nematol 1:457–469. https://doi.org/10.1163/156854199508469.

35. Hu K. 1999. Nematicidal properties of Xenorhabdus spp. and Photorhabdus
spp., bacterial symbionts of entomopathogenic nematodes. Doctoral disserta-
tion. Simon Franser University, British Columbia, Canada.

36. Webster JM, Chen G, Li J. 1998. Parasitic worms: an ally in the war against
the superbugs. Parasitol Today 14:161–163. https://doi.org/10.1016/s0169
-4758(97)01220-9.

37. Isaacson PJ, Webster JM. 2002. Antimicrobial activity of Xenorhabdus sp.
RIO (Enterobacteriaceae), symbiont of the entomopathogenic nematode,
Steinernema riobrave (Rhabditida: Steinernematidae). J Invertebr Pathol
79:146–153. https://doi.org/10.1016/s0022-2011(02)00019-8.

38. Böszörményi E, �Ersek T, Fodor A, Fodor AM, Földes LS, Hevesi M, Hogan JS,
Katona Z, Klein MG, Kormány A, Pekár S, Szentirmai A, Sztaricskai F, Taylor RAJ.

Kusakabe et al.

Volume 10 Issue 1 e02577-21 MicrobiolSpectrum.asm.org 16

https://doi.org/10.1146/annurev.phyto.41.121902.102839
https://doi.org/10.1146/annurev.phyto.41.121902.102839
https://doi.org/10.1128/MMBR.00022-05
https://doi.org/10.1128/MMBR.00022-05
https://doi.org/10.1016/j.proenv.2015.07.270
https://doi.org/10.1016/j.proenv.2015.07.270
https://doi.org/10.1002/ps.684
https://doi.org/10.1094/PHYTO-01-13-0019-RVW
https://doi.org/10.1094/PHYTO-01-13-0019-RVW
https://doi.org/10.1038/s41598-019-47942-7
https://doi.org/10.1094/PD-64-36
https://doi.org/10.1080/09583157.2018.1469000
https://doi.org/10.1080/09583157.2018.1469000
https://doi.org/10.1515/intox-2016-0012
https://doi.org/10.1002/ps.5481
https://doi.org/10.1016/j.cbpa.2009.02.037
https://doi.org/10.1016/j.cbpa.2009.02.037
https://doi.org/10.1016/j.jip.2016.09.008
https://doi.org/10.1016/j.jip.2016.09.008
https://doi.org/10.1039/c7np00054e
https://doi.org/10.1186/s12864-016-2862-4
https://doi.org/10.1128/AAC.36.12.2645
https://doi.org/10.1128/AAC.36.12.2645
https://doi.org/10.1128/aem.61.12.4329-4333.1995
https://doi.org/10.1128/aem.61.12.4329-4333.1995
https://doi.org/10.1007/s10340-013-0519-5
https://doi.org/10.1007/s12275-015-4632-4
https://doi.org/10.1163/156854199508469
https://doi.org/10.1016/s0169-4758(97)01220-9
https://doi.org/10.1016/s0169-4758(97)01220-9
https://doi.org/10.1016/s0022-2011(02)00019-8
https://www.MicrobiolSpectrum.asm.org


2009. Isolation and activity of Xenorhabdus antimicrobial compounds against
the plant pathogens Erwinia amylovora and Phytophthora nicotianae. J Appl
Microbiol 107:746–759. https://doi.org/10.1111/j.1365-2672.2009.04249.x.

39. Hu K, Li J, Webster JM. 1997. Quantitative analysis of a bacteria-derived
antibiotic in nematode-infected insects using HPLC–UV and TLC–UV
methods. J Chromatogr B Biomed Appl 703:177–183. https://doi.org/10.1016/
S0378-4347(97)00398-8.

40. Hu K, Li J, Wang W, Wu H, Lin H, Webster JM. 1998. Comparison of metab-
olites produced in vitro and in vivo by Photorhabdus luminescens, a bacte-
rial symbiont of the entomopathogenic nematode Heterorhabditis megi-
dis. Can J Microbiol 44:1072–1077. https://doi.org/10.1139/w98-098.

41. Paik S, Kim GH, Park JS. 2005. A symbiotic bacterium Photorhabdus lumines-
cence as a rich source of cinnamic acid and its analogue. J Ind Eng Chem 11:
475–477.

42. Payton ME, Greenstone MH, Schenker N. 2003. Overlapping confidence
intervals or standard error intervals: What do they mean in terms of statistical
significance? J Insect Sci 3:1–6. https://doi.org/10.1673/031.003.3401.

43. Delorenzo ME, Serrano L. 2003. Individual and mixture toxicity of three
pesticides; atrazine, chlorpyrifos, and chlorothalonil to the marine phyto-
plankton species Dunaliella tertiolecta. J Environ Sci Health B 38:529–538.
https://doi.org/10.1081/PFC-120023511.

44. Fleming TR, Maule AG, Fleming CC. 2017. Chemosensory responses of
plant parasitic nematodes to selected phytochemicals reveal long-term
habituation traits. J Nematol 49:462–471.

45. Wuyts N, Swennen R, De Waele D. 2006. Effects of plant phenylpropanoid
pathway products and selected terpenoids and alkaloids on the behav-
iour of the plant-parasitic nematodes Radopholus similis, Pratylenchus
penetrans and Meloidogyne incognita. Nematol 8:89–101. https://doi.org/
10.1163/156854106776179953.

46. Orozco RA, Hill T, Stock SP. 2013. Characterization and phylogenetic relation-
ships of Photorhabdus luminescens subsp. sonorensis (g-proteobacteria: Entero-
bacteriaceae), the bacterial symbiont of the entomopathogenic nematode Het-
erorhabditis sonorensis (Nematoda: Heterorhabditidae). Curr Microbiol 66:30–39.
https://doi.org/10.1007/s00284-012-0220-6.

47. Akhurst RJ. 1982. Antibiotic activity of Xenorhabdus spp., bacteria sym-
biotically associated with insect pathogenic nematodes of the families
Heterorhabditidae and Steinernematidae. J Gen Microbiol 128:3061–3065.
https://doi.org/10.1099/00221287-128-12-3061.

48. Stock SP, Goodrich-Blair H. 2012. Nematode parasites, pathogens and associ-
ates of insects and invertebrates of economic importance, p 373–426. In Lacey
LA (ed), Manual of techniques in invertebrate pathology, 2nd ed Academic
Press, San Diego, CA, USA.

49. Chen X, Zhang T, Wang X, Hamann MT, Kang J, Yu D, Chen R. 2018. A
chemical investigation of the leaves of Morus alba L. Molecules 23:1018.
https://doi.org/10.3390/molecules23051018.

50. Atamian HS, Roberts PA, Kaloshian I. 2012. High and low throughput
screens with root-knot nematodesMeloidogyne spp. J Vis Exp 61:1–5.

51. El-Borai FE, Duncan LW, Graham JH. 2002. Eggs of Tylenchulus semipene-
trans inhibit growth of Phytophthora nicotianae and Fusarium solani in
vitro. J Nematol 34:267–272.

52. Sutphin GL, Kaeberlein M. 2009. Measuring Caenorhabditis elegans life
span on solid media. J Vis Exp 27:1–7.

53. Kaya H, Stock S. 1997. Chapter VI-Techniques in insect nematology, p
281–324. In Lacey L (ed), Manual of techniques in insect pathology. Academic
Press, San Diego, CA.

54. Stockert JC, Horobin RW, Colombo LL, Blázquez-Castro A. 2018. Tetrazolium
salts and formazan products in cell biology: viability assessment, fluorescence
imaging, and labeling perspectives. Acta Histochem 120:159–167. https://doi
.org/10.1016/j.acthis.2018.02.005.

Activity of Photorhabdus Secondary Metabolites

Volume 10 Issue 1 e02577-21 MicrobiolSpectrum.asm.org 17

https://doi.org/10.1111/j.1365-2672.2009.04249.x
https://doi.org/10.1016/S0378-4347(97)00398-8
https://doi.org/10.1016/S0378-4347(97)00398-8
https://doi.org/10.1139/w98-098
https://doi.org/10.1673/031.003.3401
https://doi.org/10.1081/PFC-120023511
https://doi.org/10.1163/156854106776179953
https://doi.org/10.1163/156854106776179953
https://doi.org/10.1007/s00284-012-0220-6
https://doi.org/10.1099/00221287-128-12-3061
https://doi.org/10.3390/molecules23051018
https://doi.org/10.1016/j.acthis.2018.02.005
https://doi.org/10.1016/j.acthis.2018.02.005
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Isolation and identification of nematicidal SMs.
	trans-cinnamic acid shows selective nematicidal activity against targeted PPNs.
	(4E)-5-phenylpent-4-enoic acid (PPA) shows selective nematicidal activity against targeted PPNs.
	Indole shows selective nematistatic activity against targeted PPNs.
	Mixtures of t-CA, PPA and indole exhibit varied interactions against target PPNs.
	t-CA, PPA, and indole display no in vitro toxicity against human cells.

	DISCUSSION
	Conclusions.

	MATERIALS AND METHODS
	Bacterial strains and cultivation conditions.
	SM isolation and structure elucidation.
	Nematode rearing.
	Nematicidal assays.
	Cytotoxicity assays.
	Data analysis.
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

