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Alcaligenes faecalis ZD02, a Novel Nematicidal Bacterium with an
Extracellular Serine Protease Virulence Factor
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State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan, Hubei, People’s Republic of China

Root knot nematodes (RKNs) are the world’s most damaging plant-parasitic nematodes (PPNs), and they can infect almost all
crops. At present, harmful chemical nematicides are applied to control RKNs. Using microbial nematicides has been proposed as
a better management strategy than chemical control. In this study, we describe a novel nematicidal bacterium named Alcaligenes
faecalis ZDO02. A. faecalis ZD02 was isolated from Caenorhabditis elegans cadavers and has nematostatic and nematicidal activ-
ity, as confirmed by C. elegans growth assay and life span assay. In addition, A. faecalis ZD02 fermentation broth showed toxic-
ity against C. elegans and Meloidogyne incognita. To identify the nematicidal virulence factor, the genome of strain ZD02 was
sequenced. By comparing all of the predicted proteins of strain ZD02 to reported nematicidal virulence factors, we determined
that an extracellular serine protease (Esp) has potential to be a nematicidal virulence factor, which was confirmed by bioassay on
C. elegans and M. incognita. Using C. elegans as the target model, we found that both A. faecalis ZD02 and the virulence factor
Esp can damage the intestines of C. elegans. The discovery that A. faecalis ZD02 has nematicidal activity provides a novel bacte-

rial resource for the control of RKNs.

lant-parasitic nematodes (PPNs) are an important agricul-

tural pest of many crops, and they cause agricultural losses
amounting to an estimated $157 billion worldwide every year (1,
2). Root knot nematodes (RKNs; Meloidogyne spp.) are the most
damaging crop PPN, and they are capable of infecting almost all
crops (2, 3). The management of RKNs is more difficult than that
of other pests because RKNs are obligate root parasites of thou-
sands of plant species, and most of the life cycle of RKNs is spent as
parasites in the host roots (2, 4). The current means of controlling
RKNs relies on chemical nematicides, which are often toxic and
harmful to humans and the environment (3). In addition, chem-
ical nematicides are generally expensive and cannot provide long-
term RKN suppression (5).

Biological control of RKNs is a better management strategy
that avoids the potential environmental problems associated with
the chemical control of RKNs. Indeed, the utilization of beneficial
bacterial nematicides has been proposed as a sustainable alterna-
tive for RKN management, and bacterial nematicides are also re-
garded as economical and ecologically friendly nematicides for the
control of RKNs (3, 6). Currently, for the bacterial control of
RKNs, many problems remain, one of which is that nematicidal
bacteria are relatively scarce. Only a few bacteria have been re-
ported to possess nematicidal activity and to show potential for
the biological control of RKNs. The typical nematicidal bacteria
are Bacillus, Pseudomonas, and Pasteuria species (4, 7). Identifying
novel nematicidal bacteria has become urgent for the bacterial
control of RKNs and is of vital practical and economic signifi-
cance.

However, until now, it has been a challenge to isolate novel
nematicidal bacteria using RKNs as the host model because RKNs
are obligate parasites of the roots and cannot be artificially cul-
tured (2, 8). The parasitic life cycle of RKNs passes through an
embryonic stage, four juvenile stages (J1 to J4), and an adult stage.

The second juvenile stage (J2) is only a short free-living stage in
the rhizosphere of host plants, and it is an easily controlled phase
in all life cycles for the management of RKNs (1). The J2 of RKNs
is similar in function to that of the dauer larva in the animal model
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Caenorhabditis elegans, which is also an important host model for
studying host-pathogen interactions and a simple target model for
identifying novel nematicidal bacteria (4, 9). Several bacteria with
nematicidal activity against RKNs have been successfully isolated
using C. elegans as the target model (9—11), for example, Bacillus
thuringiensis (12) and Bacillus nematocida B16 (13). These data
suggest that C. elegans can be used as a target model for the screen-
ing of RKN-toxic bacteria.

Alcaligenes faecalis was first discovered in feces, and is com-
monly found in soil, water, and other environments (14-16). Cur-
rently, this bacterium has wide applications in the sewage treat-
ment and pharmaceutical industries. Some A. faecalis strains
produce enzymes that degrade organic contaminants and can be
applicable in the biodegradation of organic pollutants and indus-
trial wastewater in environmental industry (16, 17). Additionally,
anumber of A. faecalis strains can produce R-(—)-mandelic acid,
an important precursor to various drugs (18, 19).

In 1974, an Alcaligenes strain was isolated from a nematode
(20); until now, the nematicidal activity of this Alcaligenes strain
had not been reported. In this study, A. faecalis ZD02 isolated
from C. elegans cadavers was found to have nematicidal activity
against C. elegans and Meloidogyne incognita. Genome analysis
showed that an extracellular serine protease (Esp) has the poten-
tial to be a nematicidal virulence factor, which was confirmed by
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bioassay on C. elegans and M. incognita. In addition, A. faecalis
ZD02 and the virulence factor Esp were confirmed to be capable of
damaging the intestines of C. elegans.

MATERIALS AND METHODS

C. elegans strains. The wild-type strain C. elegans N2 and the transgenic
strain C. elegans FT63 (dlg::gfp) used in our study were kindly provided by
the Caenorhabditis Genetics Center (University of Minnesota). C. elegans
was cultured on nematode growth medium (NGM) agar plates using nor-
mal food (Escherichia coli OP50) under standard conditions (21). The root
knot nematode M. incognita was propagated on tomato plants (Lycoper-
sicon esculentum Mill cv. 144) in the greenhouse. The A. faecalis strain used
in this work, ZD02, was isolated from C. elegans cadavers and was depos-
ited at the China Center for Type Culture Collection (CCTCC) under
accession number AB2015392.

Isolation of strain ZD02. Dead worms were collected, transferred into
conical tubes, and ground into tissue homogenate using a sterile homog-
enizer. The tissue homogenate was diluted and incubated for 1 day at 30°C
on Luria-Bertani (LB) agar plates (1% tryptone, 0.5% yeast extract, 0.5%
NaCl, 1.5% agar). Single colonies were streaked on separate plates, grown
in liquid culture, and preserved by freezing.

Genome sequencing of A. faecalis ZD02. A. faecalis ZD02 cells in the
late-log growth phase were harvested and incubated with lysozyme (10
mg/ml) in 2 ml TE (50 mM Tris base, 10 mM EDTA) at 4°C for 8 h. Total
DNA was purified using the genomic DNA purification kit (A1120; Pro-
mega). DNA purity was measured by the A, /A, ratio (NanoDrop 2000
spectrophotometer; Thermo Scientific) and by gel electrophoresis. The A.
faecalis ZD02 genome was sequenced using the Illumina HiSeq 2000 and
MiSeq sequencing platforms, and it was assembled de novo using ABySS
1.3.4 software (22).

Cloning and expression of the extracellular serine protease gene
(esp) from strain ZD02. The cloning and expression of gene esp were
performed with the pET expression system. The genomic DNA of strain
ZD02 was extracted using the genomic DNA purification kit (A1120; Pro-
mega) and used as a template for PCR. The oligonucleotide primers were
5'GAATTCATGTCGAACAAAAAACGC3' and 5'CCGCTCGAGTTAG
AAACGGACCTTC3'. The PCR cycling conditions were as follows: 5 min
at 95°C; 30 cycles of 30 s at 95°C, 30 s at 55°C, and 3 min at 72°C; and 10
min at 72°C. The 2.8-kb PCR product was digested with Xhol and EcoRI
and then inserted into the Xhol and EcoRI sites of the expression vector
pET28a(+) (Novagen, 69864). The recombinant vector pET28a(+)-Esp
was transformed into E. coli BL21(DE3), and then the E. coli
BL21(DE3)(pET28a(+)-Esp) bacteria were cultured in 5 ml LB medium
with kanamycin, followed by vigorous shaking (220 rpm) overnight at
37°C. Then, 1 ml of the culture medium was transferred into 100 ml LB
medium along with an appropriate amount of kanamycin and cultured
with shaking to an optical density at 600 nm of 0.6. The expression of the
Esp protein was induced for 12 h in the kanamycin-supplemented LB
medium by the addition of 0.1 M isopropyl-B-p-thiogalactopyranoside
(IPTG) at 16°C. Soluble protein in the supernatant was collected by cen-
trifugation (12,000 rpm, 10 min, and 4°C) after high-pressure shaking.
Finally, the target protein was purified using His-Bind columns (31314;
Qiagen), according to the manufacturer’s instructions.

Synchronization of C. elegans. The method for worm synchroniza-
tion is described in reference 23. Three NGM plates full of gravid adult
worms were washed with sterilized water in a 15-ml conical tube and
centrifuged at 500 X g for 45 s. The gravid adult worms were lysed using a
bleaching solution (0.5 M KOH, 0.8 to 1.2% sodium hypochlorite) for 3 to
10 min. After the eggs were fully released, 10 ml of H,O was quickly added.
These eggs were washed three times with sterilized water and resuspended
in 1 ml M9 buffer. Synchronized L1-stage worms were acquired by incu-
bating these eggs overnight at room temperature. The synchronized L1-
stage worms were placed on E. coli OP50 NGM plates and cultured at 20°C
for 44 h, and the L1-stage worms grew into synchronized L4-stage worms.
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Growth assay of C. elegans. The growth assay was performed in a
96-well plate, as described in reference 23. Each well contained 20 to 30
vigorous synchronized L1-stage worms, 10 pl E. coli OP50 or A. faecalis
ZDO02, and S medium to bring the total volume to 100 wl. At least 60
worms were photographed under a microscope (IX71; Olympus), and the
average area was calculated using the software NIH Image J1.33. Each
experiment was independently replicated at least three times.

C. elegans mortality assay. The assay of C. elegans mortality was per-
formed in a 96-well plate. A single well included 30 to 40 vigorous syn-
chronized L4-stage worms, 10 pl Esp protein or fermentation broth of A.
faecalis ZD02 (with LB medium as the control), 10 pl E. coli OP50 at a final
absorbance at 600 nm of 0.6 and 2.5 pl 8 wM FUdR, and S medium to a
total volume of 100 wl. The mortality in each well was scored after incu-
bation at 20°C for 5 days. Whether worms were alive was determined
based on the worms’ movement. A moving worm was marked as alive.
Nonmoving worms were gently touched with a platinum pick to observe
their response. Each experiment was independently replicated at least
three times.

Life span assay of C. elegans. The life span assay was performed at
20°C on NGM plates. A. faecalis ZD02 was fully spread on NGM plate and
grown to a bacterial lawn to prevent worms avoiding or escaping the
bacteria. Approximately 60 L4-stage worms were incubated on an E. coli
OP50 NGM plate or an A. faecalis ZD02 NGM plate. The determination of
whether worms were alive was as described for the mortality assay of C.
elegans. The surviving worms on each plate were counted every 12 h.
Statistical significance was assessed by Kaplan-Meier survival analysis fol-
lowed by a log rank test.

Mortality assay of M. incognita J2. The mortality assay of M. incognita
J2 was set up in a 96-well plate. A single well included 30 to 40 vigorous M.
incognita J2s, 10 pl of either Esp protein or fermentation broth of A.
faecalis ZD02 (LB medium as a control), 10 .l 10% (wt/vol) resorcinol to
increase the stylet pulsing frequency, 10 wl 1 mg/ml nystatin, and 70 pl
sterile water to bring the total volume to 100 pl. The 96-well culture plates
were placed in a box to maintain humidity. The whole set was incubated at
20°C for 5 days. Whether M. incognita J2s were alive was also determined
based on the movement of M. incognita. A visibly moving J2 was marked
as alive. A nonmoving J2 was gently touched with a platinum pick to
observe the response. If the worm failed to respond after several touches,
it was considered dead. The entire assay was performed in triplicate.

Nucleotide sequence accession numbers. The complete genome se-
quences of A. faecalis ZD02 have been submitted to GenBank under ac-
cession numbers CP013119 and CP013143.

RESULTS

A. faecalis ZD02 isolated from C. elegans cadavers shows nema-
tostatic and nematicidal activity. In almost 10 years of C. elegans
research, we have sometimes observed that almost all worms die
on NGM agar plates under standard culture conditions. To find
potential reasons, we tried to isolate pathogens from C. elegans
cadavers. Strain ZD02 was one of the bacteria isolated from C.
elegans cadavers. This bacterium formed milky white, round col-
onies with a smooth surface on solid LB medium (see Fig. S1A in
the supplemental material). Microscopy observations indicated
that the bacterium was rod shaped (0.5 to 1.0 um by 0.5 to 2.6 pum
in diameter) (see Fig. S1B in the supplemental material).

To test whether this strain has nematostatic activity against C.
elegans, a growth assay was performed. Synchronized L1-stage
worms were fed strain ZD02 or the normal food E. coli OP50. The
growth development of worms fed ZD02 and that of worms fed
OP50 exhibited large differences. As shown in Fig. 1A, worms fed
OP50 developed into adults, whereas worms fed ZD02 remained
in the larval stage. The average size of the worms fed ZD02 or
OP50 was calculated. The worms fed OP50 were approximately
five times larger than the worms fed ZD02 (Fig. 1B). To further
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FIG 1 Growth assay and life span assay when wild-type N2 worms were fed strain ZD02 or the normal food E. coli OP50. (A) Wild-type N2 L1-stage worms were
fed strain ZD02 or E. coli OP50 and, after incubation at 20°C for 72 h, were photographed using a light microscope. (B) The average size of the worms fed strain
ZD02 or E. coli OP50 was calculated using the software NIH Image J 1.33. (C) A. faecalis ZD02 shortened the longevity of C. elegans. Wild-type L4 worms were
washed with M9 buffer, transferred to A. faecalis ZD02 plates or normal-food (E. coli OP50) plates and incubated at 20°C. The survival rate of the worms on each
plate was counted at 0.5-day intervals. These results are from three independent experiments. More than 60 worms were used in each well or on each plate. Bar,
0.2 mm. Significance was determined using two-sample ¢ tests: ***, P < 0.001 (a lack of any symbol indicates no significant difference).

determine whether strain ZD02 has toxicity against C. elegans, a
life span assay of C. elegans was performed with worms incubated
onaZD02 or OP50 NGM plate at 20°C. As shown in Fig. 1C, more
than 50% of worms fed ZD02 were dead after 3 days. Under the
same conditions, almost all worms fed OP50 survived. After 7
days, only approximately 3.33% of worms fed ZD02 were alive,
and more than 81% of worms fed OP50 were alive. Furthermore,
all worms fed ZD02 were dead after 8 days, whereas 75% of worms
fed OP50 survived. Until 15 days, approximately 10% of worms
fed OP50 were still alive. These data demonstrated that strain
ZD02 has nematostatic and nematicidal activity, as it inhibits the
growth development of C. elegans and shortens the longevity of C.
elegans.

To identify the species of strain ZD02, the 16S rRNA gene
fragment of this strain was amplified using primers 27F (AGAGT
TTGATCCTGGCTCAG) and 1492R (GGTTACCTTGTTACGA
CTT) and sequenced. This 16S rRNA gene was found to be 100%
identical to that of 12 A. faecalis species (see Table S1 in the sup-
plemental material) and closely matched that of A. faecalis NBRC
13111 (the type strain of A. faecalis), with 99% identity (Fig. 2).

Achromobacter insuavis
Pigmentiphaga daeguensis
Candidimonas nitroreducens

Eoetvoesia caeni

Pusillimonas soli

Parapusillimonas granuli

Paralcaligenes ureilyticus

Advenella kashmirensis

Castellaniella daejeonensis

Alcaligenes defragrans

Alcaligenes faecalis subsp. parafaecalis strain G
Alcaligenes aquatilis strain LMG 22996

A Alcaligenes faecalis ZD02

Alcaligenes faecalis strain NBRC 13111
Alcaligenes faecalis subsp. phenolicus strain J

0.005

FIG 2 Phylogenetic tree highlighting the position of strain ZDO02 relative to
other strains within the genus Alcaligenes. A neighbor-joining phylogenetic
tree showing the phylogenetic relationship of A. faecalis ZD02 (triangle) was
generated using MEGA 6-based 16S rRNA gene sequence alignments.
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This finding indicated that strain ZD02 belongs to the species A.
faecalis.

Fermentation broth of A. faecalis ZD02 has toxicity against
C. elegans and M. incognita. To determine whether A. faecalis
ZD02 has potential as a bacterial nematicide in RKN biological
management, we collected fermentation broths of A. faecalis
ZD02 and then filtered them using a 0.45-pwm membrane to re-
move the bacterial cells. A mortality assay of C. elegans was per-
formed, with synchronized L4-stage worms added to broths in
which fermentation had taken place for various durations and
with LB medium as the control. As shown in Fig. 3A, the 32-h to
56-h fermentation broths had evident toxicity against C. elegans,
with mortality from 33.84% * 4.73% to 68.62% * 9.82% (Fig.
3A). When M. incognita J2s were incubated in 8-h to 56-h fermen-
tation broths, significant toxicity was present, with mortality from
13.03% * 4.33% t0 62.36% = 9.28% (Fig. 3B). These data showed
that the fermentation broths of A. faecalis ZD02 have evident tox-
icity against C. elegans and M. incognita. When the 56-h fermen-
tation broth was treated for 30 min at 80°C, the mortality of C.
elegans and M. incognita ]2s was reduced to 34.20% * 8.03% (Fig.
3A) and 46.98% = 5.17% (Fig. 3B), respectively. Therefore, we
speculated that the nematicidal activity of the fermentation broth
is attributed to at least two virulence factors, one of which is heat
sensitive and the other of which heat resistant.

An extracellular serine protease (Esp) from A. faecalis ZD02
functions as a nematicidal virulence factor. The above data indi-
cate that A. faecalis ZD02 can produce at least two substances as
virulence factors. To further study these virulence factors pro-
duced by A. faecalis ZD02, the A. faecalis ZD02 genome was se-
quenced using the Illumina HiSeq 2000 and MiSeq sequencing
platforms, and then the genome was assembled de novo using
ABySS 1.3.4 (22). All predicted proteins were compared with
the reported nematicidal virulence factors using BLAST, and
protein WP_045929589.1 was discovered to be similar to sev-
eral serine protease virulence factors that had been reported to
be toxic to nematodes (24-26) (see Table S2 in the supplemen-
tal material).

The protein contained the typical serine protease S8 superfam-
ily motif and the signal peptide predicted by SignalP 4.0 (27);
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FIG 3 A. faecalis ZD02 fermentation broth killed C. elegans (A) and M. incognita J2 (B). Wild-type L4 C. elegans (A) and M. incognita (B) J2s were incubated in
A. faecalis ZD02 fermentation broth in 96-well plates at 20°C. The mortality rate of the worms in each well was then counted; LB medium was used as the control.
Percent mortality is the corrected mortality, which is the mortality in the fermentation broth minus the mortality in the LB medium. Heat inactivation (“heat”)
was performed by heat treating the 56-hour fermentation broth for 30 min at 80°C. More than 60 worms were used in each plate. The results are from three
independent experiments. Significance was determined using two-sample ¢ tests: *, P < 0.05; **, P < 0.01 (a lack of any symbol indicates no significant

difference).

therefore, it was named the extracellular serine protease (Esp).
Reverse transcription-PCR analysis confirmed that the esp gene
is transcribed in A. faecalis ZD02 (Fig. 4A). The Esp protein was
expressed in E. coli BL21(DE3) and purified using His-Bind
columns (31314; Qiagen). Its serine protease activity was con-
firmed and measured to be 1,572 U/ml at 37°C and pH 7.5. To
determine the nematicidal activity of the Esp protein, a growth

assay of C. elegans was performed with the worms fed E. coli ESP
[E. coli BL21(DE3) transformed with the recombinant vector
pET28a(+)-Esp] or E. coli CK [E. coli BL21(DE3) transformed
with the vector pET28a(+)]. As shown in Fig. 4B and C, worms
fed E. coli ESP were obviously smaller than the worms fed E. coli
CK, which indicated that E. coli-produced Esp protein can inhibit
the growth development of C. elegans. To further confirm the
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FIG 4 The Esp protein inhibited the growth of C. elegans and had toxicity against the nematode C. elegans and M. incognita. (A) Transcript levels of esp mRNA
of A. faecalis ZD02 when cultured for 12 h, 24 h, 36 h, and 48 h in LB medium at 30°C. The 16S rRNA gene was used as a reference. (B) Wild-type N2 L1-stage
worms were exposed to E. coli ESP or E. coli CK and, after incubation at 20°C for 72 h, photographed at a magnification of X 100. E. coli ESP is E. coli BL21(DE3)
transformed with the recombinant vector pET28a(+)-Esp, and E. coli CK is E. coli BL21(DE3) transformed with empty vector pET28a(+ ), which was used as the
control. (C) The average size of the worms fed E. coli ESP or E. coli CK was calculated using the software NIH Image J 1.33. More than 60 worms were
photographed. Bar, 0.2 mm. Significance was determined using two-sample ¢ tests: **, P < 0.01. (D) Mortality assays of C. elegans that were incubated with
various concentrations of purified Esp protein. Wild-type L4 worms were washed with M9 buffer, transferred to 48-well plates, and incubated at 20°C with
different concentrations of Esp protein, with E. coli OP50 as the food source; the mortality rate of the worms in each well was determined after 7 days. (E)
Mortality assays of M. incognita J2s that were incubated with different concentrations of purified Esp protein. These results are from three independent
experiments.
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FIG 5 A. faecalis ZD02 and the Esp protein damaged the intestines of C. elegans. Wild-type N2 L4-stage worms were fed the normal food E. coli OP50 (A), A.
faecalis ZD02 (B), BSA (as the control) (D), and Esp protein (E) at 20°C for 24 h. The anterior intestines of the nematodes were photographed using a differential
interference contrast (DIC) microscope. Arrows indicate intestinal damage by A. faecalis ZD02. (C) Frequency of intestinal damage in worms fed E. coli OP50 or
A. faecalis ZD02. (F) Frequency of intestinal damage in worms fed BSA or Esp. Values are the percentage of worms with damaged intestines. More than 60 worms
were inspected by microscopy. Bar, 20 wm. Significance was determined using two-sample ¢ tests: **, P < 0.01; ***, P < 0.001.

nematicidal activity of Esp protein, mortality assays of C. elegans
and M. incognita J2s were performed using various concentrations
of the purified Esp protein. As shown in Fig. 4D and E, the mor-
tality of C. elegans and M. incognita ]2s increased, respectively,
with increasing concentration of Esp protein; thus, the Esp pro-
tein showed significant toxicity against C. elegans and M. incog-
nita.

The median lethal dose (LCs,) of Esp against C. elegans was
260.45 pg/ml (Fig. 4D; also, see Table S3 in the supplemental
material), and the LCs, against M. incognita was 211.50 wg/ml
(Fig. 4E; also, see Table S3 in the supplemental material). These
data indicated that the Esp protein from strain ZD02 functions as
a nematicidal virulence factor.

A. faecalis ZD02 and the Esp protein damage the intestines of
C. elegans. To further study the nematicidal mechanism of A.
faecalis ZD02, L4-stage C. elegans worms were fed A. faecalis ZD02
or E. coli OP50, and the intestinal morphology was examined us-
ing a differential interference contrast (DIC) microscope (IX83;
Olympus); the two groups were found to be different. More than
60% of worms fed strain ZDO02 displayed the following symptoms.
The anterior intestines were disordered and discontinuous (Fig.
5B and C); under the same conditions, more than 94% of worms
fed OP50 retained an intact anterior intestine (Fig. 5A and C).
These data showed that A. faecalis ZD02 displayed nematicidal
activity via negative effects on host intestines. Whether the viru-
lence factor Esp can damage the intestines was also tested. As
shown in Fig. 5E and F, when the worms were incubated with Esp
protein for 24 h, the intestines of more than 85% of worms were
observed to be disordered; in contrast, almost all worms fed bo-
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vine serum albumin (BSA) as the control retained intact intestines
(Fig. 5D and F).

To allow a different visual observation of the effects of A. faeca-
lis ZD02 on worms’ intestines, the transgenic worms FT63 (dlg:
gfp) were labeled with green fluorescent protein (GFP) at the in-
testinal epithelial cell junctions to determine the integrity of the
intestine by observing GFP fluorescence (28, 29). When FT63
(dlg::gfp) worms were fed E. coli OP50 or BSA, most of their intes-
tines showed an integrated line of clear green fluorescence with a
bamboo-like shape under a fluorescence microscope (IX83;
Olympus) (Fig. 6A and C). When FT63 (dlg::gfp) worms were fed
A. faecalis ZD02 or Esp protein, more than 70% of worms’ intes-
tines exhibited a GFP fluorescence mislocalization phenotype:
the intestinal bamboo-like lines were blurred or even absent,
and the GFP fluorescence had dispersed to other locations,
such as the bottom or vesicular structures (Fig. 6B and D).
Here, we conclude that A. faecalis ZD02 and Esp can damage the
intestine of C. elegans.

The above data indicated that A. faecalis ZD02 and the viru-
lence factor Esp appeared to exert their nematicidal activity at least
in part via damaging the intestines of C. elegans. By comparing the
effects of the bacterium with the effects of the putative toxin (Fig.
5B and E and 6B and D), we also found that A. faecalis ZD02
damaged the intestines of C. elegans more quickly and to a greater
extent than the putative virulence factor Esp protein.

DISCUSSION

RKNs cause huge economic losses every year (2, 3). The most
widely used chemical nematicides, such as ethoprop, fe-
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FIG 6 The anterior intestines were observed in GFP-labeled transgenic FT63 (dlg:gfp) worms by epifluorescence microscopy after feeding with E. coli OP50 (A), A.
faecalis ZD02 (B), BSA (C), or Esp protein (D). Twenty to 30 worms were incubated for 24 h at 20°C. More than 60 worms were inspected by microscopy. Bar, 200 pm.
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namiphos, fosthiazate, and oxamyl, are often unsatisfactory
and potentially harm human health and the environment (3).
The control of RKNs using microbial nematicides has several
advantages over chemical control. In our study, A. faecalis ZD02
isolated from C. elegans cadavers was able to kill C. elegans and
M. incognita. By comparison with the genome sequence of
known nematicidal virulence factors, we hypothesized that an
extracellular serine protease, the Esp protein, is a virulence
factor against the nematodes C. elegans and M. incognita. Subse-
quently, it was confirmed that A. faecalis ZD02 and the Esp
protein can damage the intestines of C. elegans. To the best of
our knowledge, A. faecalis ZDO02 is a novel nematicidal Alcali-
genes species, and we conclude that it has potential applications
in agriculture.

Several types of proteases have been reported to serve as viru-
lence factors in various bacteria, particularly in Bacillus spp. of
rhizobacteria (25). An extracellular serine protease from Bacillus
nematocida B16 serves as a virulence factor against nematodes
(24). Brevibacillus laterosporus G4 has been shown to infect nem-
atodes and to have a high nematicidal activity; the virulence factor
was also found to be an extracellular protease (26). Another nem-
aticidal protease that has been shown to act as a virulence factor is
the metalloproteinase Bmp1 from B. thuringiensis strain YBT-
1518, which not only has toxicity against C. elegans but also can
enhance the toxicity of the nematicidal Cry protein Cry5Ba from
this B. thuringiensis (30). The nematicidal mechanism of protease
virulence factors is primarily that these proteases can hydrolyze
several intestinal or cuticle tissues of nematodes (13, 24-26, 30). In
this study, the Esp protein from A. faecalis ZD02 was shown to be
a virulence factor against the nematodes C. elegans and M. incog-
nita and was able to damage the intestines of C. elegans. Therefore,
we speculated that the nematicidal activity of A. faecalis ZDO02 is
attributable to intestinal damage to C. elegans caused by the viru-
lence factor Esp protein.

However, according to the data in Fig. 3, A. faecalis ZD02 most
likely has several virulence factors against nematodes, and the
nematicidal activity of strain ZDO02 is most likely attributable to
other factors in addition to the Esp protein. By further analyz-
ing the genome of strain ZD02, the PhzE-like protein
WP_045930653.1 was detected (see Table S2 in the supplemen-
tal material). PhzE is an aminodeoxyisochorismate synthase
that is necessary for the biosynthesis of pyocyanin and phena-
zine-1-carboxylate in P. aeruginosa PAO1 (31), and pyocyanin
and phenazine-1-carboxylate have been reported to be capable of
killing nematodes (32). This finding implied that A. faecalis ZD02
may produce pyocyanin-like or phenazine-1-carboxylate-like
compounds that kill nematodes. We also found that the live
bacteria were more toxic than dead ones on the NGM plates.
The A. faecalis ZD02 organisms grown on enriched nematode
growth (ENGM) plates killed more quickly than those on NGM
plates (data not shown). These findings indicated that the ne-
maticidal activity of this bacterium is partly attributable to the
growth of A. faecalis ZD02. Further research is required to de-
termine whether this or other virulence factors have nemati-
cidal activity and how they target the nematode host to better
understand the molecular mechanism of strain ZD02’s action
against nematodes.

A. faecalis is a Gram-negative, rod-shaped bacterium com-
monly found in soil, water, and other natural environments (14,
33). This bacterium has wide applications in environmental pro-
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tection. Some A. faecalis strains can be used to biodegrade organic
pollutants and industrial wastewater because they can produce
organic contaminant-degrading enzymes (16, 17). For example,
A. faecalis subsp. phenolicus, isolated from a gray water bioproces-
sor, is a phenol-degrading bacterium (16). A. faecalis JBW4, iso-
lated from activated sludge, has been reported to be capable of
degrading the organochlorine pesticide endosulfan in soils (17).
A. faecalis has also been shown to degrade petroleum hydrocar-
bons, which makes A. faecalis an excellent candidate for the biore-
mediation of hydrocarbon pollution (34). A. faecalis no. 4, iso-
lated from sewage sludge, has been shown to have aerobic
denitrification abilities and to convert ammonium into denitrifi-
cation products, which could be used in ammonium removal
from wastewater (35). A. faecalis also has the ability to neutralize
environments contaminated by arsenite, because it can metabo-
lize arsenite (AsO, ) to the less harmful molecule arsenate
(AsO, ) (15, 36, 37). Moreover, some A. faecalis strains can pro-
duce a variety of plant growth-hastening hormones that are used
as biofertilizers in agriculture (38). Here, we report that the Alcal-
igenes bacterium A. faecalis ZD02 has toxicity against M. incognita.
In comparison with other known nematicidal bacteria, a huge
advantage of using A. faecalis as a microbial nematicide is that
A. faecalis is capable of colonizing organisms in soil (17). This
feature can make the strain a dominant bacterium in rhizo-
sphere soil and can increase the probability of its coming into
contact with RKNs. This feature may make A. faecalis an excel-
lent candidate for the development of novel multifunctional
microorganism-derived nematicides. This A. faecalis nemati-
cide not only can be used as a nematicide for the biocontrol of
RKNs but also can bioremediate soils contaminated with or-
ganic substances or arsenite and can even be used as a biofer-
tilizer to hasten the growth of crops.

Although A. faecalis ZD02 has great potential as a microbial
nematicide, more research is needed before it can be applied as
a microbial nematicide in agriculture. In-depth studies are on-
going, and further research will primarily evaluate the follow-
ing: the systemic nematicidal activities of A. faecalis ZD02
against RKNs, including lethal activity, the suppression of egg
hatching and motility, the control of RKNs by A. faecalis ZD02
in potted soil, the effects of A. faecalis ZD02 on RKN infestation
in greenhouses and in fields, and a safety evaluation and risk
assessment.

Here, we show that a novel A. faecalis strain, ZD02, has nem-
aticidal activity and that an extracellular serine protease serves as
the virulence factor. The present study will provide an important
model for understanding the relationship between bacterial
pathogens and nematodes. In addition, the discovery that A.
faecalis ZDO02 can kill M. incognita will provide new nematicidal
bacterial resources and promising possibilities for the biocontrol
of plant-parasitic nematodes.
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