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Abstract The action of metabolites and exoenzymes from
rhizobacteria on different plant-parasitic nematodes has an
influence on the nematicidal efficacy of the microbe. Seven
rhizobacteria, divided into two bacterial groups, were eval-
uated in vitro for nematicidal activity on Meloidogyne ethi-
opica and Xiphinema index. The direct effect of their fil-
trates on egg hatching and juveniles of M. ethiopica as well
as mobile stages of X. index was evaluated during a 72-h
period. The production of four exoenzymes and two metab-
olites associated with nematode mortality was investigated.
Molecular characterization of three isolates was performed,
and the physiological profiles and lipase activity of all iso-
lates were obtained using the BIOLOG EcoPlate system.
While chitinase and collagenase were measured using the
BIOLOG MT?2 plate system, protease, hydrogen cyanide
and hydrogen sulphide were directly determined in Petri
dishes. Nematode mobile stages exposure to the bacte-
rial filtrate revealed a nematicidal effect up to 93.7% on X.
Index and up to 83.3% on M. ethiopica. The control of egg
hatching varied between 35 and 85%. A positive correlation
was found between the mortality of both nematode mobile
stages and the concerted activities of the bacterial enzymes
as well as the level of the volatile metabolites. The nemati-
cidal effect of rhizobacteria strains varies by nematode gen-
era and among the developmental stages evaluated.

Keywords Biological control - Exoenzymes -
Meloidogyne ethiopica - Metabolites - Plant-parasitic
nematodes - Xiphinema index

> E. Aballay
eaballay @uchile.cl

Department of Crop Protection, Faculty of Agronomical
Sciences, University of Chile, P.O. Box 1004, Santiago, Chile

Introduction

Plant growth-promoting rhizobacteria (PGPR) produce
antibiotics, antimicrobial metabolites and hydrolytic
enzymes, some of which have been reported to control
plant-parasitic nematodes (PPN) (Siddiqui and Shaukat
2003). The increasing demand for environmentally friendly
alternatives to control plant pathogens has led to an
increase in research and development of new biopesticides
from which bacteria currently represent 74% of the world
market (Thakore 2006). Investigation into rhizobacteria
control of PPN has mainly focused on endoparasitic nema-
todes of the genus Meloidogyne while the effectiveness of
bacterial strains in the control of other nematode species is
poorly understood.

Xiphinema index Thorne and Allen and Meloidogyne
ethiopica Whitehead are two of the most important nema-
todes in Chilean crops (Aballay et al. 2011; Aballay and
Merino 2015). These nematodes have different feeding
habits, found outside and inside of roots, respectively, and
causing big damage when they are present in the same
host, as it occurs in grapevines. This would imply consid-
ering various strategies by the organism used in biological
control. The ectoparasitic nematode, X. index, causes dam-
age and atrophy of root meristematic zones and is also the
vector of grape fanleaf virus (GFLV), a Nepovirus that can
cause more than 90% loss in vineyard yield and decrease
their production period by 50% (Fiore et al. 2011). On the
other hand, the endoparasitic M. ethiopica, is listed as the
most aggressive species of the genus found in the country
due to the size of galls and the number of eggs produced per
gram of root (Aballay et al. 2013). Previous works that have
proven the efficacy of PGPR in controlling several Meloi-
dogyne species, showed over 70% mortality of larval M.
incognita (Radwan et al. 2012), M. javanica (Siddiqui et al.
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2003) and M. ethiopica (Aballay et al. 2013) using bacte-
rial suspensions and filtrates of Bacillus and Pseudomonas
species mainly, and a similar control level was found on
egg hatching. Meanwhile, assessments of the rhizobacte-
ria effect on ectoparasites, particularly X. index in green-
house conditions, found an 80% control level (Aballay et al.
2011). The nematicidal effect of Bacillus and Pseudomonas
genera has been associated with gaseous metabolites and
exoenzymes (Mnif and Ghribi 2015). The presence of col-
lagenases (Galper et al. 1990) and proteases (Lian et al.
2007) has been reported in the control of PPN. The pro-
duction of hydrogen cyanide in Pseudomonas aeruginosa
is associated with M. javanica mortality under in vitro
condition (Siddiqui et al. 2003). Studies performed with
B. megaterium have concluded that protease production is
responsible for controlling M. graminicola (Padgham and
Sikora 2007); in addition, B. subtilis chitinase production
is associated with the control of M. incognita (Wei et al.
2014). The metabolite 2,4-diacetylphloroglucinol has also
been implicated in the control of M. javanica juveniles
under in vitro conditions. (Siddiqui and Shaukat 2003).
Further identification of the bacterial compounds thought
to play roles in nematicidal activity may orient the biologi-
cal control investigation towards isolates or consortia that
produce the compounds, thus generating an antagonistic
effect over PPN.

The effect of determined rhizobacteria on distinct nem-
atode genera was found to be variable; the same bacteria
may have antagonistic effects on one nematode genus and
may present no or fewer effects on another. From one point
of view, the specificity of the bacterial effect is considered
of useful character, selectively lowering certain pathogen
nematode populations, while the beneficial nematodes in
the soil are not affected (McSorley et al. 2006, 2008). Nev-
ertheless, highly restrictive bacteria-nematode specificity
is unfavourable in soil populations where many pathogen
nematode genera coexist, limiting the PPN control to a sin-
gle nematode species. Research conducted under field con-
ditions using Burkholderia tropica bacterium in sugar cane
cultivation found positive control rates on Helicotylenchus
dihystera and Pratylenchus zeae but negative results for
Xiphinema elongatum (Omarjee et al. 2008). Studies on
PPN control using combinations of bacteria (Siddiqui and
Akhtar 2009; Sarma et al. 2015) or bacterial consortia in
commercial products (Burkett-Cadena et al. 2008) have
found better results, likely due to the wide variety of com-
pounds and strategies implicated in minimizing populations
of different PPN species. Rhizobacteria are valuable tools
for PPN control; however, further research must be directed
to select strains or develop combinations with a broad spec-
trum of PPN control.

Despite advances in the use of rhizobacteria in PPN con-
trol, the results obtained under controlled conditions have
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not been consistent with field trials. These limitations are
attributed to the natural specificity of the microorganisms
for their niche in the plant rhizosphere, their energy supply-
ing habitat and other factors (Siddiqui 2000).

The objectives of the present work were to evaluate
the in vitro nematicidal activity of several native strains
of rhizobacteria on X. index and different developmental
stages of M. ethiopica, to investigate the bacterial enzymes
and metabolic by-products reported to play antagonistic
roles on nematodes and to verify if any correlations exist
between bacterial enzymatic activity or by-product libera-
tion and nematicidal effect in vitro. Additionally, the physi-
ological and molecular characterization of three of the con-
sidered bacterial strains is presented.

Materials and methods
Rhizobacteria strains

Seven bacterial strains were divided into two groups and
evaluated as follows: firstly, the nematicidal effect of three
rhizobacteria strains, identified in this study as Bacillus
weihenstephanensis FB25M, Pseudomonas fluorescens
FP805SPU and Brevibacterium frigoritolerans FB37BR on
eggs and second stage juveniles of M. ethiopica and mobile
stages of X. index was evaluated. Secondly, the nematicidal
effect of four rhizobacteria was evaluated on eggs and J2
stages of M. ethiopica in vitro. All the strains belong to our
own bacteria collection and the second group was previ-
ously tested in vitro on X. index and molecularly identified
as Bacillus amyloliquefaciens consortium FR203A, Bacil-
lus megaterium FB133M and Bacillus thuringiensis iso-
lates FB833T and FS213P (Castaneda-Alvarez et al. 2016).
To distinguish between the two series of bacteria evaluated
in the present work, the first bacterial group was denoted
FBG and the second SBG.

Molecular identification
DNA extraction and sequencing

DNA was extracted from bacteria growing on 50% tryp-
tic soy broth (TSB) agar (Becton Dickinson & Co., USA)
medium at 30°C for 48 h. A single colony of each strain
was removed and suspended in lysis buffer [10 mmol~!
Tris HCI (pH 8.0), 1 mmol~' EDTA (pH 8.0), 1% Tri-
ton X-100], heated for 13 min at 95°C and centrifuged at
16,000xg for 10 min (Helgason et al. 2004). The superna-
tant was stored at —20°C.

The extracted DNA was used to PCR amplify the 16 S
rRNA gene using universal primers published by Lane
(1991) (Table 1). The 16 S rRNA gene sequences were
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Table 1 Primers used for PCR amplification

Fragment Sequence (5-3') and primer code References

16 S rRNA (1528 bp) AGAGTTTGATCMTGGCTCAG (27 ) Lane (1991)
AAGGAGGTGWTCCARCC (1525r)

gyrB (1200 bp) GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAART- Yamamoto and Harayama (1995)

TYGA (UP1-F)

AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRTC-

NGTCAT (UP2-R)
gyrB (PB) (400 bp)

GTTTCTGGTGGTTTACATGG (gyr-B-F)

Manzano et al. (2003)

CAACGTATGATTTAATTCCACC (gyr-B-R)

Ki et al. (2009)

Helgason et al. (2004)

rpoB (1200 bp) ATCGAAACGCCTGAAGGTCCAAACAT (rpoB1-f)
ACACCCTTGTTACCGTGACGACC (rpoB1-r)

adk (570 bp) CAGCTATGAAGGCTGAAACTG
CTAAGCCTCCGATGAGAACA

plcR (450 bp) AAAAAGGAAGAATATCATC (BA-plcRF)

Ko et al. (2004)

ATGCATCTTCAATCTCTG (BA-plcRR)

16 S-23 S ITS (450 bp)

TCGCTAGTAATCGCGGATCAGC (L516SF)

Xu and Coté (2003)

GCATATCGGTGTTAGTCCCGTCC (L523SR)

16 S-23 S ITS (1590 bp)

GGGCCCGCACAAGCGGTGG (16F945)

Lane et al. (1985)

CTTTCCCTCACGGTAC (23R458)

used to identify the bacteria genus, and additional genes
were sequenced to identify the species. Up to five genes
were amplified and sequenced for each isolate as follows:
gyrB coding for the DNA gyrase B subunit and the internal
transcribed spacer between the 16 S and 23 S (ITS) were
amplified for the FP8OSPU strain using UP1-F and UP1-R
primers and 16F945 and 23R458 primers, respectively.
For Bacillus FB37BR, the ITS region was amplified with
L516SF and L523SR primers. Four housekeeping genes
were used to identify the FB25M strain as follows: gyrB
with primers for the Bacillus genus, rpoB that codes for
the B subunit of bacterial RNA polymerase, adk coding for
adenylate kinase enzyme and plcR, a specific pleiotropic
gene responsible for virulence in species of the B. cereus
group. All primers used are shown in Table 1.

Amplified DNA fragments were purified using an
EZNA Gel Extraction Kit (Omega Bio-tek, Inc., GA,
USA), cloned into the pGEM-T (Promega, USA) vector
and transformed into E. coli One Shot® TOP10 chemically
competent cells (Invitrogen). Recombinant plasmids were
purified with EZNA® (Plasmid DNA Mini Kit, Omega
Bio-tek, Inc., GA, USA) according to the manufacturer’s
instructions.

Strain identification

The plasmids were sequenced by Macrogen USA Corp.
(Rockville, Maryland, USA) services using universal
primers T7 and SP6 (Schenborn and Mierendorf 1985).
The sequences were aligned using the Geneious version

7 (Biomatters Ltda.©) program and analysed in the NCBI
database using the Blastn algorithm (Morgulis et al. 2008).
For the FB25M strain that belongs to the B. cereus group,
additional phylogenetic analyses were performed using the
Neighbour-Joining method of MEGA version 6 (Tamura
et al. 2013). Six GenBank sequences of representative B.
cereus species were included. Additional tests were per-
formed to complement molecular identification: bacterial
growth at extreme temperatures (5 and 45°C) and identi-
fication by BBL crystal plate kits (Dickinson, Franklin
Lakes, MD, USA).

The nucleotide sequences were deposited into Gen-
Bank with the following accession numbers: KT881299
to KT881301 for /16 S rRNA; KT881297, KT881298 and
KU985060 for ITS; KT881305 and KT881306 for gyrB;
KT881304 for adk; KT881303 rpoB and KT881302 for
plcR.

The effect of rhizobacteria filtrates on mobile stages of
X. index and M. ethiopica.

Preparation of cell free filtrates of rhizobacterial inoculum
for in vitro nematode test

Bacterial strains were cultivated in the dark for 48 h at
22°C on 50% TSB agar to verify their purity. Each strain
was inoculated in 15% TSB liquid media, and suspensions
were grown overnight with orbital shaking at 180 rpm and
an average temperature of 20°C. The bacterial concentra-
tion was adjusted to 1X 10° CFU ml™', and the suspension
was centrifuged twice for 15 min at 4000xg in the cold.
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The cell free filtrate was collected and maintained under
refrigeration. The filtrate was used to verify the direct effect
of bacterial metabolites and enzymes on PPN.

Direct effect of rhizobacterial cell free filtrates on PPN
mobile stages

To determine the nematicidal effect on juveniles and adults
of X. index, mobile stages were extracted from fresh soil
samples from the root zone of Ficus carica using modi-
fied Cobb’s sieving and decanting method for extraction
of Longidorid nematodes (Brown and Boag 1988). To
obtain the juveniles (J2) stage of M. ethiopica, eggs were
extracted from infested grapevine roots according to the
method described by Hussey and Barker (1973). The eggs
were placed on top of a 90-micron sieve on a Baermann
funnel and incubated at room temperature for 48 h. There-
after, the emerged J2 juveniles were collected. The mobile
stages of both nematodes species were surface sterilized
with 0.001% chlorhexidine digluconate, washed three
times and kept in sterile tap water for 24 h at 4°C (Huet-
tel and Rebois 1985). The X. index population was a mix
of approximately 70% adults and 30% of different larval
stages, while the M. ethiopica population was homogene-
ous, composed only of J2 stages. Both species were tested
separately for their susceptibility to the bacterial filtrate as
follows: a 500-pl aliquot containing approximately 50 indi-
viduals was placed in a 35 mm Petri dish, and a volume of
1.5 ml of each bacterial filtrate was added to each plate in
the presence of 200 pg ml~! streptomycin (final concentra-
tion, to ensure that no bacterium cell could develop into the
filtrate and control medium), strains sensitivity previously
determined. The plates were incubated at 23 °C, then the
nematode mortality was recorded every 24 h, for 3 days. A
nematode was considered dead when it did not move when
touched repeatedly with a needle. Control treatment con-
sisted on a 15% TSB suspension of the nematodes.

Effect of rhizobacteria filtrates on egg hatching of M.
ethiopica

One thousand eggs were deposited onto a filter paper disc
placed on top of a 40 mm diameter sieve (90-u opening),
which was introduced in a Baermann funnel. The entire
capacity of the funnel was filled with bacterial filtrate
diluted in sterile distilled water (three volumes filtrate: one
of water), and a streptomycin solution (100 ug ml~"! final
concentration). The eggs were then incubated in bacterial
filtrate for 72 h at 26 °C. After this period, the liquid in the
funnel was removed and replaced by 30 ml of sterile tap
water. Every 48 h during 12 days, the emerging juveniles
were collected and counted with a stereoscopic microscope
(Carl Zeiss, Stemi 2000-C, Gottingen, Germany) using 90X

@ Springer

magnification. Total egg hatching was recorded for each
treatment at the end of the 72-h period. Control treatment
consisted on a 15% TSB suspension of the nematode eggs.

Experimental design and statistical analysis

A completely randomized design was used with the four
treatments (three bacteria and one control treatment) of
the FBG and the five treatments (four bacteria and one
control treatment) of the SBG; for each bacteria group,
a series of six replicates was performed three times. The
data were subjected to analysis of variance (ANOVA), and
means were compared with the control treatment accord-
ing to Dunnett’s test (p <0.05). The data were transformed
to arcsine of the percentage data. MINITAB statistical soft-
ware version 17 (Minitab, Inc., PA, USA) was used for the
analysis.

Rhizobacteria metabolites and enzymes

Three bacterial strains (FBG) were subjected to a series of
biochemical tests to verify the liberation of two secondary
metabolites (hydrogen sulphide and cyanide) and the pres-
ence of four exoenzymes (chitinases, collagenases, pro-
teases and lipase). All tests were repeated four times, and
the results were organized into four categories according to
the intensity of the biochemical response of the measured
compound.

Chitinase and collagenase activity

Chitinase and collagenase activities were determined using
the MT2 MicroPlate™ plate system (Biolog, Inc., CA,
USA), whose principle is that aerobic respiration reduces
a redox tetrazolium dye from colourless to violet if bacte-
ria are able to use the specific carbon source added in the
microplate wells. The plates have been successfully used in
tests of chemical toxicity on microflora (dos Santos et al.
2002). The MT2 test was performed using a freshly pre-
pared bacterial suspension with a final concentration of
1x10° CFU mi~! for each bacterial strain or consortia.
The carbon sources were as follows: colloidal and tritu-
rated solid chitin to verify the chitinase activity and colla-
gen to verify collagenase activity. Two bacterial chitinase
substrates were used: (1) a sterile 6 mg ml~! suspension of
colloidal chitin and (2) a sterile 0.5% (w/v) suspension of
Chilean king crab (Lithodes santolla Molina) exoskeleton
triturate, obtained by exhaustive grinding in liquid nitro-
gen. The substrate for bacterial collagenase was a sterile
0.6% suspension of a collagen-based commercial product
from bovine tracheal cartilage (Sigma-Aldrich, MO, USA).
One entire MT2 plate was used for each enzyme, all the
96-wells being distributed among the bacterial treatments
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and the controls, to obtain a high number of repetitions for
a reliable result. In practice, a volume of 40 pl of substrate
solution was added to each MT2 well, followed by 110 pl
of bacterial suspension at 10° CFU ml~!. Bacterial control
and substrate control wells were considered, and each was
repeated twice within the same plate. The plates were incu-
bated at 24 °C, then examined every 12 h for violet colour
development for 2 days. The optical density was measured
with a microplate spectrophotometer (EpochTM, Biotek®)
at 590 nm. Three arbitrary ranges of colour intensity level
were established and expressed as percentages of the maxi-
mal intensity achieved on the plate and considered as refer-
ence. Therefore, the ranges were as follows: (—) negative,
without colour; (+) 0-25% positive low activity; (++)
positive medium activity 25-60%; and (+++) high activity
>60%.

Hydrogen cyanide (HCN) liberation

HCN gaseous metabolite production was determined in
sealed Petri plates by the method of Millar and Higgins
(1970), modified by Kloepper et al. (1991). Strains were
streaked onto 50% TSBA supplemented with 4.4 g 17! gly-
cine. A disk of No. 1 Whatman filter paper was placed on
the inside of the Petri dish lid and humidified with a solu-
tion of 0.5% v/v picric acid and 2% w/v Na,CO;. The plates
were incubated for 96 h at 24°C, and a change of the fil-
ter paper colour from yellow to brown was observed. The
results were classified as (—) negative if the filter paper col-
our remained yellow (original colour) or (+) positive if the
colour turned brown.

Hydrogen sulphide (H,S)

The production of hydrogen sulphide was determined using
lead acetate paper tape (McBride and Edwards 1914). The
bacterial strains were streaked on 50% TSBA, and a 3-cm
long strip of lead acetate paper (Macherey-Nagel GmbH &
Co. Diiren, Germany) was stuck onto the inner side of the
lid. Plates were sealed and incubated at 22°C for 4 days.
Formation of a dark precipitate of lead-sulphide determines
a change of the indicator paper colour in the presence of
H,S metabolites. Escherichia coli enterobacteria strain
Top10 (Invitrogen®) was used as a positive control for H,S
production. Three positives ranges of colour intensity were
established: low (+), medium (++) and strong (+++).

Proteases
Protease production was determined on 15 g 17! skim

milk (Merck, Germany) agar plates (Smibert and Krieg
1994). Bacterial isolates were inoculated in the centre of

the plates and incubated for 5 days at 22 °C.The presence
of a clear halo around the colony indicated proteolytic
activity; using the radius of the clear halo area as an indi-
cator of enzymatic activity, a scale was established as fol-
lows: radius <1 cm, low production (+); 1-4 cm, medium
production (++); >4 cm, high production (+++); with-
out halo, negative activity.

Physiological characterization and lipase evaluation

A physiological profile of the evaluated rhizobacteria was
performed using the EcoPlate™ plates system (Biolog,
Inc., CA, USA). The Ecoplate consists of a 96-well field
divided into three identical sectors, each of them being a
pattern of 31 different carbon sources commonly used by
soil microorganisms. The control wells do not contain a
carbon source. As with the MT2 plates, the principle of
the EcoPlates is that aerobic respiration reduces a redox
tetrazolium dye if the bacteria are able to use the specific
carbon sources present in each well. Their ability to use
the provided carbon sources is evaluated, thus generating
a characteristic physiological profile.

Additional data on the bacteria exoenzyme activ-
ity may be generated using the Ecoplate system: Tween
40 and Tween 80, which are esters of palmitic and oleic
acids, respectively, are included among the carbon
sources; therefore, lipase activity may be deduced.

One entire Ecoplate was used to assay a single bac-
terial strain, ensuring three repetitions in a single pro-
cedure, as follows: a volume of 150 pl of 1X 10° CFU
ml~! bacterial suspension was inoculated in each well
according to the manufacturer’s instructions. The plates
were incubated for 5 days at 22 °C and visually evaluated
from the second day for colour development. At the end
of the incubation period, an evaluation of each well’s col-
our was performed using a microplate spectrophotometer
(EpochTM, Biotek®) at 590 nm, according to the manu-
facturer’s instructions. The use of each carbon source was
evaluated as follows: (—) negative, without colour; (+)
0-25% positive low activity; (++) positive medium activ-
ity 25-60%; and (+++) high activity >60%, where the
colour intensities are expressed as the percentages of the
maximal intensity achieved on the plate.

To determine metabolic preferences for certain car-
bon sources among the investigated strains, the Ecoplates
results were analysed through principal component.
Moreover, to verify relationships between the metabolite
and/or enzyme production and the nematicidal proper-
ties, the results were analysed through principal compo-
nent, as well. All statistical analysis was performed with
Minitab version 17 (Minitab, Inc., State College, PA).
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Results
Molecular identification of rhizobacteria strains

Identification based on /6 S rRNA sequencing deter-
mined that the FP805PU strain belongs to the genus
Pseudomonas, whereas the FB37BR and FB25M strains
belong to the genera Brevibacterium and Bacillus,
respectively.

The FP80SPU Pseudomonas strain was identified as
Pseudomonas fluorescens due to 99% identity in the 16 S
rRNA and ITS sequences and 93% identity in the gyrB
sequence. However, the sequences were also related to P.
brassicacearum. The results obtained using BBL Crystal
plates identified the strain as P. fluorescences with 60%
reliability. Growth behaviour at extreme temperatures
revealed that FP8OSPU grows well at 5°C but does not
grow at temperatures above 41 °C.

The FB25M strain was identified as B. weihenstephan-
ensis. The characterization based on 16 S, gyrB, rpoB and
ITS yielded 99% identity with species of the B. cereus
group. The plcR and adk gene analysis separated the
FB25M strain from other species of the B. cereus group,
with a margin of 2% in each gene, and identified the iso-
late as B. weihenstephanensis (Fig. 1). Growth at extreme
temperatures defined the psicrotolerant character of the
FB25M isolate.

The FB37BR strain was identified as Brevibacterium
frigoritolerans. The 16 S gene shared 99% identity with
both Brevibacterium frigoritolerans and B. simplex. ITS
sequence analysis showed 98.9% identity with the Bacil-
lus simplex strain SH-B26 (Genbank Accession Number
CP011008), but no information is available for the Brevi-
bacterium frigoritolerans 1TS sequence. BBL Crystal
plates indicated that the strain belongs to Corynebacte-
rium jeikeum (97.2% confidence).

Fig. 1 Phylogenetic analysis of
B. weihenstephanensis FB25M
belonging to the B. cereus
group. Tree contains six con-
catenated sequences of the /16 S
rRNA, gyrB, rpoB, plcR, adk
genes and 16 S-23 S intergenic
region. The evolutionary history
was inferred by the Neighbor-
Joining method (Saitou and Nei
1987). The evolutionary dis-

Effect of rhizobacteria filtrates on X. index and M.
ethiopica

The effect of rhizobacterial filtrates was evaluated on
mobile stages of X. index and J2 of M. ethiopica every 24 h
over a 72-h period. The effect on M. ethiopica egg hatching
was verified directly at 72 h of filtrate exposure. Different
filtrates revealed distinct levels of nematicidal effect on the
mobile stages of both species of nematodes at the end of the
evaluation period, as manifested by damage of the cuticle
and loss of mobility. After 72 h, damage of the egg vitelline
membrane and decreased mobility of the emerged larvae
under the effect of some of the filtrates were observed (data
not shown).

The FBG filtrates that were effective against mobile
stages were not necessarily effective on M. ethiopica egg
hatching (Table 2). The nematicidal effect of P. fluorescens
PF805PU was observed from 24 h on X. index and from
72 h on M. ethiopica larvae, reaching 75.8 and 93.7%,
respectively, at the end of the filtrate exposure. P. fluores-
cens PF805PU had no effect on M. ethiopica egg hatching.
Filtrates of B. weihenstephanensis FB25M showed nemati-
cidal effect on the mobile stages of both nematodes species
at 72 h of exposure. FB25M filtrate affected egg hatching
in 66.4% compared to untreated controls. Brevibacterium
frigoritolerans FB37BR manifested an approximately 50%
control rate on the mobile population of both nematode
species, which is the lowest recorded mortality value. How-
ever, this strain showed the highest control values over M.
ethiopica egg hatching, diminishing the larvae emergence
by 83% at the end of the evaluation period.

The group of four bacteria (SBG) was investigated to
verify the control levels on M. ethiopica mobile stages
and egg hatching, and production of the previously men-
tioned metabolites and enzymes was evaluated. At the
end of the 72-h evaluation period, FR203A, FS213P and

B. cereus str. B4264 (CP001176)
B. cereus ATCC 14579 (AE016877)
B. thuringiensis str. YBT 1520 (CP004858)
B. thuringiensis ser. kurstaki str. HD73 (CP004069)
B. cereus str. NC7401 (AP007209)
‘I_EB.cereus ATCC 10987 (AE017194)
B.anthracis str. SVA11 (CP006742)
B. toyonensis str. BCT7112 (CP006863)
B. thuringiensis str. MC28 (CP003687)

tances were calculated using the
maximum likelihood composite
method (Tamura et al. 2004)

B. thuringiensis str. HD789 (CP003763)

B. thuringiensis ser. chinensis str. CT43 (CP001907)

B. mycoides str. 219298 (CP007626)

B. weihenstephanensis str. KBAB4 (CP000903)

FB25M

0.02
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B. cytotoxicus NVH 391-98 (CP000764)
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Table 2 Effect of rhizobacterial

. Treatments M. ethiopica X. index

filtrates on mobile stages of X. mortality (%)

index and M. ethiopica and egg J2 Mortality (%) Hatching (%)

hatching of M. ethiopica

24 h 48 h 72 h 72 h 24 h 48 h 72h

Control 0.0a 0.4a 0.4a 89.9a 1.0a 3.3a 9.7a
P. fluorescens FPS§0O5PU 0.8a 5.8a 75.8 53.9a 29.8 83.8 93.7
B. weihenstephanensis FB25M 0.8a 21.5a 54.2 30.2 9.3a  48.7 80.5
B. frigoritolerans FB37BR 0.3a 3.2a 53.0 15.1 6.3a  30.0 53.7

The data correspond to the means of six replicates. Means without letters are significantly different from
the mean level of the control according to Dunnett’s test (P <0.05)

Table 3 Effect of rhizobacterial filtrates of SBG on the mortality of
juveniles (J2) and eggs hatching of M. ethiopica

Treatments Mortality (%) Hatching
(%)
24h  48h 72h
Control 0.0a 0.2a 02a 9l.1a
B. megaterium FB133M 1.0a 39.7a 40.7a 34.1
B. thuringiensis FB§33T 0.72a 38.0a 55.0 65.0a
B. amyloliquefaciens FR203A  1.0a  52.7 83.3 25.5
B. thuringiensis FS213P 1.7a 36.8a 54.0 28.3

The data correspond to the means of six replicates. Means without
letters are significantly different from the mean level of the control
according to Dunnett’s test (P <0.05)

FB833T strains registered nematicidal effects on the tar-
get J2 population, while the B. megaterium FB133M strain
did not. (Table 3), while a lethal effect of B. amyloliquefa-
ciens FR203A consortium on mobile nematodes was found
after 48 h exposure period. Concerning egg hatching, the
B. amyloliquefaciens FR203A consortium, B. thuringien-
sis FS213P and B. megaterium FB133M strains decreased
larvae emergence between 62.6 and 72% compared to the
untreated control, while the B. thuringiensis FB833T strain
did not showed a nematicidal effect.

Rhizobacterial metabolites and enzymes

All rhizobacteria strains from the first bacteria group
showed activity in at least four of the six tested metab-
olites and enzymes (Table 4). P. fluorescens FP805PU
was positive for almost all considered metabolites and

enzymes except protease activity. Collagenase, chi-
tinase and lipase activities as well as hydrogen cyanide
production were strong, recording the highest general
activity among the tested strains. The B. weihenstephan-
ensis FB25M strain presented activity of all examined
enzymes, with proteases being the strongest, while gase-
ous metabolite production was negative. The B. frigori-
tolerans FB37BR strain was active for almost all of the
compounds, except hydrogen cyanide production; never-
theless, the recorded activity level was generally low.
According to the principal component analysis
(Fig. 2), which registered enzyme and metabolite pro-
duction of the three rhizobacteria (FBG) and the effect
of their filtrates on nematodes, a characteristic pattern
was registered for each strain. FPSOSPU was localized

FB37BR
9
;‘. 0.5 Hydrogen sulfide
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e Hatchin Chitinases Collagenases
E € HCN Lipases
S 0
2 00
: . iU
®)
=
s
o -0,5
@
@
Proteases X. index
-1,0 ® FB25M
3 2 -1 0 1 2 3 4

First Component (81.1%)

Fig. 2 Principal component analysis of the relationship between
enzyme and metabolite production and the nematicidal effect in both
nematode species by rhizobacteria tested

Table 4 Production of

. Strain Metabolites/enzymes
metabolites and extracellular
enzymes of rhizobacterial HCN H,S  Collagenases  Chitinases  Proteases  Lipases
strains tested on X. index and M.
ethiopica P. fluorescens FP805SPU +++* 4+ +++ +++ - +++
B. weihenstephanensis FB25M - - + + +++ +
B. frigoritolerans FB37BR - + + + + +

*(—) Negative, (+) Low production, (++) Medial production and (+++) High production
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in a sector of high metabolite and enzyme production,
FB25M in a zone of especially high protease activity
and FB37BR in a site of low production of all evaluated
compounds.

The highest mortality of M. ethiopica mobile stages
was achieved by the P. fluorescens FP805PU strain, which
also presented the highest production of collagenases,
lipases, chitinases and HCN. This correlation may pro-
mote the hypothesis—to be verified in future work—that
J2 Meloidogyne mortality and metabolite production levels
are closely related. On the other hand, the P. fluorescens
FP80O5PU filtrate was not effective in egg hatching com-
pared to control. Additionally, a positive correlation was
observed (Fig. 2) between metabolite and enzyme pres-
ence and the mortality of X. index; one exception was that

Table 5 Physiological
characterization of bacterial

strains (first and second group)

based on the carbon sources
used in the Ecoplate plates

@ Springer

protease production was not related to larvae mortality but
to egg hatching control of M. ethiopica.

Physiological characterization

The tested bacterial strains from FBG and SBG generally
manifested low to median affinity for the carbon sources
provided by the Ecoplate (Table 5). An exception was that
P. fluorescens FP8OSPU and B. amyloliquefaciens consor-
tium FR203A presented a higher affinity, using more than
50% of the carbon sources. Precisely, FPS8O5SPU used 81%
of the carbon sources, while FR203A consortium pre-
sented affinity for 17 of the 31 carbon sources. The meta-
bolic activity of strain FR203A was low in the positive
wells, while B. megaterium FB133M and B. frigoritolerans

Carbone source Strain

FP8O5PU FB25M FB37BR FR203A FB833T FB133M FS213P
Pyruvic Acid Methyl Ester ++4+* + + +++ - + +++
p-Galacturonic Acid +++ - + + + — ++
v-Hydroxybutyric Acid + - - + ++ - +
Dp-Glucosaminic Acid +++ + — — — _ _
Itaconic Acid - - - + - + _
a-Ketobutyric Acid - - - ++ ++ + —
p-Malic Acid +++ - — - — - -
Phenylethyl-amine ++ - - + + + —
Putrescine +++ + + - - + _
L-Arginine +++ — - — — + _
L-Asparagine +++ — - — — _ _
L-Phenylalanine ++ + - — — — —
L-Serine +++ + - + - - +
L-Threonine +++ + — — + _ _
Glycyl-L-Glutamic Acid +++ - - — - — —
B-Methyl-p-Glucoside - + + - - — _
p-Galactonic Acid y-Lactone  +++ - - - - - -
p-Xylose +++ +++ +++ +++ ++ +++
i-Erythritol + + - + - - _
D-Mannitol +++ - - + - — _
N-Acetyl-pD-Glucosamine +++ - - + + - -
p-Cellobiose + - - + - - +
Glucose-1-Phosphate - - - - - - —
a-p-Lactose + - - - - + +
Dp,L-a-Glycerol Phosphate ++ + - - - + +
2-Hydroxy Benzoic Acid - + - - - - _
4-Hydroxy Benzoic Acid +++ - - + - - _
Tween 40 +++ ++ - +++ +++ - +++
Tween 80 ++ - + + + - +
a-Cyclodextrin - - + + ++ - +
Glycogen + + - ++ — — —

*(—) Negative, (+) Low, (++) Medium and (+++) High affinity
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FB37BR strains recorded even lower metabolic activity in
the positive wells.

The Ecoplates carbon sources consist mainly of carbo-
hydrates, carboxylic acids and amino acids, and the most
common compound used by all strains was p-xylose. Con-
versely, glucose 1-phosphate was not metabolized by any
bacterial strain. Although there were no real trends in the
use of the carbon sources, the physiological profiles identi-
fied a predilection for certain sources manifested by phy-
logenetically nearby bacteria. Principal component analysis
of the physiological profile of all six rhizobacteria strains
(Fig. 3) showed that P. fluorescens FP805PU localized in
one extreme of the principal component PC 1, separated
from the group of Bacillus species in the other extreme.
Principal component PC2 divided the Bacillus species into
three groups: B. amyloliquefaciens FR203A consortium;
FB133M, FB833T, FB25M and FB37BR strains at the
opposite end; and FS213P was a half distance between the
two groups.

Discussion

Microorganisms, such as fungi and bacteria, have been
investigated in the biological control of PPN (Costa et al.
2012; Zhang et al. 2014). The effect of different rhizobac-
teria on distinct PPN has been previously investigated in
our group under variety of conditions, and a certain level of
PPN control was certified by these previous investigations.
Nevertheless, the principles of the antagonistic effect of
rhizobacteria on nematodes remained to be assessed. The
present work aimed to determine the antagonistic activity
of the rhizobacterial filtrate against different developmental
stages of ecto- and endoparasitic nematodes—represented
by X. index and M. ethiopica, respectively—and to evaluate

[ )
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Fig. 3 Principal component analysis of the physiological profile of
rhizobacterial strains (FBG and SBG)

the presence of four rhizobacterial exoenzymes and two
metabolic by-products in the cell-free bacterial filtrate.

Results of the present investigations indicated that the
rhizobacterial filtrates had the ability to induce in vitro
mortality on X. index adults and larvae and on M. ethiopica
J2 stages. Egg hatching of Meloidogyne was also affected
compared to an untreated control. However, variability
existed in the control rates between different nematode
genera and between developmental stages within the same
genus. Previous studies using rhizobacteria against X. index
(Aballay et al. 2012), M. ethiopica (Aballay et al. 2013)
and other species of the genus Meloidogyne (Siddiqui and
Shaukat 2003; Radwan et al. 2012; Almaghrabi et al. 2013)
also reported this variability.

Results of the in vitro assay of X. index exposure to the
rhizobacteria filtrates showed that, after 24 h, only P. fluo-
rescens FP805PU presented a nematicidal effect. After
48 h, all of the strains showed a certain level of nematode
control, a trend that continued and increased at 72 h. The
in vitro assay on M. ethiopica showed no significant differ-
ence between filtrate and control treatments after 24 and
48 h; the filtrates began to affect the nematodes after 72 h
of exposure. This clearly indicates cuticle structural differ-
ences between these two species of nematodes, the cuticle
being a structure that widely varies between genera, even
between individuals of the same species (Decraemer and
Hunt 2006).

The nematode cuticle is composed primarily of collagen
and is considered a complex structure due to the amount of
genes encoding this polypeptide chain. In free living nema-
todes, such as Caenorhabditis elegans, more than 150 genes
are involved in the creation of this structure (Ray and Hus-
sey 1995), while 122 collagen coding genes were identified
in M. incognita (Abad et al. 2008). In the present study, all
the tested bacteria manifested collagenase activity. A direct
correlation was found between high collagenase activity
and high mortality in the mobile stages of the two nema-
todes. P. fluorescens FP80SPU manifested high collagenase
activity and also recorded the highest mortality on mobile
stages. However, M. ethiopica egg hatching was poorly
affected. The collagenase activity may be related to nema-
tode mobile stage control, and few works have focused on
this enzyme. A positive effect of collagenases on M. javan-
ica control has been observed under field and laboratory
conditions (Galper et al. 1990). Although collagenases may
play a role in PPN control, the effect may be symbiotic or
supplemented by other enzymes.

Investigations using rhizobacteria suspensions and cell-
free filtrates have involved the presence of proteases in
the control of nematode egg hatching (Galper et al. 1990;
Siddiqui et al. 2005) and mobile stages (Paiva et al. 2013).
Similarly, proteolytic degradation of the egg cuticle has
been implicated in the fungal colonization of nematodes
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(Lopez-Llorca et al. 2008). The egg is broadly considered
the stage of increased resistance in the nematode life cycle
(Bird and Bird 1991). The effect of bacterial filtrates on
egg hatching was strong, with B. frigoritolerans FB37BR
manifesting the highest egg damage effect among the two
groups of tested bacteria (FBG and SBG). Within the sec-
ond group of evaluated bacteria (SBG), the highest control
percentages were achieved by the B. amyloliquefaciens
FR203A consortium and B. thuringiensis FS213P strains,
which manifested high protease activity in previous work
(Castaneda-Alvarez et al. 2016). Bacillus weihenstephan-
ensis FB25M also manifested high protease activity and
a moderate-to-high damage effect on eggs. On the other
hand, P. fluorescens FP805PU lacked protease activity and
had no significant effect on the eggs. These correlations
may suggest a participation of bacterial proteases in egg-
hatching control. Tikhonov et al. (2002) found that proteo-
lytic activity had an effect on the outer layer of nematode
eggs; moreover, they found wider damage when proteases
were combined with chitinases. Chitinase activity by itself
may be restricted because the chitin layer is not directly
exposed to the exterior, but is embedded in a protein
matrix. Nematode egg shells are mainly comprised of chi-
tin (Stirling 2014), however, the chitin/protein ratio varies
in different species of nematodes (Curtis et al. 2011).

The B. weihenstephanensis FB25M strain registered
activity for four of the five exoenzymes and metabolites
evaluated, and it manifested a nematicidal effect on both
nematode species. The proteolytic activity of FB25M was
the highest recorded in this work; nevertheless, it was not
the most effective against M. ethiopica egg hatching. The
chitinolytic activity of this isolate was low; nevertheless,
the reflected damage on egg hatching was moderate-to-
high. These findings strengthen the theory of the concerted
action of different enzymes, such as chitinases and pro-
teases, to generate the control phenomenon. The use of chi-
tinases in biological control is likely to be complemented
by other bioactive peptides and lytic enzymes produced by
the same bacteria or found in the natural systems where the
nematode-bacteria interaction occurs (Herrera-Estrella and
Chet 1999).

Lipase activity was present in all tested strains, and the
highest level of activity coincided with the highest mortal-
ity of the nematode mobile stages. On the other hand, the
B. megaterium FB133M (SBG) strain had low lipase activ-
ity, and no significant mortality of M. ethiopica J2 was
recorded. These results are consistent with previous reports
in our group that registered low mortality of FB133M on
X. index (Castaneda-Alvarez et al. 2016). Lipases may be
a component of the enzymatic pool involved in nematode
in vitro control, as these enzymes can damage the nema-
tode morphological structures. In this sense, lipase activ-
ity was found in rhizobacteria with nematicidal effects on

@ Springer

the pinewood nematode B. xylophilus (Paiva et al. 2013).
There are few studies on lipases, but they continue to be
reported in PPN control in bibliographic works (Beneduzi
et al. 2012).

Pseudomonas fluorescens is one of the most studied
rhizobacteria in the biological control of nematodes. In
the present study, P. fluorescens FP805PU had nemati-
cidal effects on both nematode species assayed, with a
higher control level on X. index. This was the only strain
that produced HCN, a metabolite already reported to have a
nematicidal effect on PPN (Siddiqui et al. 2003) and on the
free-living nematode C. elegans (Romanowski et al. 2011).
Hydrogen cyanide a secondary metabolite, is insufficient
to control nematode egg hatching (Collange et al. 2011),
likely due to its volatility, and the results of our assay on M.
ethiopica egg hatching corroborated this conclusion. Nev-
ertheless, because HCN biosynthesis requires a glycine pre-
cursor that is normally found in the rhizosphere exudates,
the investigation of cyanogenic bacteria may open new
fields into biological control (Blumer and Haas 2000). The
production of hydrogen sulphide has also been reported
in PPN control (Rodriguez-Kabana et al. 1965). This gas-
eous metabolite is related with plant defence signalling
against pathogen attack (Bloem et al. 2012; Calderwood
and Kopriva 2014). In the present work, hydrogen sulphide
production was positively correlated with the mortality of
juvenile M. ethiopica and mobile stages of X. index.

Concerning the FB37BR isolate, ambiguity was rec-
ognized in the phylogenetic characterization because the
16 S rRNA sequence revealed a high nucleotide iden-
tity with two distantly related families (Bacillaceae and
Brevibacteriaceae). Gelsomino et al. (2004) reported that
the Brevibacteriaceae family is misclassified; in fact, the
Brevibacterium species belong to the Bacilliaceae fam-
ily. Phylogenetic analysis of the /TS region sequence of
FB37BR was performed, but information for this genomic
region of Brevibacterium frigoritolerans was unavailable
in the National Center for Biotechnology Information
(NCBI). However, BLAST analysis restricted to Brevi-
bacteriaceae proved 100% identity of the first 160 bp of
the ITS sequence (data not shown). BBL Crystal plates
indicated that the FB37BR isolate belongs to the spe-
cies Corynebacterium jeikeum (97.2% confidence). The
Corynebacterium sensu lato group includes Arthrobacter,
Brevibacterium, Cellulomonas, Curtobacterium, Micro-
bacterium and Corynebacterium genera. Bacteria of this
group are not easily identifiable by classical phenotypic
methods, and traditional genotyping methods using the
16 S gene do not work for all species of the Brevibacte-
rium genus (Gelsomino et al. 2004). However, the results
of the physiological profile (Table 5) and metabolite pro-
duction assays (Table 4) determined that FB37BR does
not belong to B. simplex due to its opposite behaviour in
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verified aspects: B. simplex does not produce H,S, casein
digestion is variable and it does not metabolize p-xylose
(Heyrman 2005). Additionally, B. simplex hardly grows
at temperatures below 20°C, having an optimal growth
temperature of 30°C (Sikorski and Nevo 2007), while
the FB37BR isolate has the ability to grow at 5°C but
not at temperatures higher than 40 °C. These results con-
solidate the pertinence of our isolate to Brevibacterium
frigoritolerans.

For FP805PU isolate identification, a protease assay
and growth at extreme temperatures helped to discriminate
between Pseudomonas fluorescens and P. brassicacearum,
which are closely related to FPS05PU according to the 16 S
and gyrB sequences. Background information regarding the
P. fluorescens strain Pf29Arp (Marchi et al. 2013) indicates
that this strain is missing the genes that encode extracel-
lular proteases, while they are present in P. brassicacearum
strain J12 (Zhou et al. 2012). From this point of view,
FP8O5PU is closer to the Pf29Arp strain since both isolates
are missing protease activity. In addition, growth tests at
extreme temperatures showed that FP805SPU grows well at
5°C but not at temperatures above 41°C, a characteristic
that also separates our isolate from the P. brassicacearum
J12 strain, which has the ability to grow from 4°C to
45°C (Zhou et al. 2012). Phylogenetic analysis of the gyrB
sequence identified PSOSPU as a variant of P. fluorescens.

Phylogenetic analysis of concatenated genes (Fig. 1) sep-
arated FB25M from other B. cereus species and defined the
isolate as B. weihenstephanensis, which is closely related to
B. mycoides. The morphologic feature of FB25M on solid
media is rhizoid, and authors have stated that the rhizoid
appearance is characteristic only of B. mycoides (Lech-
ner et al. 1998). On the other hand, the same authors have
stated that B. weihenstephanensis is the only psychrotoler-
ant species within the B. cereus group. The ambiguity that
resulted from the psychrotolerance and rhizoid morphology
of FB25M was solved by studies carried out by Soufiane
and Coté (2013), which proved that more than one geneti-
cally linked psychrotolerant species exists within the B.
cereus group, some of which belong to B. weihenstephan-
ensis, questioning that the rhizoid aspect is only typical for
B. mycoides.

Bacillus megaterium FB133M reduced M. ethiopica egg
hatching by 60% compared to the untreated control. This
value coincides with the control level on M. graminicola
eggs under in vitro conditions informed by Padgham and
Sikora (2007). Although the FB133M filtrate controlled
egg hatching, the control effect on M. ethiopica J2 lar-
vae was not observed. However, strain FB133M showed a
nematicidal effect on X. index larvae and adults, as reported
in previous studies (Castaneda-Alvarez et al. 2016). In prac-
tice, B. megaterium is already an active ingredient in com-
mercial products that reduce M. incognita J2 populations

in the soil (Radwan et al. 2012) and nematode damage in
tomato plants.

Brevibacterium frigoritolerans FB37BR had a modest
in vitro effect on the nematode compared to strains that
reached mortality values of approximately 90% on larvae
and adults of X index and M. ethiopica. However, its control
effect on M. ethiopica egg hatching was the highest among
all analysed strains. FB37BR manifested the ability to grow
at temperatures below 10°C, which can be an interesting
aspect worth evaluating at the field level. B. frigoritolerans
has also been reported for its nematicidal properties on M.
incognita (Ma et al. 2012), along with entomopathogenic
features on first instar larvae of Anomala dimidiata and
Holotrichia longipennis (Selvakumar et al. 2011).

Among the investigated bacteria, the P. fluorescens
FP805PU strain stood out concerning its nematicidal
effect. Furthermore, prominent metabolites and exoenzyme
activity were verified, and an extensive field of metabolic
options was reflected by its physiological profile. These
features may represent an advantage in the process of bac-
teria establishment in the rhizosphere in the field.

Principal component statistical analysis of the distri-
bution of used carbon sources in the EcoPlates clearly
separated the Bacillus and Pseudomonas genera into two
physiologically distinct fields. Considering the six Bacil-
lus isolates, three assemblages were delineated according
to the used carbon source (Fig. 3). The trends in physio-
logical profiles may generate valuable data about the spe-
cific substrates required for bacterial establishment in the
rhizosphere. Knowledge about the optimal conditions for
bacterial establishment is important for the development of
biological products targeted to the rhizosphere. By analys-
ing the characteristic patterns of the EcoPlates, information
is generated concerning the most common substrates used
by the investigated microorganisms. Ultimately, all the data
will be used to promote those specific strains that are physi-
ologically appropriate for different crops and conditions.

The rhizobacteria evaluated during the present work
produce metabolites and enzymes with in vitro nematicidal
effects on M. ethiopica and X. index, the most important
PPN in Chilean vineyards. The important task of improv-
ing and transferring PPN control from the laboratory to
the field is the next goal, and steps are already underway.
in vitro assays complemented with assays in the green-
house in the open field are promoting rhizobacteria as
a competitive alternative to the use of synthetic nemati-
cidal products. The results indicate that several bacte-
rial enzymes or metabolites may be involved in nematode
control, individually or synergistically, and further studies
on bacterial metabolism to detect other metabolites, not
considered in this research, may generate information and
amplify criteria to find new controller strains with broader
spectrum over PPN. Physiology studies may contribute to
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the identification of rhizobacteria colonization and multi-
plication patterns, allowing for future selection of strains
specialized to certain soil or crop conditions. Nevertheless,
long and reliable field assays still need to be considered to
introduce their use in the field. Rhizobacteria themselves,
as biological controllers or as producers of nematicidal
metabolites—if the technological transfer strategies require
it—represent a sustainable option against the indiscrimi-
nate use of pesticides.
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