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Tomato bacterial endophytes in controlling Verticillium wilt
and their advantage on biostimulation

N. Zendehdel', N. Hasanzadeh™, F.B. Firouzjahi? and S. Naeimi?

Summary A total of 688 bacterial endophytes were isolated from both greenhouse and field-grown
tomatoes in the Tehran and Alborz provinces, Iran in order to obtain effective bacterial endophytes
against the fungus Verticillium dahliae. 128 bacterial isolates, with respect to their different phenotyp-
ic characteristics were further analysed. All bacteria with positive hypersensitivity reaction on tobac-
co and geranium leaves and potato soft rot were eliminated, and totally 39 isolates were selected for
in vitro antagonism and greenhouse tests. The potential biocontrol isolates were evaluated using seed
treatment and soil drench methods on two tomato cultivars. The results indicated that seven bacterial
isolates had a high potential for the control of the fungus and reduced the severity disease to 95-98%.
This reduction was coincided with an increase in some growth factors like plant dry weight, root dry
weight, plant height, root length, root fresh weight and plant fresh weight ranged between 92-98%.
The seven antagonists’ preliminary identification was confirmed using 16SrRNA gene sequencing anal-
ysis. The BLAST analysis was performed, and the bacteria were also identified as Bacillus pumilus (two
isolates), Bacillus subtilis, Bacillus safensis, Enterobacter ludwigi, Serratia marcesens and Pseudomonas be-
atica. Biocontrol mechanisms examination indicated that protease production was positive for all iso-
lates and differentiated isolates E. ludwigii and P. beatica as higher producers with protease levels up to
65%. The three bacteriocins producing isolates inhibited the phytopathogenic mycelium up to 70% in
dual culture assay. Also, five of the isolates produced siderophores and P. baetica, S. marcesens and E.

ludwigii produced remarkable amount of auxin hormone.

Additional keywords: biocontrol, endophytic bacteria, tomato, Verticillium wilt

Introduction

Tomato (Lycopersicon esculentum Mill.) is
considered as one of the most important
commercial vegetable crops in Iran and all
over the world. Iran ranks as the sixth larg-
est producer of tomato in the world (http://
www.fao.org/faostat/en/#rankings/coun-
tries_by_commodity). However, one of the
main problems in tomato production is fun-
gal diseases causing damping-off, wilts and
blights. Verticillium wilt, in particular, caused
by the soil-borne fungus Verticillium dahliae,
is considered as an economically important
disease that limits the production of a broad
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range of agricultural crops, including toma-
to (Gayoso et al., 2007). The tomato yield
losses due to this disease are estimated by
50% (Jabnoun et al., 2009). Several methods
have been proposed and implemented for
managing the Verticillium wilt.

Host plant resistance is generally the
most favorable control method for plant dis-
ease management, but resistant cultivars to
Verticillium wilt are not available for many
crops and therefore the management of the
disease is notoriously difficult (Rekanovic
et al., 2007; Song and Thomma, 2016). Syn-
thetic agrochemicals are applied as conven-
tional and common method to control plant
diseases. However, the use of chemical pes-
ticides adversely affects the environment
and human health (Prabhat et al., 2013).
The use of biological control agents has in-
creasingly become popular in plant protec-
tion as a more environmentally friendly al-
ternative to chemical pesticides (Martin and
Bull, 2002; Naraghi et al., 2006; Naraghi et al.,
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2008; Heydari and Pessarakli, 2010). This can
include the soil inoculants and foliar sprays
of beneficial microorganisms, while the in-
creased knowledge about microbial ecolo-
gy in the phytosphere has stimulated new
thoughts for biocontrol approaches (Rabiey
etal., 2019).

Application of bacterial endophytes to
tomato plants and their effects on disease
control along with plant growth promotion
are considered as a novel method in tomato
Verticillium wilt management (Latha et al.,
2019). Endophytic bacteria usually colonize
the whole tomato plant, obtain the essential
nutrients from plant tissues and protect the
host plants against biotic and abiotic stress-
es (Bottaetal., 2013). According to Amaresan
etal. (2012), the most identified endogenous
bacteria with promoting plant growth capa-
bility in tomato belong to Bacillus and Serra-
tia genera. They have the ability to control
phytopathogens such as Fusarium oxyspo-
rum, Colletotrichum capsici, Sclerotinia rolfsii
and Pythium sp. and are also able to produce
siderophore, indole acetic acid and solubi-
lize phosphorus. Several other reports rec-
ommend bacterial endophytes as an appro-
priate alternative to chemical fungicides.
Some of these bacteria like Bacilli and Strep-
tomyces isolates have been commercialized
(Kwak and Weller, 2013; Lagzin et al., 2013).
The latter can induce systemic resistance in
their host plants to different diseases and
abiotic stresses through the production of
diverse antimicrobial compounds, enzymes
and siderophores (Botta et al., 2013; Kandel
et al., 2017). In addition, they promote plant
growth and yield in many agricultural and
horticultural crops (Rosenblueth and Mar-
tinez-Romero, 2006). Therefore, endophytic
bacteria are considered as biocontrol agents
which protect their host under unfavorable
conditions better than soil, rhizoplane and
phylloplane microbes and they can be trans-
mitted through gene transfer between gen-
erations in plants, an attribute that also dif-
ferentiates them from rhizosphere bacteria
(Nejad and Johnson, 2000).

Since, host resistance against Verticilli-
um wilts is not available for many plant spe-

cies, and combating with this disease is no-
toriously difficult (Song and Thomma, 2016),
host-induced gene silencing (HIGS) has
been identified as a promising strategy for
improving the plant resistance against these
pathogens (Song and Thomma, 2016). Spe-
cifically, HIGS by employing RNA silencing
mechanisms to silence the targets of invad-
ing pathogens has been successfully applied
in crop disease prevention (Qi et al., 2019).

The objective of this study was to isolate
and identify effective bacterial endophytes
from tomato plants in order to control the
tomato Verticillium wilt and promote the
growth parameters.

Materials and methods

Evaluation of biocontrol action of endo-
phytic bacteria against V. dahliae in to-
mato plants

Plant sampling. Tomato plants sampling was
carried out from 20 greenhouses and 10
farms free of fungal disease during spring
and summer of 2017 in Tehran and Alborz
provinces. Ten healthy plants were selected
from each greenhouse and field.

Isolation of endophytic bacteria. The root,
stem, leaf and fruit samples of each green-
house and field were mixed for isolation
of endophytic bacteria. The samples were
rinsed with tap water for 10 min., then ster-
ilized with 75% ethanol for 40 sec. and in
5% sodium hypochlorite for 5 min., and dis-
infected in 70% ethanol for 30 sec. After-
wards, the samples were rinsed with sterile
distilled water at least three times and the
specimens’ surface was scraped with sterile
scalpel and immersed in distilled water for
30 min. All samples were crushed in sterile
mortar, and a loopful from each suspension
was cultured on nutrient agar medium (NA,
Merck, Germany). All plates were incubated
for 3-4 days at 37°C. The distinguished colo-
nies were selected and purified. The repre-
sentative strains were maintained in nutri-
ent broth medium at -20°C (NB, Difco, USA)
containing 15% (w/v) glycerol (Atugala and
Deshappriya, 2015).

© Benaki Phytopathological Institute
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Grouping of theendophytic bacteria on the ba-
sis of phenotypic characteristics. Thirty seven
(37) representative strains were character-
ized initially, with respect to certain pheno-
typic tests including Gram staining, mobili-
ty, aerobic or anaerobic growth, fluorescent
pigment production on King’s B medium, le-
van, potato soft rot, oxidase, arginine dihy-
drolyase as well as gelatin and starch hydro-
lyses and also nitrate reduction test (Schaad
et al., 2001). Hypersensitivity reaction (HR)
was also examined on tobacco and gerani-
um leaves.

Pathogenic isolate. Verticillium dahliae strain
VD-Co-P-G-22, isolated from wilted tomato,
was obtained from the Iranian Research In-
stitute of Plant Protection, Tehran, Iran and
used in all experiments of this study.

In vitro screening of endophytic bacteria an-
tagonistic activity against V. dahliae. The an-
tifungal activity of 128 endophytic bacteria
was evaluated in vitro by dual culture as-
say on PDA medium with three replications.
Sterile distilled water was used as a control.
An agar disc with Verticillium dahliae myce-
lium was placed 5 cm away from the bacte-
rial cultures, and the plates were incubated
at 25°C. The percent of inhibition was calcu-
lated using the following formula: Percent
Growth Inhibition= [(R-r) X100]/R, where R is
the fungal growth radius in the control, and
r is the fungal growth radius in the antago-
nist presence. (Munif et al., 2012).

Effect of endophytic bacteria on seed germi-
nation and seedling growth under laboratory
and greenhouse conditions. For bacterization
of seeds surface of two tomato cultivars,
“Falat” and “Super amber”, the seeds were
immersed for 40 min. in the individual bac-
terial suspension with a concentration of
1x108 cfu/ml. The treated seeds were then
placed on filter paper for seed germination.
The germinated seeds were sown in sterile
soil and growth rates were monitored daily
for one month. All tests were conducted in
a completely randomized design with three
replications (Vichova and Kozova, 2004; Jab-
noun et al., 2009).

Evaluation of biocontrol capability of se-
lected endophytes under greenhouse condi-
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tions. Seeds of the cv. Falat were disinfect-
ed with sodium hypochlorite and ethanol,
thoroughly washed with sterilized distilled
water and planted in a plastic tray (Atuga-
la and Deshappriya, 2015). Three weeks lat-
er, the roots were individually placed in bac-
terial suspension of 37 endophytic bacteria
isolates (3x108 cfu/ml). Phosphate buffer
(PBS) was used as a negative control. The
treated seedlings were transferred to some
pots containing infested soil with V. dahliae
(Nejad et al., 2000). After three weeks, toma-
to roots and stems were crushed and the ex-
tracts were streaked on nutrient agar (NA)
medium for determining the bacterial colo-
nization. The disease severity was measured
after 90 days of cultivation using the follow-
ing scale: 0 = no symptoms, 1= infection
symptoms on the root, 2 = infection symp-
toms on the root and crown, 3 = infection
symptoms on the stem base, and 4 = infec-
tion in the stem middle and end (Jabnoun
et al., 2009). The experimental design was a
completely randomized design with three
replicates. ANOVA for a factorial design (fac-
tors: endophytic bacteria, V. dahliae) was
conducted, using the SAS program. The
treatments means was compared by Dun-
can’s multiple range test.

Measuring plant growth parameters. Differ-
ent growth parameters including shoot
and root fresh and dry weight, and growth
lengths were measured. Ten tomato plants
at the age of 1-month, treated with 37 bac-
terial isolates were assigned to measure the
parameters by random (Atugala and De-
shappriya, 2015).

Identification of the most efficient bacteria. A
combination of phenotypic characteristics
and 16S rDNA sequences was applied in or-
der to identify the endophytic bacteria (Ku-
mar et al., 2016).

For DNA extraction and PCR reaction,
the selected bacterial isolates were cultured
in NA medium and after 24 hours, a single
colony was selected and mixed in the ster-
ile microtubes containing 500 pl of NaOH
and 10 pl of SDS. The samples were placed
in boiling water for 5-10 min. after vortex-
ing for 3 min. (gram-negative bacteria for 5
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min. and gram-positive for 10 min.). This was
followed by ice-cold shock treatment for 3
min. Then, the samples were centrifuged
at 13000 rpm at 25°C. 100 pl of the upper
phase containing DNA was transferred into
the 1.5 ml Eppendorf tubes and was pre-
served at -20°C (Elboutahiri et al., 2009). The
primers pairs that were applied were P1 and
P6 with the sequences as followings: (5’ATC
CAGAGTTTGATCCTGGTCAGAACGAACGCT
-3') and (5-CGGGATCCTACGGCTACCTTGT-
TACGACTTCACCCC-3Y), respectively (Kumar
etal., 2016).

For the PCR product electrophoresis
and sequencing, the PCR mixture was pre-
pared ina 25ul final volume containing 2 ul
of extracted DNA (10 ng/pl), 1 pl of MgCl, (50
mM), 0.6 ul of dNTPs (10 mM), 1 ul of each
primer (10 ng/ul), 0.1 pl of Taq polymerase,
3 pl of PCR buffer (10X) and 16.3 pl of SDW.
The thermal cycling conditions for initial de-
naturation were for 2 min. at 94°C, followed
by 25 cycles for 30 S at 94°C (denaturation),
for 30 S at 52°C (annealing), for 2 min at 72°C
(extension), and a final extension step for
20 min at 72°C. Mixtures without DNA tem-
plates (water) were used as negative control.
4 ul of each PCR product was mixed with a
1 ul staining marker (GeneRuller 100bp) and
runin 1% agarose in 1x TAE buffer. 1 pl of 100
bp DNA ladder SMO323 (Thermo Scientific)
was applied. The gel was photographed us-
ing Gel Document Uvitec/DM 500. The PCR
products with sharp bands were sent to the
two Microsynth (Switzerland) and Bioneer
(South Korea) companies for sequencing.

Detection of antifungal metabolites
produced by representative endophyt-
ic bacteria

Detection of antifungal metabolites
was examined in five bacterial isolates, E.
ludwigii NZ101, P. baetica NZ108, B. subtilis
NZ104 and NZ103, B. pumilus NZ106, namely
through the production of protease, hydro-
gen cyanide (HCN), inhibitory extracellular
metabolites, volatile antifungal metabolites,
indole-3-acetic acid (IAA), siderophore and
bacteriocins.
Protease production. The bacterial isolates

were spot inoculated on SCA medium (Sim-
mons’ citrate agar) and the Perti plates were
kept for 48 hours at 25°C. The colorless halo
formation around the bacterial colonies in-
dicated proteolytic proteins activity (Gull
and Hafeez, 2012).

HCN production. Bacteria were heavily inoc-
ulated on SCA growth medium (Simmons’
citrate agar) and a filter paper strip of 1x1
cm containing 5 ml of copper ethyl acetoac-
etate, 5 mg of 4,4 methylene bis (N,N-di-
methyl) aniline and 2 ml of chloroform was
placed inside the lids upside-down. All Petri
plates were incubated for 48 hours at 28°C.
Any change in the filter paper color (to blue
color) was considered as a positive result of
hydrogen cyanide production (Gull and Ha-
feez, 2012).

Production of inhibitory extracellular metab-
olites. Bacterial isolates were prepared at a
concentration of 1x10’ cells/ml, cultured on
PDA medium and were incubated at 28 °C
for three consecutive days. After that, DW
washed the bacteria from the surface of the
culture medium, and a sterilized cotton swab
soaked in chloroform was placed on lids. Af-
ter 30 min, a 15-day fungal growth was cul-
tured in the middle of each plate. The inhib-
itory zones were measured after incubation
of plates at 28°C for 10 days using the formu-
la proposed by Raut and Hamed (2016).
Production of volatile antifungal metabolites.
All bacterial suspensions were prepared at a
concentration of 1x107 cells/ml, cultured on
nutrient agar + 2% glucose (NGA) and were
incubated for 24 hours at 25°C. Meantime a
15day fungal culture was placed in the mid-
dle of the PDA medium and the two plates
were sealed together with Parafilm M®. The
control sets did not contain the bacteria.
The inhibitory zones were measured after
incubation of plates at 28°C for 10 days as
mentioned above.

Production of IAA. The bacterial isolates were
grown in tubes containing 100 ml of KB me-
dium for 16 h at 30°C. Tubes containing 100
ml of KB medium were inoculated with bac-
teria and incubated for at least 16 hours at
a temperature of 30°C. The 0.6-0.7 absor-
bance value was determined at 600 nm.

© Benaki Phytopathological Institute
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The suspension was centrifuged at 8,000
rpm for 10 min and the supernatants were
mixed with Salkowski reagent in a 2:1 ratio
and ethanol, chloroform and concentrat-
ed sulfuric acid were mixed in a ratio of 2:
2: 2. The tubes were placed in a dark box for
30 minutes. The pink color developed due
to the production of IAA was measured by
spectrophotometry at 530 nm. The concen-
tration of IAA in each culture was calculated
with respect to the standard curve (Merck,
Germany) (Gull and Hafeez, 2012).
Production of siderophore. The KB and PDA
culture media containing FeCl3 in the final
concentrations of 25, 20, 15, 10 ug/L and
control without iron, were prepared, respec-
tively, and a 15-day Verticillium culture was
inoculated and incubated at 28°C for 5 days
in darkness (Raut and Hamed, 2016; Gull and
Hafeez, 2012).

Bacteriocin production and their antibacterial
activity. Antagonistic isolates were cultured
on a NB medium for 24 hours at 25°C. The su-
pernatants that were obtained by centrifu-
gation for 20 min. at 8000 rpm were adjusted
to pH 6.5 with TM NaOH. Trypsin (1 mg ml™)
was added to each tube and isolates were in-
cubated for 12 hours at 37°C. Two wells with
the depth of 5 mm were made on each NA
medium, and each one of the bacterial iso-
lates was added to each well, up to the time
of completely absorbing by medium. Fi-
nally, the Petri plates surface were sprayed
with Escherichia coli indicator (isolate code:
PTCC1330) and incubated for 1 week. Any in-
hibitory effect was considered as a result of
bacteriocins (Tagg and McGiven, 1971).

Results

Biocontrol action of endophytic bacteria
against V. dahliae in tomato plants
Altogether, 688 endophytic bacterial
isolates were obtained from the root, stem,
leaf, and fruit of tomato plants. 128 isolates
were selected in initial screening based on
phenotypic traits. Finally, 37 isolates which
did not cause hypersensitivity reactions and
soft rotin potato slices were selected for fur-

© Benaki Phytopathological Institute

ther studies.

All 37 representative isolates were ex-
amined for their inhibitory effects against
V. dahliae using the agar diffusion method
on PDA medium. The results indicated that
there was a significant difference in the fun-
gal growth inhibitory effect. The maximum
inhibitory effect was produced by P. beatica
with 3.80 mm, E. ludwigii with 3.70 mm and
B. subtilis with 3.60 mm zone diameters, re-
spectively.

The results from the tests on the effect
of endophytic bacteria on germination of
tomato seeds and seedling growth (viabil-
ity and vigor) under laboratory and green-
house conditions indicated that the seeds
viability in cv. Falat and super amber culti-
vars was 99% and 50%, respectively. As a re-
sult, all experiments were carried out on to-
mato cv. Falat.

By analyzing the data attained from the
greenhouse test, it was demonstrated that
there was a significant difference (P <0.0001)
between tomato plants treated with endo-
phytic bacteria and V. dahliae in compari-
son with positive (inoculated with patho-
gen) and negative controls (non-inoculated)
(Fig. 1). Moreover, five distinct groups of a,
b, ¢, d and e were obtained as indicated in
Table 1. In group e, the non-inoculated con-
trols along with seven isolates were recog-
nized as high potential biological control
agents reducing the disease severity to 95-

Figure 1. Seed treatment and reduction of disease symp-
toms and growth promoting effect of the endophytic bacteri-
um Pseudomonas beatica NZ-101 (middle) compared to healthy
control (right) and Verticillium dahliae infected tomato plant
(left).
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98%. In group d with seven representative
isolates, the disease severity has a reduction
between 70-90%. The group c containing
fifteen isolates had intermediate control ef-
fects (45-70%). The two lowest groups were
as followings: the group b with five isolates
and 25-45% disease reduction effects and
the group a, with four bacterial strains that
could lower the disease by 5-20%.

Thestatistical analysesonthe dry weight,
root dry weight, seedlings length, root
length, root fresh weight and fresh weight
of the seedlings treated with representa-
tive isolates, showed a significant difference
amongst the treatments. The seven isolates
of P. baetica NZ101, B. subtilis NZ104 and E.
ludwigii NZ108, S. marcesens NZ102, B. pumi-
lus NZ103, B. safensis NZ107 and B. pumilus
NZ106 have increased the growth factors by
92-98%. Other isolates had a modest effect
in comparison with the control (Table 1).

BLAST analyses demonstrated that the
isolates NZ101, NZ102, NZ104, NZ106, NZ108
belong to the species P. baetica, S. marces-
ens, B. subtilis, B. safensis and E. ludwigii, re-
spectively. Both NZ103 and NZ106 belong to
the species B. pumilus.

Detection of antifungal metabolites pro-
duced by isolates of endophytic bacte-
ria

Six isolates including P. baetica NZ101,
S. marcesens NZ102, B. pumilus NZ103 and
NZ106, B. subtilis NZ104 and B. safensis
NZ107 could significantly inhibit the V. dahl-
iae growth by production mechanism of
the protease enzyme at P <0.0001 (Fig. 2).
E. ludwigi NZ108 failed to produce this en-
zyme completely, whereas P. baetica NZ101
showed the highest protease activity by
65% (Table 2).

S. marcesens NZ102 and B. pumilus strains
NZ103 and NZ106 produced hydrogen cya-
nide in the medium containing glycine (Ta-
ble 2).

Regarding the production of agar-per-
meable extracellular inhibitor metabolites, a
significant decrease (P <0.0001) in V. dahliae
mycelial growth was observed. The highest
growth inhibition with 2.76 mm in diameter

was associated to P. baetica NZ101, E. ludwigi
NZ108 and B. subtilis NZ104 (Table 2).

A significant reduction by 68% (P
<0.0001) was observed in the V. dahliae my-
celial growth compared to the control, due
to volatile antifungal metabolites produc-
tion by the isolates P. baetica NZ101, E. ludwi-
gi NZ108 and B. subtilis NZ104 (Table 2).

Three representative isolates, P. baeti-
ca NZ101, S. marcesens NZ102 and E. ludwigii
NZ108, produced the auxin hormone IAA, in
concentrations calculated with respect to
the standard curve (Merck, Germany) (Ta-
ble 2).

Siderophore production by almost all
bacteria had a significant effect on the fun-
gal mycelium growth of V. dahliae at concen-
trations of 5, 10, 25 and 50 ug/I (P <0.0001).
The results indicated that the isolates E.
ludwigii NZ101, P. baetica NZ108, B. subtilis
NZ104 and NZ103, B. pumilus NZ106 reduced
or inhibited the V. dahliae mycelial growth,
at the media emended with 10 and 5 pg/I of
FeCl3 (Table 2).

The mean value of the inhibition zone
caused by bacteriocin producing strains
indicated that P. baetica NZ101, E. ludwigii
NZ108, NZ104 and B. subtilis NZ104 could
decrease V. dahliae growth up to 70% com-
pared to the control (Table 2).

Figure 2. Protease enzyme production by different bacte-
ria on SMA medium. Clockwise from top, at the left plate:
Pseudomonas baetica, Serratia marcesens, Bacillus pumilus and
Bacillus subtilis, and at the right plate: Bacillus safensis, Bacillus
pumilus and Enterocater ludwigii.
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Discussion

One of the most applicable methods for to-
mato wilt disease management caused by
V. dahliae is the use of biological control
agents, such as fungal and bacterial antag-
onists, both in vitro and in vivo conditions.
Furhermore, disease control along with
plant growth promotion traits has been
considered as a novel method in toma-
to Verticillium wilt disease management all
over the world (Martin and Bull, 2002; Munif
etal., 2012; Thomas and Upreti, 2015). In this
study, 688 endophytes bacteria were isolat-
ed from roots, stems, leaves and fruit of to-
mato plants and their antagonistic activities
against V. dahliae were evaluated. Among
them, 39 bacterial isolates with negative hy-
persensitivity reaction (HR) on tobacco and
geranium and failure to decay potato slic-
es were selected for greenhouse investiga-
tions.

Seven endophytic bacterial isolates, B.
pumilus (NZ103 and NZ106), B. subtilis NZ104,
S. marcesens NZ102, E. ludwigii NZ108, B.
safensis and P. baetica NZ108, were found
to be highly potent in controlling V. dahliae
and reducing the severity of the symptoms
by 98%. In addition, the endophytes could
accelerate the growth of tomato plants,
based on several growth characteristics, in
greenhouse conditions. These findings are
in agreement with the results of Martin and
Bull (2002) and Naraghi et al. (2008), support-
ing the fungal and bacterial antagonists and
bacterial endophytes application against
Verticillium wilts in other crops. Munif et al.
(2012) identified 32 genera of endophytic
bacteria in tomatoes enable to control fun-
gal pathogens with dominant genera Bacil-
lus and Pseudomonas against Fusarium and
Rhizoctonia.

Tomato seeds infested with V. dabhli-
ae and treated with individual endophytic
bacteria of the seven isolates demonstrated
that some bacterial metabolites play a sig-
nificant role in disease symptoms reduction
in comparison with the controls i.e. with re-
spect to the mechanisms investigated, it
was established that P. baetica NZ101 could

produce the highest protease and auxin IAA
level, whereas, the isolates of S. marcesens
NZ102 and E. ludwigii NZ108 could only pro-
duce auxin IAA in order to modulate plant
growth. These results are consistent with
the Gull and Hafeez (2012) findings, indicat-
ing that 8 isolates of Pseudomonas fluore-
scens could increase plant growth and also
reduce root decay disease by R. solani in
wheat plants. The results are also consistent
with the research work presenting that bac-
teria isolated from canola roots and shoots
not only improved the seed germination,
seedling length and rapeseed and tomato
growth, but also lowered the disease symp-
toms of V. dahliae and F. oxysporum (Nejad
and Johnson, 2000). In respect to hydro-
gen cyanide production, three isolates of S.
marcesens NZ102 and B. pumilus NZ103 and
106 were able to produce hydrogen cyanide
in glycine containing medium. The results
were in agreement with the results of Gall
and Hafeez (2012).

The production of secondary metabo-
lites in producing various antibiotics, en-
zymes and biofilm is well documented
(Morikawa, 2006). The endophytic bacteria
E. ludwigii NZ108, P. baetica NZ108, B. subti-
lis NZ104 and B. pumilus (NZ103 and NZ106)
produced siderophore on PDA medium con-
taining 10-ul ferric chloride iron to reduce or
inhibit V. dahiae growth. The three first spe-
cies produced bacteriocin that could reduce
V. dahiae growth by 70% as well as volatile
antifungal metabolites and diffusible inhib-
itors in agar media to decrease the normal
mycelial growth by 68%. Henis and Inbar
(1986) report that extracellular and vola-
tile antifungal compounds production by
B. subtilis strains were effective in reduc-
ing plant diseases. According to Ongena et
al. (2008), B. subtilis can induce resistance to
pathogens by producing secondary metab-
olites.

In conclusion, this study isolated, iden-
tified and evaluated the endophytic bacte-
ria diversity in different tomato plant organs
from tomato plants sampled in Iran in rela-
tion to their effect on Verticillium wilt dis-
ease control and plant growth. Four endo-
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phytic bacterial isolates, P. baetica NZ101, B.
subtilis NZ104, E. ludwigii NZ108 and B. safen-
sis NZ107 inhibited fungal growth and indi-
rectly stimulated plant growth by producing
different types of antimicrobial metabo-
lites. Since no similar research has been per-
formed in Iran before, the results are no-
table for future application of these most
promising bacterial endophytes in biocon-
trol of the destructive Verticillium wilt in
greenhouse tomato.
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EvdouTika akthipla TG TOHATAG OTNV AVTIHETWITION TNG
adpOoUKWONG Kal TO MAEOVEKTNMA TOUG 0TN Blodiéyepon

N. Zendehdel, N. Hasanzadeh, F.B. Firouzjahi kat S. Naeimi

3TN MEAETN autr amopovwBOnkav 688 evOo@UTIKA BAKTNPEIAKA OTEAEXN amMO QUTA BEPUOKNTIOKAC
Kal umaiBplag KaAAiépyelag Topdtag, Ta omoia GUAEXONKkav amod T emapyieg TnG Texepdvng Kal Tou
Alborz, Ipdv kat eAéyxBnkav w¢ mbavoi avtaywvioTikoi mapdyovteg évavtt tou puknta Verticillium
dahliae. AkohouBnoe mepartépw emAoyr| 128 avTIMPOCWITEVTIKWY AMTOMOVWOEWV Bdoel Tn¢ dlagope-
TIKOTNTAG TWV QAVOTUTIIKWV XAPAKTNPIOTIKWY TOUG. XTN CUVEXELA PETA amd dokiur umepevaloOnoi-
ag amokAgioTnKav Ta oTeAEXN OV ppavicav BETIKNA avtidpaon o€ GUANA KaTTVoU, YEpaAviou Kal 0TnV
vypn onYn TG matdtac. Baoel autwv emAExBnKav GUVOAIKA 39 AMOUOVWOELS YIa TIEPAITEPW OOKIUES
avTaywvIooU in vitro Kal o cuvOrkeg Beppoknmiov. Amé autd, entd evOOQUTIKA avTaywvioTd OTE-
AéXN HE Ta AoV EMWEENR XAPAKTNPLIOTIKA TautomoOnkav Bdacel Tng avaluong tou yovidiou 16S
rRNA wc¢ Bacillus pumilus (800 oteNéxn), Bacillus subtilis, Bacillus safensis, Enterobacter ludwigi, Serratia
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marcesens kol Pseudomonas beatica. A§lohoyn0nke n Blohoyikr 6pAon Twv amopoVWOoEWY e TN XPN-
on uebodwv eme€epyaciag omdpwv kat dtaBpoxng edagoug o duo moikihieg Topdtag. Ta amoteAéopa-
Ta €de1&av 0TI Kal ol EMTA BAKTNPIAKES ATTOMOVWOELS £ixav UPNAG SUVAUIKS yia TOV ENEYXO TOU HUKN-
Ta Kal peiwoav tn Sptuutnta TNG acbévelag katd 95-98%. Autr n avtaywviotiki dpdon ouvdudotn-
KE UE TNV aV€Non OPIoUEVWY TTAPAPETPWY AvATTTUENC Omw¢ To ENpo PApoc uTou, To Enpod Bdpoc pi-
{ac, To LPoc PuTOU, To URKOC pilac, To vwmd Bdpoc pilac kat To vwmd BApoc uTov, Katd 92-98%. H &1-
gpeLVNON TWV UNXavIoUwV Blohoyikng dpdong Toug £6¢1Ee mapaywyn mPWTEAoNG amd OAEC TIG AMOO-
VWOELC, he uPnAoTepa emimeda, £wg 65%, amo ta ateéxn E. ludwigii kai P. beatica. Tpelg amo Ti¢ amopo-
VWOELC TTOU TAPAYOUV BaKTNPlooiveg avéoTEINAV TNV avATTuEn Tou pUKnAiou Tou gutomaboydvou pu-
KnTa €wg Kat 70% oe dokiur SImARC KaANiépyelag. Emiong, mévte amo TIC amopovwoelg mapdyouv otdn-
PoPOPA, eV Ta evOoPUTIKA BakThpla P. baetica, S. marcesens kau E. ludwigii mapriyayav a§loonueiw-
N moooTNTa Avivnc.
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Infections of bean plant and field soil are linked to region, root
rot pathogen and agro-ecosystem

B. Naseri”, M. Gheitury? and M. Veisi'

Summary Understanding pathogen-agrosystem interaction is particularly essential when applying a
control method to minimize pathogen prevalence prior to plant infection. To meet this requirement,
frequency of major root rot pathogens isolated from bean root and seed, and their soil populations
were examined in farmers’ fields. Multivariate analyses evidenced more frequent isolations of Fusarium
solani and Rhizoctonia solani from root and seed compared to Macrophomina phaseolina and Fusarium
oxysporum. Two Fusarium species had denser soil populations than R. solani and M. phaseolina. More
frequent isolations of pathogens were detected in root and seed collected from Abhar and Khodaban-
deh compared to Kheirabad region. Agronomic and soil variables corresponded less closely to root in-
fections compared to soil infestation and seed infections. Bean market class, herbicide application, and
planting depth were linked to root, seed and soil infestations. Such information provides a basis for in-
creased confidence in choosing appropriate control strategies for a pathogen and region in sustain-

able agriculture.

Additional keywords: Fungus, Legume, Phaseolus vulgaris, principal component analysis, soil-borne

Introduction

Common or dry bean (Phaseolus vulgatris L.)
is considered as an essential legume food
crop in Iran where more than 116,000 ha of
bean crops are planted annually (Anony-
mous, 2014). Under various soil and environ-
mental conditions, soil-borne pathogens
may infect beans in any possible combina-
tion and cause root-rot-disease complexes
(Abawi and Pastor Corrales, 1990; Naseri and
Hemmati, 2017).

Our earlier findings based on assess-
ing commercial bean fields demonstrated
that the most prevalent of root rot patho-
gens are: Fusarium solani (Mart.) Saec. f. sp.
phaseoli (Burk.) Snyd. and Hans, Rhizoctonia
solani Kuhn, Macrophomina phaseolina (Tas-
si) Goid., and F. oxysporum Schlechtend:Fr.
Moreover, reductions in Zanjan’s bean pro-
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duction due to root rots could be estimated
as high as 65% (Naseri, 2008). Later and shal-
lower planting, irrigating at 6-9 days inter-
vals, herbicide and manure use, higher soil
organic matter and rhizobial nodulation,
manual seeding, proper plant density, and
sprinkler irrigation lowered root rot diseases
and crop damage by these pathogens (Na-
seri and Tabande, 2017). Furthermore, grow-
ing beans after maize and seed treatment
with fungicide lowered Fusarium root rot
caused by F. solani and improved bean pro-
ductivity (Naseri and Marefat, 2011; Naseri,
2014a; Naseri et al., 2016). Growing beans af-
ter potato and tomato decreased Rhizocto-
nia root rot caused by R. solani (Naseri and
Moradi, 2015). High soil pH and sand use,
and growing beans following legumes or ce-
reals use intensified charcoal root rot caused
by M. phaseolina (Naseri, 2014b). Cultivation
in sandy soil with neutral pH reduced Fusar-
ium wilt caused by F. oxysporum (Naseri,
2014c).

Although the above-mentioned studies
focused on measuring disease symptoms
in interaction with agro-ecological condi-
tions, associations of agro-ecosystem with
pathogens populations in bean root and
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seed, and field soil is little understood. Na-
seri and Mousavi (2015) examined interrela-
tionships among development of root rots,
bean yield and populations of pathogens
isolated from root, seed and soil, which re-
vealed that the intensity and spread of bean
root rots are linked to high soil populations
of R. solani and F. solani (Naseri and Mousa-
vi, 2015). Hence, a better epidemiological
understanding of agro-ecological indica-
tors of pathogens populations in the plant
and soil affecting this disease complex de-
serves more consideration. Moreover, based
on our multi-point assessments over the
bean growing season (Naseri and Mousavi,
2015), fungal species and experimental sites
affected isolations of F. solani, R. solani, M.
phaseolina and F. oxysporum from seed, soil
and root. Based on this research, it would
be interesting to compare these soil-borne
pathogens for their potential to infect root,
seed and soil in the bean-root-rot patho-
system. Furthermore, information on asso-
ciation of the region and cropping system
with infections of the root, seed and soil by
root rot pathogens would assist in identify-
ing the importance of inoculum sources for
each pathogen and region under commer-
cial production conditions to improve ex-
perimental designs for disease control and
sustainable agronomy purposes. Thus, the
objectives of this investigation were to: (1)
evaluate the effect of pathogen on frequen-
cies of F. solani, R. solani, M. phaseolina and F.
oxysporum isolated from root, seed and soil
samples, (2) determine the influence of re-
gion on infections of root, seed and soil by
the pathogens, and (3) compare the corre-
spondences of pathogens infecting either
root, seed or soil with 14 agronomic and soil
descriptors.

Materials and Methods

Experimental site assessment

The present study area was estimated
at 6149 ha in a North-Western part of Iran,
Zanjan, with a cold semi-arid climate, hot
and dry summer season from June to Sep-
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tember. Zanjan province has 315.4 mm and
11.7°C mean annual rainfall and tempera-
ture, respectively. To assess soil populations
of major root rot pathogens, 13 produc-
ers’ fields were randomly selected from the
main bean growing region as representa-
tive experimental sites. Agronomic and soil
characteristics of the fields are represented
in Table 1.

The methodology of collecting plant,
seed and soil samples, fungal isolation,
identification and pathogenicity confirma-
tion have been reported earlier (Naseri and
Mousavi, 2015). Briefly, monosporic isolates
of Fusarium spp. isolated from root, seed
and soil samples were transferred to carna-
tion leaf agar and identified to species lev-
el according to key characteristics provided
by Nelson et al. (1983). Isolates of F. solani f.
sp. phaseoli were specified according to the
greenhouse studies followed by specific mo-
lecular detection (Khodagholi et al., 2013).

The following samples were collected at
pod maturity stage of bean growth from ei-
ther of three observations per field: (1) two
to four symptomatic plants (wilt and yel-
lowing along with cankered and discolored
roots); (2) seeds of 50 bean plants; (3) four
samples (ca 1 kg in total) from the soil sur-
rounding bean roots.

Laboratory assessment

Concisely, four pieces per symptomat-
ic root were surface sterilized (for 2 min in
1% NaOCl) and then cultured on potato dex-
trose agar (PDA, Difco, Detroit, MI, USA). Af-
ter identification, isolation frequencies of F.
solani, R. solani, M. phaseolina and F. oxyspo-
rum were defined as the total number of
isolations of each fungal pathogen from all
root segments (four 1 mm?3 pieces per root)
per root sample expressed as percentage
(Naseri, 2008).

A subsample of 12 seeds (48 seeds in to-
tal per field) from each seed sample, were
surface sterilized, rinsed in sterile distilled
water, and then placed onto PDA amend-
ed with 30 mg I streptomycin (streptomy-
cin sulfate, Sigma, St Louis, MO). After pu-
rification and identification, the isolation



16

Naseri et al.

Table 1. Agronomic and soil properties of commercial bean fields studied.

Fields

Factors

1 2 4 5 6 9 10 1 12 13
Bean market class? P W R R R R R P R R W
Field size (ha) 2 2 1.2 1 1 0.5 1 1.5 1 0.3 3 0.3 2
Herbicide® T P T 0 B T R T T
P-Fertilizere 1 1 0 1 1 0 0 1 0 1
Planting date (day) 26 | 30 | 30 | 30 | 30 | 27 | 35 | 30 | 30 | 30 | 10 | 16 | 20
Planting depth (cm) 5 4 4 5 15 5 10 | 10 7 6 10 5 8
Previous crop® W A W W B P P A A W w P w
Regione® A A A A A K K K K 0 0 (0]
Soil EC (ds/m) 1.3 136 35|13 (29|17 (22|11 21|33 ]18)| 15|15
Soil pH 77 |74 |\ 76 | 77 |75 | 75 |75 |74 |77 |77 |78 |75 | 74
Clay (%) 24 | 38 | 32 | 44 | 30 | 36 | 31 44 | 32 | 38 | 44 | 32 | 40
Sand (%) 54 | 32 | 36 | 26 | 36 | 28 | 38 | 18 | 36 | 28 | 14 | 36 | 28
Silt (%) 22 | 30 | 32 | 30 | 34 | 36 | 31 38 | 32 | 34 | 42 | 32 | 32
Urea© 1 1 1 0 1 0 1 0 1 1 1 0 0

2P = Pinto, R =Red, and W = White beans.

b B = bentazon, P = paraquat, R = roundup, and T = trifluralin.

¢0 = Notapplied and 1 = applied.
4 A = Alfalfa, B = bean, P = potato and W = wheat.
¢ A = Abhar, K= Kheirabad and O = Khodabandeh.

frequencies of each major root rot patho-
gen was determined as the total number of
isolations from 12 seeds expressed as a per-
centage (Naseri and Mousavi, 2015).

For soil samples, 1 ml aliquots of the 10
dilution of a soil subsample in Ringer’s solu-
tion were plated on soil-extract-streptomy-
cin-agar (James, 1958). The number of colo-
ny forming units (CFU) per gram for the four
root rot pathogens was counted. Thus, 52
soil samples collected from 13 fields were
examined (Naseri and Mousavi, 2015).

Statistical analysis

In an attempt to improve data homoge-
neity, data for the soil populations of root
rot pathogens at pod maturity stage were
log-transformed before statistical analysis.
In order to simplify interpretations of sig-
nificant associations within the large data
set, principal component analysis (PCA)
was used to compare root rot pathogens in-
fecting root, seed and soil between bean
growing regions (R software, Development
Core Team, 2006). Thus, a total of 12 infec-
tion variables were described for the three

infection courts (root, seed and soil) and
four fungal pathogens. The non-metric vari-
ables, pathogen species and region, were
regarded as factors in the first and second
PCAs to determine the significant differenc-
es in the soil populations and frequencies
of isolations from roots and seeds between
the pathogens and regions. The PCA meth-
od enabled joint analysis of the regional in-
formation at which variables were of a het-
erogeneous nature. This also allowed us to
reduce the number of variables accounting
for the total variance in the dataset. A new
variable, which was defined by PCAs, com-
bined the 12 infection variables into a linear
regression. The significance of differences
was examined using Monte Carlo permuta-
tion tests. The third PCA compared the asso-
ciations of agronomic and soil variables with
root, seed and soil infestations.

Results

Pathogen effect
All the four major bean-root-rot patho-
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gens, F. solani, R. solani, M. phaseolina and
F. oxysporum, were isolated from root, seed
and soil samples collected from the 13 farm-
ers’ fields studied as experimental sites. In
the two-dimensional plot of the first PCA
(PCA1) based on frequencies of the patho-
gens isolated from roots and seeds, and soil
populations examined at 13 experimen-
tal sites, the first principal component (PC1)
accounted for 57.6% of the total data vari-
ance. The horizontal axis, PC1, was termed
as plant infection indicator due to receiv-
ing high positive loadings from frequencies
of the four pathogens isolated from roots
(0.86) and seeds (0.89; Fig. 1). PC1 accounted
for the largest proportion of the total vari-
ance and may, therefore, be considered as
the major descriptor of infections caused by
bean-root-rot pathogens under production
field conditions.

The vertical axis, PC2, captured 30.2% of
the data variance. This PC was termed the
soil infestation indicator because of having
a high positive loading (0.89) for the densi-
ty of root-rot-pathogen populations in field
soils (Fig. 1). This significant contribution of
pathogens populations in the soil to the sec-
ond PC of PCAT demonstrated the consider-
able role of prevalence of the bean-root-rot
pathogens studied in field soil to charac-

1.0

-1.0

terize fungal infections associated with this
complex soil-borne disease in bean crops.

The multivariate analysis, PCA1, demon-
strated that the infection of root, seed and
soil significantly differed among the four
major root rot pathogens (Monte Carlo per-
mutation test; P = 0.0019; Fig. 1). The hori-
zontal axis, plant infection indicator, dis-
tinguished F. solani and R. solani from M.
phaseolina and F. oxysporum, indicating
more frequent isolations of F. solani and R.
solani from root and seed samples in com-
parison with M. phaseolina and F. oxysporum.
In addition, the highest and lowest plant in-
fections were detected for F. solani and F. ox-
ysporum, respectively. Based on the vertical
axis, soil infestation indicator, F. solani and
F. oxysporum were distinguished from R. so-
lani and M. phaseolina. This indicated denser
soil populations of the two Fusarium species
than R. solani and M. phaseolina in the bean-
root-rot pathosystems studied. F. solani and
R. solani had the densest and sparest popu-
lations in the soils sampled from bean pro-
duction fields.

Region effect

All the four major bean-root-rot patho-
gens, F. solani, R. solani, M. phaseolina and
F. oxysporum, were isolated from root, seed

-1.0 1.0

Figure 1. Principal component analysis (PCAT1) of infections by F. oxysporum (1), F. solani (2), Macrophomina phaseolina (3)
and Rhizoctonia solani (4) in bean root and seed, and field soil according to pathogen.
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and soil samples collected from the three
study regions (Abhar, Kheirabad, Khodaban-
deh). According to the second PCA (PCA2),
the infection of root, seed and soil signifi-
cantly differed among the three main bean
growing Zanjan’s regions studied (Mon-
te Carlo permutation test; P = 0.079; Fig. 2).
The horizontal axis (plant infection indica-
tor) of PCA2 distinguished Abhar and Khod-
abandeh regions from Kheirabad, indicating
more frequent isolations of the pathogens
from root and seed samples collected from
Abhar and Khodabandeh when compared
to Kheirabad region. In addition, the high-
est and lowest plant infections were detect-
ed for Khodabandeh and Kheirabad regions,
respectively. Based on the vertical axis (soil
infestation indicator), Abhar region was dis-
tinguished from Khodabandeh and Kheira-
bad regions. This indicated denser soil pop-
ulations of the root rot pathogens in the soil
of Abhar’s bean fields compared to Khoda-
bandeh and Kheirabad. Among the regions
studied, the densest and sparest popula-
tions of the pathogens in the soils were sam-
pled from bean fields located in Abhar and
Kheirabad, respectively.

1.0

-1.0

-1.0 1.0

Association of infection with agro-eco-
system

According to the third PCA, the five prin-
cipal components accounted for 75.1% of
total data variance (Table 2). The first PC of
PCA3 determined the associations of bean
class and herbicide application with frequen-
cies of F. oxysporum isolated from root and
F. solani, M. phaseolina and R. solani isolated
from seed samples. PC2 indicated linkages
of bean class, P-fertilizer application and soil
EC to frequencies of F. oxysporum and F. so-
lani isolated from bean seed, and soil pop-
ulations of F. oxysporum and R. solani. Based
on loading values obtained for PC3, plant-
ing depth corresponded with isolation fre-
quencies of F. solani, M. phaseolina and R. so-
lani from bean root and soil population of R.
solani. PC4 described relationships between
planting depth, soil pH, urea application, fre-
quency of F. oxysporum isolated from seed,
and soil populations of F. oxysporum and M.
phaseolina. Herbicide application, planting
date and previous crop were associated with
soil populations of F. solani and R. solani ac-
cording to PC5 loadings.

d=2

Figure 2. Principal component analysis (PCA2) of infections by F. oxysporum (Fo), F. solani (Fs), Macrophomina phaseoli-
na (Mp) and Rhizoctonia solani (Rs) in bean root and seed, and field soil collected from Abhar (1), Kheirabad (2) and Khoda-

bande (3) according to region.
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Table 2. Principal component analysis of infections by F. oxysporum (Fo), F. solani (Fs), Mac-
rophomina phaseolina (Mp) and Rhizoctonia solani (Rs) in bean root and seed, and field soil in
association with agronomic and soil properties.

Principal components

Variables

1 2 3 4 5
Bean market class 0.28° -0.28 -0.23 -0.1 0.13
Crop grown before bean 0.08 0.05 -0.20 0.03 0.30
Date of planting -0.07 -0.12 0.04 0.00 -0.58
Depth of planting -0.17 -0.00 0.27 -0.39 0.00
EC of field soil -0.04 -0.36 0.04 0.20 -0.20
Herbicide application 0.31 0.11 -0.19 0.05 -0.28
P-fertilizer application 0.13 -0.39 -0.15 -0.15 0.05
PH of field soil -0.09 0.07 0.10 0.34 0.14
Sand content 0.14 -0.13 0.18 0.24 -0.21
Urea application -0.07 -0.24 0.23 0.29 -0.12
Foin root 0.34 0.01 0.24 0.23 0.14
Foin seed 0.19 0.26 -0.04 -0.27 -0.05
Fo in field soil 0.17 -0.26 -0.19 -0.31 -0.10
Fsin root 0.21 -0.23 0.38 -0.05 0.02
Fsin seed 0.35 0.27 -0.03 0.21 0.02
Fsin field soil 0.20 -0.21 -0.15 -0.07 -0.29
Mp in root 0.14 -0.05 0.42 -0.07 0.17
Mp in seed 0.39 0.17 0.09 -0.14 -0.04
Mp in field soil -0.02 -0.19 -0.20 0.41 0.12
Rs in root 0.23 -0.19 0.35 -0.12 0.16
Rs in seed 0.34 0.21 -0.08 0.18 -0.13
Rs in field soil 0.08 -0.30 -0.26 0.01 0.39
Eigenvalues 4.4 4.0 3.5 2.6 2.1
Percentage variation 19.8% 18.2% 15.8% 11.8% 9.5%

2 Loading values were regarded significant (bold), if > 0.25.

Discussion

Comprehensive understanding of param-
eters that influence the patterns of patho-
gens spread within cropping systems
provide the essential epidemiological in-
formation to develop more efficient disease
management strategies and subsequent-
ly improve productivity. In field surveys
like that performed by Sahile et al. (2008) in
northern Ethiopia, influences of crop man-
agement practices on faba bean choco-
late spot (Botrytis fabae) and soil population
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fluxes were determined. Bruton and Reuve-
ni (1985) and Hoper et al. (1995) looked at
soil populations of M. phaseolina and F. ox-
ysporum, respectively. Mengistu et al. (2009)
also examined the combined effects of till-
age, cover crop and herbicide use on root,
stem and soil infestations by M. phaseolina
at plot scale. However, no previous study
has compared the relative infectivity of dif-
ferent bean root rot pathogens to plant and
soil. In fact, all the previous studies looked
at individual root rot pathogen, and thus,
the joint interactions of four major root rot
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pathogens with the bean cropping system
are little understood.

Comparative studies such as the pres-
ent macro-scale research improve our un-
derstanding of pathogens prevalence in the
crop and soil depending on pathogen and
soil. Although Naseri and Mousavi (2015) re-
ported interrelationships among root rot
pathogens infecting root, seed and soil, the
effects of pathogen and region on such as-
sociations remained little understood. The
findings of the present study evidenced that
specifications regarding pathogen preva-
lence for each inoculum source and culti-
vation area are required to be considered
in organizing the integrated management
of bean root rots as a complex disease. Such
information may lead us to draw up specific
root-rot-control programs corresponding to
the pathogen and region, e.g. with avoiding
unnecessary fungicide applications.

Although all four major bean-root-rot
pathogens wereisolated from root, seed and
soil samples collected from the 13 experi-
mental sites studied, their isolation frequen-
cies from the root, seed and soil differed by
pathogen based on our PCA results. The first
principal component explained 58% of vari-
ance in the data on pathogens prevalence
in bean roots and seeds, and field soils. The
PC1 as plantinfection factor also recognized
root and seeds infections as more impor-
tant descriptors of the bean-root-rot patho-
system compared to soil population. A large
number of previous studies focused on eval-
uating patterns of F. solani, F. oxysporum, M.
phaseolina and R. solani populations in the
soil. For instance, Lodha et al. (1990) and
Amir and Alabouvette (1993) looked at soil
populations of M. phaseolina and F. oxyspo-
rum, respectively. According to the present
findings, the assessment of root and seed
infected by the pathogens under agro-eco-
logical conditions should provide more ac-
curate representations of these rhizospher-
ic events for yield-estimate, disease-control,
andresistance-screening purposes. Thus, es-
timating root and seed infections according
to bean root rot intensity not only simplifies
pathologists’ tasks to quantify seed-borne

inocula, but also improves our epidemio-
logical insight for management purposes.
Although the first part of this statement was
achieved by Naseri and Mousavi (2015), the
second aim was approached with the help
of the present findings.

The similar PC1 loadings for the fre-
quencies of pathogens isolated from roots
and seeds evidenced a close importance of
these two plant parts in being infected by
the four pathogens. One may conclude that
the level of bean root rots caused by F. so-
lani, F. oxysporum, M. phaseolina and R. so-
lani corresponds strongly to their seed in-
fections. Provided that future small-scale
experimentation confirms our observation,
the infection of seeds could be estimated by
detecting the frequency of pathogens iso-
lated from bean roots at pod maturity. Con-
sidering the close linkage of bean root rot
epidemics to root and seed infections (Na-
seri and Mousavi, 2015), it is possible to es-
timate infections of the root and seed ac-
cording to an easier field-assessment of the
disease. For instance, fungicidal treatment
of seeds produced under severe bean-root-
rot epidemics should be performed for a
safe cultivation or consumption in sustain-
able agriculture.

Furthermore, PC2 recognized the soil
population as the third important criteri-
on of bean-root-rot pathogens prevalent in
bean crops. The remainder of our multivar-
iate analysis demonstrated significant dif-
ferences in infections of root, seed and soil
among the four major root rot pathogens.
The plant infection axis evidenced greater
colonization of bean roots and seeds by F.
solani and R. solani compared to M. phase-
olina and F. oxysporum. Under agronomic
and environmental conditions encountered
in this research, F. solani was identified as
the most pathogenic causal agent of bean
root and seed rots followed by R. solani, M.
phaseolina and F. oxysporum. Considering
the significant effect of Fusarium root rot
caused by F. solani on bean production (Na-
seri and Mousavi, 2015), the priority of de-
veloping an integrated root-rot-control pro-
gram should be set on those strategies that
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restrict F. solani colonization in beans. Fur-
thermore, the soil infestation axis indicat-
ed denser soil populations of F. solani and
F. oxysporum than R. solani and M. phaseoli-
na in the bean-root-rot pathosystems stud-
ied. This time, the priority of soil manage-
ment methods should be given to lowering
the two Fusarium species prevalence in field
soil. To the best of our knowledge, this is the
first record of a joint comparison of F. solani,
F. oxysporum, M. phaseolina and R. solani in-
fecting root, seed and soil at a large scale of
bean crops. This study added new informa-
tion on comparisons of root and seed infec-
tions, and soil populations according to the
pathogen and region factors supplement-
ing existing knowledge reported by Naseri
and Mousavi (2015).

Isolations of F. solani, R. solani, M. phase-
olina and F. oxysporum from root, seed and
soil samples were recorded for the three re-
gions, Abhar, Kheirabad and Khodaban-
deh studied here. It was of interest to de-
tect more prevalent infection court in each
main bean growing area for setting re-
search and disease-control priorities in ac-
cordance with regional infection levels. Ac-
cording to our PCA analysis, the intensity of
plant and soil infestations varied depending
on the region. The plant infection axis evi-
denced more frequent isolations of the root
rot pathogens from roots and seeds collect-
ed from Abhar and Khodabandeh than from
Kheirabad. The soil infestation axis indicat-
ed denser soil populations of the root rot
pathogens in the soil of Abhar compared
to Khodabandeh and Kheirabad. Thus, root-
rot-control and soil-management strategies
should be organized to limit the prevalence
of F. solani and F. oxysporum more effective-
ly than R. solani and M. phaseolina in bean
plants of Khodabandeh and field soils of Ab-
har. Among the regions studied, the lowest
plant infections and sparest soil populations
of the pathogens were detected in Kheira-
bad.

The identification of agronomic and soil
characteristics causing such regional differ-
ences in the prevalence of pathogens with-
in the plant and soil could provide valuable
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information for developing disease control
programs. The present results linked the
pathogen populations in the soil to bean
market class (Pinto, Red and White), her-
bicide and urea applications, P-fertilizer,
planting date and depth, previous crop, soil
EC and pH. Seed infections were associated
with bean class, herbicide and urea applica-
tions, P-fertilizer, planting depth, soil EC and
pH. Root infections also corresponded to
bean class, herbicide application, and plant-
ing depth. Therefore, soil, seed and root in-
fections by root rot pathogens were relat-
ed to nine, seven and three agro-ecological
variables tested in this study, respectively.
To the best of our knowledge, this is the first
report of comparing infections of root, seed
and soil by bean root rot pathogens in asso-
ciation with a number of agronomic and soil
variables under commercial field conditions
across different geographical areas of Iran.
In conclusion, the agro-ecosystem was
less influential on pathogens infecting the
root when compared with pathogens occur-
ring in the soil and the bean seed. Moreover,
the significant contributions of bean class
and planting depth into root, seed and soil
infestations indicated the promising poten-
tial of these two environmental-friendly ag-
ronomic practices to control bean root rots.
Lowering pathogens populations appears
as important as root rot control in bean
crops. For instance, the biocontrol of bean
root rot pathogens in field soil may reduce
crop damage as effective as disease con-
trol in terms of genotypic resistance or fun-
gicide application. The linkages of soil sup-
pressiveness to herbicides for F. solani, soil
EC for F. oxysporum f. sp. lactucae, texture for
R. solani, pH for F. oxysporum f. sp. lini, and
rotation for F. solani f. sp. phaseoli and R. so-
lani have been reported previously (Burke
and Kraft, 1974; Hoper et al., 1995; Toubia-
Rahme et al., 1995; Otten and Gilligan, 1998;
Chitarra et al., 2013). However, this study ad-
vanced the current knowledge via evidenc-
ing the joint associations of agro-ecologi-
cal characteristics with root rot pathogens
infecting bean root and seed, and field soil.
Further research could include more agro-
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ecological descriptors and their mecha-
nisms to be examined in the bean-root-rot
pathosystem.
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ZNYPeig pr{wv o€ KAANEPYELA PAGOAIOU OE GXECT HE TNV
nePLOXN, To €id0¢ Tou Maboyovou Kal To aypo-olKooUoTHHA

B. Naseri, M. Gheitury kat M. Veisi

H katavénon tne emidpacng Tou aypoolkooUoTAATOC o€ maboydva Twv GUTWV ival Idlaitepa onua-
VTIKA éTtav epappolovtal péBodol KatamoAéunong e oTtdxo TNV MAPEUTOSION TNG EMKPATNONG TWV
maboyovwy mpv autd va poAuvouv Ta QuTA. a To Aoyo autd PeAeTABNKaV N cuxvoTNTA EUPAVIONG
oofapwv maboyovwv mou amopovwOnkav anéd pilec kat TéPoug PACGOAIOU Kal TPOKAAOUV CAYELC pI-
Cwv, kaBw¢ kat ot mMAnBuopoi autwv 0To £6aPOoC KAANEPYOUUEVWY XWPAPIWY HE @ATOAIa. MoAupE-
TaBANTA oTaTIOTIKA avdAuon €6€1€e PeyahlTepn CUXVOTNTA AMTOUOVWOEWY TWV TTABOYOVWY HUKATWY
Fusarium solani xat Rhizoctonia solani amé Ti¢ pi{eg kal Toug OMOPOUG O GUYKPLON ME TOUG MUKNTEC
Macrophomina phaseolina kot Fusarium oxysporum. AUo €idn Tou yévoug Fusarium eixav upnAdtepoug
TMANBuoUoUC 0TO £80¢POC 0 GUYKPION e AUTOUC TWV MUKATWV R. solani kat M. phaseolina. Ta maBoyo-
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Xé¢ Abhar kat Khodabandeh, Ipdv, og ouykpion pe tnv meploxry Kheirabad. Ot aypovopikég kat edagl-
KéG peTaBAnTég ouoxetiCovtav AtydTtepo e Tn poAuvon Twv pilwv og cUYKpPLoN UE T HoAuvon Tou €64-
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@UTELONG oUoXeTI(ovTaV PE TIC TTPOOPROAEC OTIS pileg, TOUG OTTOPOUG Kal TO £6a@og. Ot mapAueTpol au-
Téc amotehovv a&1émoTn BAon yia tnv emAoyn TN KATAAANANG OTPATNYIKAC AVTILETWITIONC AUTWY TWV
naboydvwy o€ pia mepLoxr, 0To TAAIoL0 TNS BIWOIUNG YEwpPYiag.
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Impact of Bacillus subtilis strains on survival and reproduction
of grapevine phylloxera

A. Adam", I. Idris', A. Asaad' and K. Houssian'

Summary Many strains of Plant Growth Promoting Rhizobacteria (PGPR) have the ability to induce
the systemic resistance in several pathosystems. This study investigates the protective effect of four
strains belonging to Bacillus subtilis (Bs168, Bs2500, Bs2504 and Bs2508) on grapevine roots of the sen-
sitive local grapevine cultivar “Helwani” against phylloxera. Fresh roots were immersed in bacterial
suspensions 0, 3, 5 and 15 hours before infesting with phylloxera eggs. Results of biometric measure-
ments showed significant differences in the life cycle of phylloxera between treated and untreated
roots. Bacillus strains negatively affected phylloxera development and reproduction. The efficiency
of treatment increased when root immersion time in the bacterial suspension increased. On the oth-
er hand, there were significant differences between strains in terms of their protective effect against
phylloxera, but Bs2508 strain was the most effective especially when the roots were immersed for 15
hours. This study supports previous studies in order to employing PGPR strains as biocontrol agents

against pests.

Additional keywords: Biocontrol, grapevine, PGPR, Phylloxera, resistance, rhizobacteria

Introduction

Grapevine phylloxera, Daktulosphaira viti-
foliae (Hemiptera: Phylloxeridae), is a small
aphid-like insect that lives and feeds exclu-
sively on the roots of grapevines and oc-
casionally in distinctive galls on grapevine
leaves. It causes direct damage to grapevine
by forming damaging root galls (Granett et
al., 2001). Since, there is not an effective con-
trol method for grape phylloxera, it is con-
sidered as one of the most important grape-
vine pests in the world. Several methods to
control phylloxera were suggested such as
insecticides, irradiation and hot water dips.
Those could be economically very useful in
quarantine treatments against phylloxera
(Granett et al., 2001; Makee et al., 2010). The
only way to manage an infestation in the
long term is to replant the vineyard using
vines grafted to an American phylloxera-re-
sistant rootstock. Makee et al., 2003 report-
ed that there was a great variation between
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tested local varieties concerning phyllox-
era life cycle. However, for yet unknown rea-
sons, some rootstocks lost their resistance to
phylloxera after many years of use in sever-
al parts of the world (Granett et al., 1983). For
example, rootstock B41 has remained resis-
tant in France while it is not resistant in Cal-
ifornian vineyards; therefore, farmers have
to replant their vineyards with the appropri-
ate resistant rootstocks (Song and Granett,
1990; De Benedictis and Granett, 1993).
Little information on biological control
of grape phylloxera is available. Some plant
growth promoting rhizobacterial (PGPR) are
able to stimulate inducible defense mech-
anisms that render the host plant less sus-
ceptible to a subsequent pathogen attack
(Van Wees et al, 2008; De Vleesschauw-
er and Hofte, 2009; Mandal and Ray, 2011;
Weller et al., 2012). This phenomenon called
induced systemic resistance (ISR) (Pieterse
et al., 2002; Kloepper et al., 2004). Was dem-
onstrated in many plant species against a
broad spectrum of fungal, bacterial and vi-
ral diseases and against insects and nema-
todes (Van Loon et al., 1998; Ramamoorthy
et al., 2001; Durrant and Dong, 2004; Verha-
gen et al., 2004; Valenzuela-Soto et al., 2010;
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Walters et al., 2013). ISR can be the basis of
integrated management strategies to plant
pests (Ramamoorthy et al., 2001; Zehnder et
al., 2001; Saravanakumar et al., 2007).

In this domain, a non-pathogenic
Pseudomonas putida strain BTP1 was shown
to enhance the level of resistance in sever-
al pathosystems (Ongena et al., 1999; Onge-
na et al., 2004; Adam et al., 2008). Adam et
al. (2012) illustrated the influence of P. puti-
da BTP1 on life cycle of grapevine phylloxera
on fresh roots of the local grape variety Hel-
wani (V. vinifera), and in vitro on Ru140 and
B41 rootstock roots. In other PGPR strains of
Bacillus subtilis the capacity to enhance re-
sistance in tomato and barley against fungal
diseases has been demonstrated (Ongena et
al., 2007; Adam et al., 2019). The main goal of
this work was to study the protective effect
of four strains of B. subtilis (Bs168, Bs2500,
Bs2504 and Bs2508) on fresh roots of the lo-
cal grape variety Helwani, and determine
the influence of root immersion time in the
bacterial suspension on survival percentage
reproduction and development of grape-
vine phylloxera.

Materials and Methods

Insects

Grapevine phylloxera was originally col-
lected from phylloxera-infested grapevine
roots from fields in south Syria. The phyl-
loxera colony was established on fresh and
healthy pieces of roots (4-7 mm in diameter
and 5-7 cm long) of the sensitive local grape-
vine cultivar Helwani (Vitis vinifera) follow-
ing similar procedures to those mentioned
by Makee et al. (2003).

Microbial strains

Four B. subtilis strains (Bs168, Bs2500,
Bs2504 and Bs2508) were kindly provided
by Prof. P. Tonart- University of Liege - Bel-
gium. Bacterial strains were maintained in
Petri plates containing 868 medium (10 g/I
Glucose, 10 g/l Peptone, 10 g/l yeast extract
and 15 g/l agar) (Jacques et al., 1999). Plates
were incubated at 30 + 1°C for 24 h. Bacteri-
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al cells were collected and resuspended in
10 mM MgSO, to a final density of 2x108CFU/
ml before use.

Treatment with bacterial strains

Fresh and healthy pieces of roots (4-7
mm in diameter and 10 cm long) were
washed with tap water and soaked in bacte-
rial suspensions (2x108 CFU/ml) for different
time intervals: 0, 3, 5 and 15 h. For the con-
trol treatment, roots were soaked in distilled
water for the same time intervals. The root
pieces were left to air-dry. Each root piece
was infested with 20 newly-laid phylloxera
eggs (<24 h old), kept in a plastic box with
tightly fitting lids and incubated at 25+1°C,
70+5% RH in darkness. The experiments
were repeated twice; five roots were used in
each treatment and each time interval.

A daily microscope inspection of all
phylloxera stages on all roots was carried
out. The number of eggs hatched, feeding
nymphs and adults were detected to calcu-
late the survival (% percentage of emerged
mature females) in each treatment. Fecundi-
ty (total number of eggs) of phylloxera was
evaluated for five randomly chosen individ-
uals of root-feeding phylloxera females on
each root. Thus, 25 females were examined
in each treatment. The eggs laid by each fe-
male were counted until the female’s death.
Additionally, the oviposition period (the
time from the first laid egg to the natural
death of individual females) was recorded.

In vitro assay on grapevine plants with
Bs2508 strain

Induced resistance assay was carried out
on in vitro grapevine plants using the most
effective strain (Bs2508) against phylloxera
following similar procedures to those men-
tioned by Adam et al. (2013). Five plantlets
(growing in tissue culture with two or three
roots) were selected. One root of each plant
was kept out of the medium within the tube
while the other root remained in the medi-
um. The one root was treated with 1 ml of
bacterial suspension (108 CFU ml™) of Bs2508
strain or by distilled water for the con-
trol plantlets. Seven days later, the second
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root was infested with sterile three-day-old
eggs of phylloxera (20 eggs). The number of
hatched eggs, nymphs and adults were re-
corded to determine the survival percent-
age (%) and development time (egg to egq).
Five females were selected on each plant
(25 females per treatment) to determine the
mean oviposition period and fecundity of
phylloxera.

Effect of Bs2508 strain on egg fertility of
phylloxera

Two hundred phylloxera eggs were
soaked in bacterial suspension of Bs2508
strain or in sterilized water for different im-
mersion times (0, 3, 5, 15, 24,48 and 72 h). The
eggs were then placed on sterile filter paper
in plates and incubated at 25+1°C, 70+5% RH
in darkness until hatching.

Statistical analysis

All statistical analyses were performed
using STATISTIC program version 6 (Stat-
soft, Inc. 2003) at 5% level (p= 0.05). Data
were subjected to analysis of variance (ANO-
VA) for the determination of differences in
means between treatments at each immer-
sion time. Means were separated using Fish-
er’s PLSD test.

Results

Effect of B. subtilis strains on survival
and reproduction of phylloxera

There were significant differences in sur-
vival and reproduction of phylloxera on im-
mersed roots between treatments in bac-

terial suspensions of Bs168, Bs2500, Bs2504
and 2508 strains compared to the control
roots (Table 1). The immersion of grapevine
roots in water for 3, 5 and 15 h led to a sig-
nificant decrease in survival percentage (%)
of mature females, which was more obvious
at 15h (20%) compared to the control roots
(Oh). In bacterial suspensions of Bs2500 and
Bs2508 strains, the survival percentage of
phylloxera was significantly lower compared
to control roots at different immersion time
intervals (F = 24.24; df = 3, 16; P <0.0001 and
F =383.29; df = 3, 16; P <0.0001, respective-
ly) (Table 1). Bs2508 was the most effective
strain on the survival percentage especial-
ly at 15 hours. Bs168 and Bs2504 strains did
not exhibit any effect on the survival per-
centage of phylloxera at all immersion time
intervals.

The mean number mean of eggs differed
significantly between treatments Bs168,
Bs2500 Bs2504, Bs2508 strains and the con-
trol (F = 466; df = 3, 96; P <0.0001) (Table 2).
The fecundity of phylloxera decreased sig-
nificantly with the increase of immersion
time intervals in all treatments compared to
the untreated roots (zero time) (F = 400; df
= 3, 96; P <0.0001) (Table 2). Bs2508 was the
most effective strain on fecundity of phyl-
loxera at 15 hours.

The oviposition period significantly de-
creased with the increase of immersion time
intervals in bacterial suspension of Bs2500,
Bs168 Bs2504 and Bs2508 strains compared
to the control (F = 168; df = 3, 96; P <0.0001)
(Table 3). Bs2508 was the most effective
strain on oviposition period of phylloxera as
it declined the oviposition period about 24%

Table 1. Effect of the time of root immersion of grapevine cv. Helwani in bacterial suspen-
sion of Bacillus subtilis Bs168, Bs2500 Bs2504 and Bs2508 strains on survival percentage (%)

of grape phylloxera Daktulosphaira vitifoliae.

Time (h) Control Bs168 Bs2500 Bs2504 Bs2508
0 87.5+ 1.7 aA 86.4+2.31 aA 72 +3.66 aB 87 +2.12 aA 87.1+2.37 aA
3 78.2 £ 0.75 bA 7446+ 1b A 48.2 +3.73bB 75.8 £2.58 bA 36.8 +1.23 bC
5 76.6 £ 1.3 bA 73.2+1.07bA 50.6 + 0.6 bcB 74 + 2.47 bA 249+ 1.32cC
15 70 £0.91 cA 71.8+1.07bA 40.6 +£ 1.5 cB 71.8 £ 1.39 bA 22.3+0.78 cC

Percentages followed by the same capital letters (rows) and by the same small letters (columns) are not significantly

different at p< 0.05 (Fisher’s PLSD test).

© Benaki Phytopathological Institute



Impact of Rhizobacteria on reproduction of grapevine phylloxera 27

compared to the control roots at 15 hours (F
= 232; df = 3, 96; p<0.0001) (Table 3). More-
over, the oviposition period of phylloxera
decreased significantly with the increase of
immersion time interval in water.

Effect of B. subtilis Bs2508 strain on
survival and reproduction of phylloxera
on grapevine plantlets in vitro

The most efficient B. subtilis strain was
selected for resistance inducing assays. In in
vitro conditions, survival (%) (F =78.4;df =1,
8; p <0.0001), fecundity (F = 123; df = 1, 48;
p <0.0001), oviposition period (F = 303.9; df
=1, 48; p <0.0001) and development period
(F = 355.6; df = 1, 48; p <0.0001) of phyllox-

era significantly decreased in Bs2508-treat-
ed plantlets compared to those of the con-
trol (Table 4).

The fertility of phylloxera eggs were neg-
atively affected when immersed in B. subtilis
Bs2508 strain suspension. The percentage
of egg fertility significantly decreased with
the increasing of the immersion time inter-
val in both Bs2508-treated and untreated
eggs. A significantly lower percentage (39%)
of hatched eggs was recorded at 15h im-
mersing time interval, compared to the con-
trol (Figure 1).

Table 2. Effect of the time of root immersion of grapevine cv. Helwani in bacterial suspen-
sion of Bacillus subtilis Bs168, Bs2500 Bs2504 and Bs2508 strains on fecundity (total number

of eggs) of grapevine phylloxera Daktulosphaira vitifoliae.

Time (h) Control Bs168 Bs2500 Bs2504 Bs2508
0 64.4+0.74 aA 63.5+1.09aA 61.6 + 1.26 aA 62.52 + 1.14 aA 63.7+1.43aA
3 42.6 +£0.61 bA 30.2+£0.81 bC 31.7 £ 1.16 bC 39.48 £ 1.1 bB 38+ 0.46 bB
5 42.1 £ 0.66 bA 29.4+0.75 bB 26.7 +0.67 cC 32+0.39cB 25+0.7 cC
15 33+0.65cA 29 £ 0.68 bA 27 +0.66 cB 32.6£0.57 cA 19.8 £ 0.26 dC

Percentages followed by the same capital letters (rows) and by same the small letters (columns) are not significantly
different at p< 0.05 (Fisher’s PLSD test).

Table 3. Effect of the time of root immersion of grapevive, cv. Helwani in bacterial suspen-
sion of Bacillus subtilis Bs168, Bs2500 Bs2504 and Bs2508 strains on the oviposition period
(days) of grapevine phylloxera Daktulosphaira vitifoliae.

Time (h) Control Bs168 Bs2500 Bs2504 Bs2508
0 16.7 £ 0.2 aB 15.8 +0.73 aB 19.3+0.55 aA 16.1 £0.42 aB 15.4+0.41 aB
3 14.3+£0.16 bB 11.8 £0.18 bC 15.1 £ 0.18 bA 10.0 £ 0.21 bE 10.6 £ 0.16 bD
5 12.3+£0.12cA 10.4+£0..22 cB 10.4 +0.27 cB 9.8 +£0.38 bC 9.4+0.16 cD
15 11.0 £0.16 dA 9.5+0.22¢cB 9.0+£0.2dC 8.5+0.25cD 7.6 £0.19 dE

Means followed by the same capital letter (rows) and by the same small letter (columns) are not significantly
different at p< 0.05 (Fisher’s PLSD test).

Table 4. Effect of B. subtilis Bs2508 strain on survival (%), fecundity, oviposition period and
development period of grapevine phylloxera Daktulosphaira vitifoliae, in vitro in treated
grapevine plants cv. Helwani.

Fecundity Oviposition Survival Development period
Treatment
(eggs) (days) (%) (day)
Bs2508 19.8 £ 0.6B 7.7 +0.2B 479 +£3.5B 3098
Control 36.1 £ 0.8A 11 +£0.1A 76.4 + 4.1A 35A

Percentages followed by different letters (columns) are significantly different at p < 0.05 (analysis of proportions).
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Figure 1. Effect of B. subtilis Bs2508 strain on the percentage
of egg hatching of grapevine phylloxera Daktulosphaira vitifo-
lige. Each column represents data of five samples, each of 100
eggs. Data were subjected to ANOVA analysis and the differ-
ences between means were tested for significance using Tukey
HSD test (values with different letters are significantly differ-
entat P<0.001).

Discussion

Gapevine phylloxera is considered as the
most important pest in grapevine fields. To
our knowledge, there is no effective meth-
od to control phylloxera (Makee et al., 2010).
However, the biological control by non-
pathogenic rhizobacteria could be an alter-
native and supplemental control method
(Ramamoorthyetal.,2001). The current study
aimed to evaluate the effect of four bacterial
strains B. subtilis (Bs168, Bs2500 Bs2504 and
Bs2508) against phylloxera by using the im-
mersion method of grape roots in bacterial
suspension. Our results illustrated that sur-
vival and reproduction parameters of phyl-
loxera were decreased significantly in bac-
teria-treated roots, in particular by B. subtilis
Bs2508 strain at 15 h. The reproduction and
development of phylloxera decreased with
the increase of immersion time interval sug-
gesting that the control practice of immers-
ing of grapevine roots in water could be en-
hanced by PGPR strains.

Our findings are in agreement with prec-
edent studies using P. putida BTP1 which im-
pacted negatively the ability of phylloxera
to develop and increased grapevine resis-
tance and tolerance toward this pest in bac-
teria-treated plants (Adam et al., 2012; Adam
et al., 2013). Other studies indicated a posi-
tive effect of the dip technique in hot water

to control phylloxera, black foot Cylindrocar-
pon sp. disease and the nematode Radop-
holus similis in dormant nursery grapevines
and palm plants, respectively (Granett et al.,
2001; Tsang et al., 2003; Arcinas et al., 2005;
Bleach et al., 2013; Gramaje et al., 2014).

The resistance of grapevine roots to
phylloxera may be due to poor nutrition and
a decline in the productivity of the insect
(Granett et al., 1983) indicating that in the
present study phylloxera could not survive
and feed on the treated roots by B. subtilis
strains. Georgiev et al. (2014) showed that
the temporary immersion in water could
stimulate the production of secondary me-
tabolites as the secoiridoid glycosides ac-
cumulation which are known to exhibit a
wide array of biological and pharmacologi-
cal properties. These secondary metabolites
may play a major role in the reinforcement
of the cell wall and serve as defense com-
pounds against pathogens (Underwood,
2012; Michael Wink, 2015).

Future studies would be necessary to
investigate the induced defense mecha-
nism against control phylloxera by a PGPR,
i.e. whether it is antibiosis due the interac-
tion between the two organisms, antixeno-
sis due the decrease of plant attractiveness
to phylloxera (Granett et al, 2001) or the
produce of toxic compounds in plant tis-
sues against the pest (Qingwen et al., 1998;
Zehnder et al., 2001; Vijayasamundeeswari
et al., 2009). Moreover, further research is
needed to determine the efficacy of the im-
mersion of grapevine roots in bacterial sus-
pensions of B. subtilis before using under
field conditions.

In conclusion, this study showed a good
efficiency of B. subtilis strains, in terms of
lower survival, reproduction and develop-
ment, to control phylloxera on fresh roots
and grapevine plants in vitro especially by
B. subtilis Bs2508 strain at 15 h of immers-
ing time interval. Thus, it might contribute
together with previous studies using PGPR
strains to develop a biocontrol method
against grape phylloxera in quarantine cen-
ters and nurseries.

© Benaki Phytopathological Institute
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Enidpaon oteAexwv Tov Baktnpiov Bacillus subtilis ctnv

emBiwon Kat tnv avamapaywyn tTnG UAAoERpag tng apméAov
A. Adam, I. Idris, A. Asaad kat K. Houssian

NepiAnPn Mol otehéxn prloBakTnpiwv mMOU eVicXUOUV TNV avAnTuén Twv QUTWV (PGPR) éxouv Thv
KAVOTNTA va €MAyouv dlacuoTNUATIKY avOeKTIKOTNTA 0€ apkeTd maboouotriuata. H mapouoa epya-
ola Slepeuvd TNV MPOOTATEVTIKA 6pdon Tecodpwv oTehexwv Tou Baktnpiou Bacillus subtilis (Bs168,
Bs2500, Bs2504 kat Bs2508) oTi¢ pilec apmélou ¢ evaioBntng Tomkng moikiAiag Helwani évavti tng
@UANOENPAC TN apmélou. MapayuatomoliBnke eppantion pilwv oe BakTnEIAKA evaiwpnuata 0, 3, 5
Kal 15 wpeg mpiv Tnv €kBeon o€ WA NG PUANOEPAC. Ta AMOTEAECUATA TWV UETPOEWV BIOUETPIKWV Xa-
paktipwy édei€av onuavTikég Slagopéc otov KUKAO {whc TNS @UANOENpAC peTall Twv pilwv Tou Ei-
xav dextei TNV eméuPaocn Kal autwv mou dev gixe yivel emépuPaon. Ta BaKTNPLOKA OTENEXN EMNPEACAV
apvNTIKA TNV avdmtuén Kal Tnv avamapaywyn tng UAAoipac. H amoteAeopatikdtTnTa Twv eMeUPaoce-
wv au€avovTav e Tov Xpovo eUPATTIONE 0To BakTnPLlakd evalwpnua evw mapatnendnkav onuavtl-
Ké¢ Slapopéc otn 6pdon UeTagL Twv oTeAeXWV. To aTéNeEXOC BS2508 ATAV TO TTIO AMTOTEAEGHATIKO EIOIKA
otav 0 Xpovog euBdmntiong twv pilwv Atav 15 wpeg. Ta euprjuata umooTNPI{ouVV IPONYOUHEVES UENETEC
yla T xprion otehexwv PGPR w¢ mapaydvtwy BIOAOYIKAG VTILETWTIONG EXOPWV TWV KAANEQYELWV.

Hellenic Plant Protection Journal 14: 24-30, 2021
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Toxicity of gaseous ozone to the different life stages of cowpea
beetle, Callosobruchus maculatus (Coleoptera: Bruchidae),
under laboratory conditions

H.A. Gad™, T.M. Sileem?, R.S. Hassan? and S.A.M. Abdelgaleil®

Summary The cowpea beetle, Callosobruchus maculatus (Fabricius), is recognized as a common insect
pest of cowpea worldwide. The present study aimed to evaluate the insecticidal activity of ozone gas
against all life stages (egg, larva, pupa and adult) of C. maculatus at a concentration of 600 ppm (1.2 g/
m?) after 6 exposure times of 0.5, 1, 2, 3,4 and 5 h under laboratory conditions. The mortality percent-
ages of all life stages were significantly increased with increasing exposure time. Similarly, longer ex-
posure time to ozone caused higher reduction of adult emergence from eggs, larvae and pupae. Treat-
ment with ozone for 5 h caused egg mortality of 72.3%. Total mortality of adults was observed 5 days
after treatment with ozone for 0.5 h. Moreover, treatment with ozone for 5 h resulted in 75, 100 and
94.1% reductions in adult emergence from eggs, larvae and pupae, respectively. The results also indi-
cated that the larvae and adults were more susceptible to ozone gas than the eggs and pupae. Based
on the findings, ozone showed promising insecticidal activity against all stages of C. maculatus and

could be used as potential fumigant for management of this insect.

Additional keywords: Cowpea beetle, fumigation, insecticidal activity, stored product insect

Introduction

Cowpea (Vigna unguiculata Linnaeus) is a
multifunctional legume crop that plays an
important role in both human food and ani-
mal feed. The high nutritional value of cow-
pea is due to the high content of proteins in
dry seeds (Hall, 2004). Callosobruchus macu-
latus (Fabricius) is the most important and
common pest of stored cowpea seeds in
different regions of the world as well as in
Egypt. Thisinsect attacks stored cowpeaand
other legumes, contaminates infested seeds
with its faeces and causes physical damage
through its post-harvest feeding and repro-
ductive activities (Ali et al., 2005; Musa and
Adeboye, 2017). Generally, management of
C. maculatus in stored products is mainly
based on the use of chemical control means,
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such as fumigants and synthetic insecticides
(Southgate, 1978; Akinkurolere et al., 2006).
However, the use of these chemicals nowa-
days is under argument because of environ-
mental and safety concerns.

Recently, researchers have focused on
screening and developing less hazardous
and less expensive alternatives for control-
ling stored product insects. Among alterna-
tives, ozone is currently attracting attention
because of the inherent advantages of this
gas (Mendez et al., 2003; Maier et al., 2006).
Ozone (0s) is an allotrope of oxygen and is
formed by subjecting air to an electrical dis-
charge which makes ozone production a
method of high sustainability. Ozone has a
half-life of 20-50 min, rapidly decomposing
to diatomic oxygen which is a natural com-
ponent of the atmosphere (Kells et al., 2001).
Because ozone can be easily generated at
the treatment site using only electricity and
air, it offers several safety advantages over
conventional post-harvest insecticides and
fumigants. First, there are no stores of toxic
chemicals or chemical mixing hazards, and
there is no need to transport fumigant feed-
stock to a site or to consider its post-fumiga-
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tion disposal or collection. Second, because
of its short half-life, ozone reverts back to nat-
urally occurring oxygen, leaving no residue
on the stored products (Law and Kiss, 1991).
The US Food and Drug Administration (FDA)
classified ozone for treating bottled water as
“generally recognized as safe” (GRAS) (FDA,
1982) and has also approved its use as a di-
rect additive for food treatment, storage and
processing (FDA, 2001). However, discrep-
ancies regarding the efficacy of ozone on
stored products require further research for
safe conclusions on its wider use, including
the cost of its application, its ability to pene-
trate stored product grains and its use as an
alternative to traditional fumigants (Jian et
al,. 2013; Isikber and Athanassiou, 2015).

The effect of ozone gas on stored-prod-
uct insects, such as Sitophilus oryzae (Lin-
naeus), Ephestia kuehniella Zeller and Rhyz-
opertha dominica (Fabricius), has been
evaluated in several laboratory and field
studies (Isikber et al., 2007; Subramanyam
et al.,, 2014). In those studies, ozone showed
toxicity and good potential for the control of
stored-product insects, mostly focused on
stored grain insects. However, there is limit-
ed information on the insecticidal activity of
ozone against stored-legume insects, such
as C. maculatus. The overall objective of the
present study was to determine the effec-
tiveness of ozone in the suppression of the
cowpea beetles and its potential as an alter-
native to chemical insecticides. The specific
objectives of the work were to determine: 1)
therequired ozone exposure time to achieve
satisfactory mortality of the eggs, immature
stages within cowpea, and adults of C. mac-
ulatus, 2) the relationship between mortality
and time after ozone treatment, and 3) the
effect of ozone treatment on adult emer-
gence from immature stages (eggs, larvae
and pupae).

Materials and Methods
Test insect

The cowpea beetle, Callosobruchus mac-
ulatus (F.), colony was originally obtained

from the Plant Protection Research Institute,
Dokki, Giza, Egypt. The beetles were reared
on sterilized cowpea grains (Vigna unguicu-
lata var. Cream 7) in 1-L wide-mouth glass
jars in an incubator at 25 + 2°C, with 65+5%
relative humidity and a 12-h: 12-h light-
dark photoperiod as described by Shu et al.
(1996). The insect was maintained for sev-
eral years without exposure to insecticides
at the Department of Plant Protection, Fac-
ulty of Agriculture, Al-Azhar University, Cai-

ro, Egypt.

Ozone generation technique

A laboratory corona discharge ozone
generator (model OZO-6VTT) was provided
by Ozomax Inc., Canada (http://www.ozom-
ax.com). Ozone gas was generated from pu-
rified extra-dry oxygen feed gas. The gener-
ator was designed to produce up to 30 g of
ozone per hour. A 3-liter test chamber was
made of glass jar and equipped with two in-
let and outlet valves and a pressure gauge
to give pressure indication. The chamber
was connected to the generator and ozone
analyzer to measure the ozone concentra-
tion output from ozone generator (Ozone
Analyzer BMT 964, BMT Messtechnik, Berlin,
Germany).

Fumigation chamber

The fumigation chamber consisted of
3-L glass jar capped with a metal stopper
equipped with tubes to allow the ozone
gas to enter from the ozone generator and
another to allow the air to exit the cham-
ber. Two pieces of rubber tubing [5 cm long
and 6.2 mm internal diameter (ID)] were at-
tached to the other tubes and sealed with
pinch clamps. The jars were sealed with sili-
cone vacuum grease.

Exposure of different life stages of C.
maculatus to ozone gas

The susceptibility of four stages (eggs,
4t instar larvae, pupae, adults) of C. macula-
tus exposed to 600 ppm (1.2 g/m3) of ozone
after six exposure time intervals was inves-
tigated at 25 + 2°C. Stages of C. maculatus
were obtained from stock cultures as fol-
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lows: Five pairs were let to oviposit onto
cowpea grains; grains bearing two to four
eggs each, were placed in wire-mesh cag-
es (3 cm ID x 5 cm length) to obtain a total
of 50 eggs per cage. As larvae of C. macula-
tus feed and develop internally, radiography
was used to follow larval and pupal develop-
ment at 25+2°C and 65+5% r.h. (Mbata and
Reichmuth 1996, Mbata et al., 2000). Eggs
hatched into first instars after 2 days. Af-
ter hatching, the colour of the egg changed
from white to cream white because of fra-
ss deposition in the eggshell. The fourth lar-
val instar was attained between 14 and 16
days after egg laying, whereas the pupal
stage was attained between 19 and 21 days.
Thus, in these experiments, 14-day-old de-
veloping individuals were assumed to be
fourth instar larvae. Moreover, grains infest-
ed with pupae could be identified as the pu-
pae could be seen through an opaque pre-
emergence “window” in the cotyledons of
the grains. Ten g of cowpeas bearing a cer-
tain life stage of C. maculatus (fifty 24h-old
eggs, 14-day-old larvae, 48h-old pupae,
twenty 24 h-old adults) were placed in each
wire-mesh cage and exposed to ozone con-
centration of 600 ppm (1.2 g/m?®) for 0.5, 1, 2,
3,4 and 5 h in a fumigation chamber. Each
treatment was replicated four times. The
cages were kept in a climatic chamber at 25
+ 2°C with 65+£5% r.h. and a 12-h: 12-h light-
dark photoperiod.

After treatment, the eggs, neonates and
adults were examined daily to determine the
mortality percentages over 7 days. The mor-
tality percentages were corrected with Ab-
bott’s formula (Abbott, 1925). The treated
cowpeas infested with larvae or pupae were
transferred to glass jars (50 ml), incubated
under the same conditions and the number
of emerged adults was recorded daily until
no more adults emerged. The reduction per-
centages of adults emerged from eggs, lar-
vae and pupae were calculated according to
the formula of Henderson and Tilton (1955).

Data analysis
The mortality percentages of egg, neo-

nate and adult and reduction from imma-

© Benaki Phytopathological Institute

ture stages were subjected to Arcsin trans-
formation prior to analysis. Analysis of
variance (ANOVA) was performed and the
means were compared with the Duncan’s
New Multiple Range Test (DMRT) with a sig-
nificance level <0.05. Data analysis was con-
ducted using SPSS 21.0 (SPSS, Chicago, IL,
USA). The mortality percentages of eggs,
neonates and adults after different expo-
sure times were subjected to probit analy-
sis (Finney, 1971) to calculate LTs, values and
the respective 95% confidence intervals us-
ing the same SPSS software program.

Results

Effect of ozone gas on mortality of eggs
and neonates

The mortality rates of eggs and neonates
exposed to ozone concentration of 600 ppm
(1.2 g/m?®) for different exposure times (0.5, 1,
2, 3,4 and 5 h) are shown in Table 1. All ex-
posure times caused significant mortality
of eggs compared to the control treatment.
Also, the egg mortality percentages gradu-
ally increased with increasing time of expo-

Table 1. Mortality percentages of eggs and
neonates of Callosobruchus maculatus seven
days after treatment with 600 ppm (1.2 g/
m?) of ozone for different exposure times?.

Exposure time | Egg mortality Neona.te
h) (% +SE) mortality
(% +SE)
0 0.0+0.0e 0.0+0.0d
0.5 399+09d 30.7+13c¢
1 53.2+09¢c 314+13c
2 548+ 1.1c 322+27c
3 643+21b 37.5+2.0b
4 67.3+£06b 39.8+2.1b
5 723+13a 571+£09a
F 223.2 339
P <0.01 <0.01
(CoLr-wrfilod(zzme 1.0 7.6
limits) (0.6-1.4) (4.2-48.5)

@ Data are expressed as mean values + SE from
experiments with four replicates of 50 eggs each.

b Mean values within a column sharing the same letter
are not significantly different (P < 0.05).
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sure to ozone gas; egg mortality percent-
age was 39.9 % at exposure time of 0.5 h and
reached 72.3 % at exposure time of 5 h (F=
223.2; df = 6.0; P <0.01). Moreover, exposure
to ozone also resulted in significant mor-
tality among the newly hatched larvae (ne-
onates). The highest mortality of neonates
(57.1%) was observed after 5 h of ozone ex-
posure (F = 33.9; df = 6.0; P <0.01). The LTs,
values were 1.0 and 7.6 h for eggs and ne-
onates, respectively.

Effect of ozone gas on adult emergence

Table 2 and Figure 1 show the reduc-
tion percentages of adult emergence from
C. maculatus eggs, larvae and pupae after
treated with 600 ppm (1.2 g/m?) of ozone at

different exposure times (0.5, 1, 2, 3, 4 and
5 h). All the exposure times induced sig-
nificant reduction in adult emergence of
C. maculatus from eggs, larvae and pupae
compared to the untreated control. Further-
more, the adult emergence declined drasti-
cally with the increase of the exposure time.
The larvae were more susceptible to treat-
ment with ozone than pupae and eggs, par-
ticularly at the longer exposure times of 2,
3,4and 5 h (eggs: F=65.9; P <0.01; df = 6.0;
larvae: F = 668.3 ; P <0.01; df = 6.0; pupae:
F=123.4; P <0.01; df = 6.0). The treatment
of larvae, pupae and eggs with ozone in-
duced 100, 94.04 and 75.0%, reduction in
adult emergence, respectively, after 5 h ex-
posure time.

Table 2. Reduction percentages of adult emergence of Callosobruchus maculatus from dif-
ferent life stages treated with 600 ppm (1.2 g/m?3) of ozone for different exposure times.?

Reduction (% + SE)
Exposure time (h)

Egg Larva Pupa
0 0.0+£0.04g° 0.0+0.09g 0.0+£0.0g
0.5 13.6 +2.3f 16.8+2.1f 16.7 +4.2f
1 386+18e 33.0+09e 452 +3.4e
2 432+27d 771+1.6d 65.5+0.6d
3 545+09c 82.6+0.6cC 75.0+0.8 ¢
4 56.8+4.2b 95.4+0.7b 821+21b
5 750+ 19a 100.0+0.0a 941+0.8a

F 61.9 668.3 123.4

P <0.01 <0.01 <0.01

2 Data are expressed as mean values + SE from experiments with four replicates.
b Mean values within a column sharing the same letter are not significantly different (P <0.05).
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Figure 1. Reduction percentages of adult emergence of (al-
losobruchus maculatus from different life stages treated with
600 ppm (1.2 g/m?) of ozone for different exposure times.

Effect of ozone gas on adult mortality
The effects of ozone treatment on the
adult mortality of C. maculatus exposed to
600 ppm (1.2 g/m?) for different exposure
times are summarized in Table 3. Complete
mortality (100%) of adults was observed 1
day after treatment with ozone for exposure
times of 4and 5 h (F=100.9 df=6.0; P <0.01).
Moreover, exposure of adults to ozone for 2
and 3 h caused complete mortality (100%)
3 days after treatment (F = 246.9; df = 6.0; P
<0.01), while exposure for 0.5 and 1 h result-
ed in 100% mortality after 5 days. Values of
LTso of adults treated with 600 ppm (1.2 g/
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Table 3. Mortality percentages of Callosobruchus maculatus adults exposed to 600 ppm (1.2

g/mq) ozone for different exposure times?.

Mortality (% + SE)
Exposure time (h)
DAA1 DAA2 DAA3 DAA4 DAA5
0 0.0+£0.0f" 0.0+0.0d 0.0+0.0d 0.0+0.0b 0.0+0.0
0.5 259+26e 444 +38c¢ 81.5+2.6¢C 96.0+2.5a 100 £ 0.0
1 384+2.2d 61.6+23b 884+1.1b 96.3+1.3a 100+ 0.0
2 579+ 1.6¢c 88.4+0.3a 100+ 0.0a 100+ 0.0a 100 £ 0.0
3 73.3+24b 93.3+23a 100+ 0.0a 100+0.0a 100+ 0.0
4 100+0.0a 100+0.0a 100+ 0.0a 100+ 0.0a 100 £ 0.0
5 100+0.0a 100+ 0.0a 100+ 0.0a 100+ 0.0a 100 £ 0.0
F 100.9 132.1 246.9 511.6
P <0.01 <0.01 <0.01 <0.01
LT50 (h) 1.4 0.6 i i i
(Confidence limits) (1.1-1.7) (0.5-0.7)

@ Data are expressed as mean values + SE from experiments with four replicates of 20 adults each.
b Mean values within a column sharing the same letter are not significantly different (P < 0.05).

DAA: days after treatment.

m?3) ozone were 1.4 and 0.6 h, 1 and 2 days
after treatment.

Discussion

The present study showed that ozone is ef-
fective against the different life stages of C.
maculatus. Treatment with ozone at 600 ppm
(1.2 g/m?) for 5 h caused 72.3% mortality in
eggs and 57.1% mortality in neonates. Also,
the egg and neonate mortality percentag-
es gradually increased as exposure to ozone
gas increased. Similar results were obtained
by other researchers addressing the effects
of ozone in terms of egg mortality of other
stored product insect species. For example,
Isikber et al. (2007) found that treatment of E.
kuehniella eggs with 300 ppm ozone gas for
2 h exposure caused 85.1% mortality. Simi-
larly, Isikber and Oztekin (2009) investigated
the susceptibility of Tribolium confusum Jac-
quelin du Val life stages to treatment with
ozone at 13.9 mg/I' (6,482 ppm) and found
that the egg mortality reached 62.5% at 2-h
exposure time. Keivanloo et al. (2014) stated
that treatment with ozone resulted in 56.6%
egg mortality of Plodia interpunctella (Hib-
ner) at 5 ppm. In contrary with our results,
Bonjour et al. (2011) reported that treatment
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with ozone at a concentration of 70 ppm for
4 days did not cause significant egg mortali-
ty of P. interpunctella.

The results of the present study indicat-
ed different susceptibility of the biological
stages: C. maculatus eggs were less suscep-
tible to the ozone treatment than larvae and
adults. In agreement with these findings,
Wood (2008) found that the eggs of Galle-
ria mellonella (Linnaeus) were more tolerant
to ozone gas than larvae. This may be due to
the barriers preventing ozone from reaching
the target sites inside the egg. Insect eggs
have low respiration and metabolic rates,
and ozone needs to cross through the egg’s
outer shell to come into contact with the in-
sect embryo (McDonough et al., 2011).

Larvae of C. maculatus were more sus-
ceptible to ozone than pupae and this could
be attributed to the outer layer of pupae that
provides some additional barriers to ozone
and may cause a more rapid decomposition
(McDonough et al., 2011). These results are
in agreement with Osman (2009) who inves-
tigated the efficacy of ozone against E. kue-
hniella larvae at 1 g/m*® concentration for
exposure times of 0.5, 1, 2, 3, 4 and 5 h and
reported that larvae were more susceptible
than pupae to treatment with ozone. Lar-
vae of G. mellonella were also more suscep-
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tible than pupae to ozone treatment (James,
2011). Jemni et al. (2015) studied the effect
of ozone on Ectomyelois ceratoniae (Zeller)
larvae on intentionally infested dates. They
found that the mortality of the larvae de-
pended on the ozone concentration and the
exposure period. Treatment of larvae with
170.7 ppm ozone for 80 min caused ten-fold
higher mortality (82.0%) than that in control
samples (8.0%). Moreover, Gad (2017) stat-
ed that the exposure of Tribolium castaneum
(Herbst) larvae and pupae to high concen-
trations of ozone (1500 ppm) for 5 h result-
ed in complete mortality in both stages, and
low ozone concentrations also caused a sig-
nificant reduction in adult emergence.

The reduction in adult emergence of C.
maculatus from larvae and pupae exposed
to ozone gas significantly increased with the
increase of exposure time and reached 100
and 94.1% after 5 h of exposure, respective-
ly. Similar findings have been described by
Kells et al. (2001) and Leesch (2002) on the
effect of ozone treatment with 50 and 300
ppm on P. interpunctella larvae and pupae.
Additionally, Isikber and Oztekin (2009)
showed that T. confusum larvae were sus-
ceptible to ozone exposure, and mortality
reached 86.3% at 13.9 mg/I' (6,482 ppm) at
4 h exposure time.

The adult mortality rate of C. maculatus
increased with increasing ozone exposure
times, reaching total mortality 5 days after
exposure to ozone for 0.5 h. These findings
are in agreement with the study of Osman
(2009) on the efficacy of ozone at 1 g/m?
concentration for different exposure times
of 0.5, 1, 2, 3, 4 and 5 h against the adult
stages of T. castaneum, S. oryzae, Sitophilus
granaries (Linnaeus), R. dominica and Oryza-
ephilus surinamensis (Linnaeus). The high-
est mortality rate was recorded for O. suri-
namensis adults 2 days after exposure to
ozone, followed by adults of S. oryzae 3 days
after exposure. McDonough et al. (2011) no-
ticed that exposure of P. interpunctella adults
to 500 ppm ozone caused 100% mortality
within 60 min. Silva et al. (2016) evaluated
the toxicity of ozone (750.8 ppm) against R.
dominica adults on wheat grains and found

that the periods of ozone exposure required
to cause mortalities of 50 and 95% ranged
from 8.7 to 13.1 h and from 11.3 to 18.1 h, re-
spectively.

Mortality from ozone gas has been at-
tributed to the fact that ozone is a powerful
oxidizing agent that can react directly with
proteins, DNA and double bonds of polyun-
saturated fatty acids (PUFA) and that dur-
ing degradation of ozone to dioxygen, free
radicals (reactive oxygen species; ROS) may
be formed which can also cause peroxida-
tion of PUFAs and destroy vital molecules
such as DNA and proteins (Hermes-Lima,
2004; Korsloot et al., 2004). Thus, it is likely
that such effects, in isolation or together, re-
sult in cellular injuries and eventually death
of the insect exposed to ozone gas (Holm-
strup et al., 2011).

In conclusion, treatment with ozone at
600 ppm (1.2 g/m?) caused high mortality
rates in eggs, neonates and adults of C. mac-
ulatus and effectively reduced adult emer-
gence from eggs, larvae and pupae. The
adults and larvae were more susceptible
to ozone gas than eggs and pupae. There-
fore, our findings indicated that ozone gas
has a potential to be used as fumigant for
the management of C. maculatus on cow-
pea grains.
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Evtopoktovog dpdaon tou agpiov 6{ovtog ota diagopa
BloAoyika otadia tov Callosobruchus maculatus (Coleoptera:
Bruchidae), uno gpyaotnplakég cuvOnkeg

H.A. Gad, T.M. Sileem, R.S. Hassa kat S.A.M. Abdelgaleil

NepiAnyn O Bpouxog Callosobruchus maculatus (Fabricius) avayvwpiletal we £vag Kovog eVIoHoloy!-
KOG ex0p0OC TOU PacoMoU maykoouiwg. H mapovoa pehétn e€etalel Tnv eviopokTdvo 6pdon Tou agpi-
ou 6{ovToc évavTti AWV Twv Broloyikwv otadiwv (wo, mpovouen, mhayyova, eviAiko) Tou C. maculatus
o€ ouykévipwon 600 ppm (1,2 g/m?) pyeta amd €€t xpovika daothuata ékBeong, 0,5, 1, 2, 3, 4 kau 5
WPEC UTIO EPYACTNPLOKEG OLVONKEC. Ta T0C0OTA BVNOINOTNTAC OAWV TWV Bloloyikwy otadiwv avénon-
KV ONUAVTIKA JE TNV abEnon Tou Xpovou ékBeonc. Opoiwg, o peyaliTepog xpdvoc ékBeong oto 6lov
TIPOKAAEOE PEYANUTEPN HEIWON TNE EPPAVIONE EVNAIKWY amd wd, TPoVUUPES Kal TTAayyoveC. H ékOe-
on oto 6lov yla TéVTE WPEC IPOKAAEdE BvnoludTNTa 08 TOGOOTO 72,3% oTd Wd. OAKY BvnoludTnTa
oTa eVAAIKA TapatnperOnKe mévte nuépeg HETA TNV ékBeon oto 6lov yia pioh wpa. EmmAéoy, n ékBeon
010 6oV Yla TIEVTE WPEC EiXE WG AMOTEAECHA TN Meiwon Katd 75, 100 kat 94,1% otnv epeavion evnAi-
Kwv and wd, mpovUUQEC Kal TAayyovec, avTtioTotxd. Ot TPovOUEES Kal Ta VAAIKA ATav TTo vaictnta
0710 6oV amod Ta WA Kal Ti§ MAayyovec. Me Bdon ta amoteAéopata TnG LEAETNG, TO aéplo 6lov EXEL KAAR
EVTOMOKTOVO 6pdon o€ dAa ta Blohoyika otadia tou C. maculatus kat Ba umopoloe va xpnotuomolnOei
WG UTTOKATVIOTIKO Y10 TNV AVTIPETWTTION TOU.
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SHORT COMMUNICATION

Insecticidal effect of deltamethrin, dinotefuran and
spiromesifen against the sugarcane whitefly Neomaskellia
andropogonis on CP69-1062 sugarcane cultivar

P. Koohzad-Mohammadi', M. Ziaee™ and A. Nikpay?

Summary The sugarcane whitefly, Neomaskellia andropogonis Corbett (Homoptera: Aleyrodidae),
is one of the important pests of sugarcane in Iran. The use of selective chemical insecticides helps
to suppress whitefly infestations. Although several insecticides from various groups have been regis-
tered to control whiteflies, this is the first study to test the efficacy of deltamethrin, dinotefuran and
spiromesifen insecticides against eggs, second instar nymphs and pupae of the sugarcane whitefly on
CP69-1062 sugarcane cultivar. Five concentrations of the tested insecticides were applied in a leaf dip-
ping bioassay under laboratory conditions. Probit analysis indicated that deltamethrin and dinote-
furan with LCs, values of 50.1 and 49.5 ppm were the most toxic insecticides against eggs of N. an-
dropogonis. Deltamethrin controlled nymphal and pupal stages more effective than the other two test-
ed insecticides and the LCs, values were 49.7 and 5.44 ppm on nymphs and pupae, respectively. The
LCso values of dinotefuran on second instar nymphs and pupae were 564.7 and 78.7 ppm and the val-
ues were 270.9 and 18.3 ppm for spiromesifen, respectively. The results support the use of the insecti-
cides in rotation according to their different mode of action in integrated pest management programs

of the sugarcane whitefly N. andropogonis.

Additional keywords: Chemical control, insecticides, life stages, sugarcane whitefly

Introduction

Sugarcane (interspecific hybrids of Sacchar-
umofficinarumL.)is atropical perennial grass
cultivated in many countries for production
of sugar and biofuel as energy cane (James,
2014). It is an economic important compo-
nent of industrial crops in Iran, where it is
cultivated in the south west part, in Khuz-
estan province, on more than 120,000 hect-
ares (Sadeghzadeh-Hemayati et al., 2011). Its
mono-culture system of planting may multi-
ply the risk of damage caused by several ar-
thropod herbivores and impose economic
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loss in field and factory conditions (Nikpay
and Goebel, 2016).

The sugarcane whitefly, Neomaskellia an-
dropogonis Corbett (Homoptera: Aleyrodi-
dae), was firstidentified in Iran in 2006 (Askar-
ianzadeh and Manzari, 2006) and now it is
classified as emerging pest since its damage
is increasing continuously in the recent years.
Neomaskellia andropogonis lays its eggs un-
der the leaves of sugarcane, the nymphs suck
phloem sap and cause reduction of photo-
synthesis rate. In heavy infestation the sug-
ar purity and brix are greatly decreased. The
excreted honeydew serves as a medium for
sooty mold (Nikpay and Goebel, 2016) (Fig.
1).

Possible control strategies of the white-
fly include chemical, biological and cultural
control (Pandya, 2005; Koohzad-Mohamma-
di et al, 2017; Nikpay, 2017). Chemical con-
trol of the sugarcane whitefly includes ap-
plication of thiamethoxam (Actara 25WG)
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Figure 1. Population of whitefly on sugarcane CP69-1062 variety (a), and sooty mold grows on plants with heavy white-
fly damage (b).

(Vijayaraghavan and Regupathy, 2006), im-
idacloprid (Bhavani and Rao, 2013), delta-
methrin, dinotefuran and spiromesifen in-
secticides (Koohzad-Mohammadi et al,
2017) under field conditions and Sivanto®,
Oberon Speed® (Saeedi and Ziaee, 2018)
and thiacloprid + deltamethrin, pyriproxy-
fen, spirotetramat insecticides (Behnam-Os-
kuyee et al., 2020) under laboratory condi-
tions. In Iran, the main control strategies are
based on resistance cultivars, cultural prac-
tices such as removing highly infested leaves,
nutrition management via use of rationale
fertilizers and appropriate irrigation intervals
and conservation of biological control para-
sitic wasps and native predators such as spi-
ders and lacewings (Koohzad-Mohammadi et
al., 2019). To date, no chemical control is ap-
plied for this pest in sugarcane fields in Iran.
However, damages on sugarcane by N. and-
porogonis have been increasing recently due
to outbreaks of the pest (Askarianzadeh and
Minaeimoghadam, 2018; Nikpay, 2017), mak-
ing research on effective chemical insecti-
cides highly important for the management
of this pest in near future.

According to Koohzad-Mohammadi et
al. (2017), the most effective control was
succeeded by dinotefuran (more than 65%
control in all biological stages) and del-
tamethrin (75% egg control, 48% nymph,
70% pupae and 87% adult control) after 30
days from the foliar application on the cul-
tivar IRC99-02 (Koohzad-Mohammadi et al.,

2017). The percentage mortality of differ-
ent biological stages of sugarcane whitefly
in cultivar CP69-1062 was significantly low-
er than that of IRC99-02 (Koohzad-Moham-
madi et al., 2017). Flupyradifurone (Sivanto®
200 SL) against the insect nicotinic acetyl-
choline receptor and spiromesifen + abam-
ectine (Oberon Speed® 24 SC) on different
biological stages of N. andropogonis in two
cultivars, IRC99-02 and CP69-1062, at con-
centrations of 20, 60, 100, 200 and 400 ppm,
showed that the concentration of 400 ppm
of both insecticides controlled well adult,
nymph and pupae of the whitefly (Saeedi
and Ziaee, 2018). Oberon Speed® 24 SC had
less effect on the egg stage (Saeedi and Zi-
aee, 2018).

Nowadays, selection of suitable pesti-
cides which are compatible with biological
control is essential for the success of inte-
grated pest management. Deltamethrin is
a non-systemic insecticide from the group
of pyrethroids (Rehman et al., 2014). Dinote-
furanisasystemicinsecticide fromthegroup
of neonicotinoids with an oral-contact ef-
fect (Sreenivas et al., 2015). Spiromesifen is a
non-systemic insecticide from a new group
of tetronic acids (Mann et al., 2012). The aim
of this study was to assess the lethal concen-
tration (LCso) of deltamethrin, dinotefuran
and spiromesifen insecticides on the bio-
logical stages of egg, nymph and pupa of N.
andropogonis on the commercial CP69-1062
sugarcane cultivar.

© Benaki Phytopathological Institute



Insecticides impact on Neomaskellia andropogonis 1

Materials and Methods

Sugarcane plants

Sugarcane plants for the experiments
were cultivated in buckets in the green-
house. Buckets (8-liter) were filled in a 1: 1
1 ratio of sand, soil and animal manure and
placed in the greenhouse of Shahid Cham-
ran University of Ahvaz in mid-June 2017.
Two to three sugarcane cuttings of the culti-
var CP69-1062 (Koohzad-Mohammadi et al.,
2017), each with a healthy bud, were planted
into the bucket. The sugarcane cuttings were
irrigated once every three days and after they
reached the five-leaf stage, urea fertilizer was
applied to the soil.

Insects

All biological stages of the sugarcane
whitefly, N. andropogonis, were obtained
from sugarcane infested fields during the
growing season from early September to
early November and then the whitefly adults
were released on the sugarcane plants culti-
vated in the buckets in the greenhouse.

Laboratory bioassays

The efficacy of three insecticides, delta-
methrin (Decis®2.5%EC, Belgian Agrifar Com-
pany), dinotefuran (Starkle® 20%WDG, Mit-
sui Chemicals), and spiromesifen (Oberon®
SC240, Bayer, Germany), were tested against
eggs, second instar nymphs and pupae of the
whitefly. Different sets of bioassays were per-
formed in the laboratory for each life stage,
using the leaf dipping method. According to
the results of previous study (Koohzad-Mo-
hammadi, 2018), five concentrations of each
compound were used: 10, 30, 50, 100 and
200 ppm for deltamethrin; 100, 200, 300, 500
and 750 ppm for dinotefuran; 100, 200, 400,
500 and 800 ppm spiromesifen. Tween 20
(1%) was added to the insecticides solution.
The leaves were dipped in the insecticide or
control solutions for 10 sec and then were in-
dividually placed in transparent plastic bot-
tles (5 cm in diameter and 20 cm in height).
The bottles were covered with muslin cloth
for ventilation and kept in incubators set at
30 £ 1°C, 60 * 5% relative humidity (r.h.) and
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a photoperiod of 8:16 h (L:D). Distilled water
(2 ml) was poured daily on the bottom of the
plastic bottles to keep the leaves moisten.
All experiments were performed with 6 rep-
licates and distilled water and 1% Tween 20
were used as control.

For egg testing, infested leaves (15 cm
in length) from the cultivation buckets were
cut and transferred to the laboratory. Then,
30 adults of N. andropogonis (1-d old) were
introduced on the leaves. After 24 h, adults
were removed and the number of eggs laid
on each leaf was counted by a Heerbrugg
Switzerland Wild M3C stereomicroscope.
Egg hatch was determined 8 days after treat-
ment based on the duration of the 6-8 day
duration of N. andropogonis egg stage by
Minaei-Moghadam et al. (2009). The white-
fly eggs were considered dead in the event
of loss of swelling and drying of the cuticle
structure as described by Qian et al. (2012).

For second instar nymphs, infested
leaves (15 cm in length) were cut and trans-
ferred to the laboratory. Twenty-five first in-
star nymphs were kept on each leaf using a
stereomicroscope. Given that the duration
of the first instar is 2 days (Minaei-Mogha-
dam et al., 2009), the leaves were treated af-
ter 2 days. The leaves were checked daily up
to five days after treatment using stereomi-
croscope and the mortality was reported.
Based on Sohrabi et al. (2011) the nymphs
that were dry and detached from the leaf
when probed were considered dead.

To assess the insecticidal efficacy on
sugarcane whitefly pupal stage, sugar-
cane leaves (15 cm in length) were cut and
checked under a stereomicroscope to keep
only third instar nymphs removing all oth-
er stage using a brush. After 24 h, 25 pupae
were kept per leaf and considered as 1-d old
pupae. The leaves were observed daily and
overall pupal mortality was determined ac-
cording to Sohrabi et al. (2011).

The LGCso value, 95% confidence inter-
val and relative toxicity were calculated by
probit analysis (Finney, 1971). The LCs, ratio
of lethal concentrations was used to deter-
mine the relative toxicity of two pesticides
or to investigate the relative sensitivity of
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different biological stages to one or more
insecticides. The relative toxicity and their
confidence limits were calculated by using
statistical software SPSS 16 (SPSS, 2007).

Results and Discussion

The LCso values of deltamethrin, dinote-
furan, and spiromesifen against eggs, sec-
ond instar nymphs and pupae of N. an-
dropogonis are presented in Table 1. Overall,
deltamethrin had the highest insecticid-
al efficacy on eggs, second instar nymphs,
and pupae on the sugarcane cultivar CP69-
1062. Abou-Yousef et al. (2010) found that
the pyrethroids deltamethrin and alpha-
cypermethrin were effective against a re-
sistant lab-strain of the whitefly Bemisia ta-
baci (Genn.) to neonicotinoids (dinotefuran,
acetamiprid, imidacloprid). Evaluation of
a ‘thiacloprid+deltamethrin’ mixture (Pro-
teus®) in comparison with spirotetramat
and pyriproxifen against different life stag-
es of N. andropogonis under laboratory con-
ditions on the sugarcane cultivars CP69-
1062 and IRC99-02 clearly showed that the
thiacloprid+deltamethrin mixture was the
most toxic against all life stages and re-

duced efficiently percentage fertility of N.
andropogonis on both sugarcane treated
cultivars (Behnam-Oskuyee et al., 2020).
Relative toxicity of the tested insecti-
cides on the whitefly life stages showed that
the toxicity of deltamethrin was 9.2 and 9.13
times higher on the pupal than on the egg
and nymphal stage, respectively, while it did
not differ between eggs and second instar
nymphs, indicating higher biological action
on the pupal stage. The high toxicity rate of
deltamethrin on sugarcane whitefly eggs
might be due to the effect of pyrethroid in-
secticides on embryonic development and
inhibition of larval hatch as indicated by
Buczek et al. (2019) for deltamethrin and al-
pha-cypermethrin on Ixodes ricinus (L.) (Ac-
ari: Ixodidae) at sublethal concentrations.
Both substances disturbed the embryon-
ic development in /. ricinus occurring in hin-
drance of the earliest stage of embryogene-
sis, as well as impediment hatch of larvae.
The insecticidal activity of spiromesifen
was 16.2 and 14.8 times higher on pupae
than on eggs and second instar nymphs, re-
spectively, while on second instar nymphs
was significantly higher than that on eggs
(Table 2). Thus, according to our findings
spiromesifen had a little effect on eggs and

Table 1. LCs, values of deltamethrin, dinotefuran and spiromesifen insecticides against eggs,
second instar nymphs and pupae of the sugarcane whitefly Neomaskellia andropogonis on

the sugarcane cultivar CP69-1062.

95% Confidence limits (ppm)
Insecticide LCso (ppm) Slope + SE X
Lower Upper

Eggs
Deltamethrin 50.1 42.5 58.0 1.95 +0.09 0.45
Dinotefuran 49.5 379 60.4 1.95+£0.16 0.65
Spiromesifen 296.0 270.4 323.2 1.34+0.08 1.87

2nd instar nymphs

Deltamethrin 49.7 23.8 79.4 0.65 + 0.04 11.4
Dinotefuran 564.7 514.7 564.2 0.87 £0.09 0.39
Spiromesifen 270.9 253.2 288.2 1.34 £ 0.06 0.908

Pupae
Deltamethrin 5.44 0.06 16.41 0.28 +0.04 8.46
Dinotefuran 78.7 70.7 86.4 1.64 £ 0.06 6.99
Spiromesifen 18.3 2.71 42.8 0.25+0.05 2.26

Five concentrations for each insecticide; x*: Chi-square test for linearity of concentration-mortality response.
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Table 2. Relative toxicity of LCs, values of deltamethrin, dinotefuran and spiromesifen insec-
ticides against different life stages of sugarcane whitefly Neomaskellia andropogonis on the

sugarcane cultivar CP69-1062.

Relative toxicity

Insecticide

Nymphs to eggs Eggs to pupae Nymphs to pupae
Deltamethrin 1.00 (0.73-1.78) 9.20 (3.53-708.3) 9.13 (4.83 -396.66)
Dinotefuran 11.41 (9.34 - 13.58) 0.63 (0.54-0.70) 717 (6.53 - 7.28)
Spiromesifen 0.91 (0.89 - 0.94) 16.17 (7.55 - 99.78) 14.80 (6.73 - 93.43)

the highest insecticidal activity on the pupal
stage. Our results on the eggs are in compli-
ance with findings on other whitefly species.
Liu (2004) found that spiromesifen was more
effective than thiamethoxam (neonicoti-
noid) and buprofezin (inhibitor of chitin syn-
thesis) against different biological stages of
the cotton whitefly B. tabaci on cabbage and
melon but eggs were the least susceptible
stage to spiromesifen. In studies by Mann et
al. (2012) on the toxicity of spiromesifen on
susceptible population of B. tabaci biotype
B in benthos plants in the USA, spiromesifen
had a little effect on the whitefly’s eggs, but
it controlled more than 70% of the nymph
population and 40% of adults 48 h after
treatment. In field trials conducted in Ari-
zona, USA, spiromesifen and buprofezin in-
secticides significantly controlled the popu-
lation of nymphs and adults of B. tabaci on
melon and prevented the decline of melon
fruit quality (Palumbo, 2009).

In the case of dinotefuran, the toxicity
on eggs and pupae was 11.41 and 7.17 fold
higher than that on nymphs, respectively,
indicating high insecticidal activity on N. an-
dropogonis eggs, which is very important as
high mortality in the egg stage can reduce
the population at the beginning of white-
fly generation. Ovicidal effect of other neo-
nicotinoid active substances has been dem-
onstrated on other pests. Moscardini et al.
(2013) showed that imidacloprid in a mixture
with spirotetramat had some ovicidal activ-
ity (based on egg hatching) on the predator
Orius insidiosus (Say) (Hemiptera: Anthocori-
dae), given that spirotetramat acts on juve-
nile stages of sucking insect pests (inhibi-
tion of lipid biosynthesis) (Prabhaker et al.,
2014; Salazar-Lopez et al., 2016). Sreenivas
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et al. (2015) investigating the management
of cotton sucking pests using third-genera-
tion neonicotinoid molecules, found that di-
notefuran at 30 g/ha significantly reduced
the population of B. tabaci cotton white-
fly and had a significant effect on the con-
trol of the pest population. Qu et al. (2017)
reported that dinotefuran had the highest
insecticidal activity among six tested com-
pounds against B. tabaci [Middle East-Asia
Minor1 (MEAM1 biotype B) and Mediterra-
nean (MED or biotypeQ)]. Furthermore, our
findings that dinotefuran was more toxic to
pupae than nymphs are in accordance with
those by Qu et al. (2017). According to their
results, no significant difference was record-
ed in the survival rate of 3rd instar nymphs
between the control and the dinotefuran
treatment at sublethal concentration (LCys:
170 mg/L), while the survival rates of pu-
pae and adults of B. tabaci MEAM1 after
treating with dinotefuran significantly de-
creased by 9.81 and 11.07, respectively, in
comparison with the control. On the other
hand, the low susceptibility of N. andropog-
onis nymphs to dinotefuran may be attribut-
ed to its influence on their feeding behavior
as Miao et al. (2014) reported at low concen-
trations (LCyo and LCs) of dinotefuran on
the wheat aphid Sitobion avenae (Fabricius)
(Hemiptera: Aphididae) where the percent-
age of non-probing interval time increased
and the phloem sap ingestion decreased.
The results of this study showed that all
three insecticides with different mode of ac-
tion are effective for the control of sugar-
cane whitefly under laboratory conditions,
supporting a selection based on the target
growth stage and an alternate use to min-
imize the risk for resistance development,



44 Koohzad-Mohammadi et al.

which is crucial for this pest as well as a piv-
otal concept of successful integrated pest
management program.

The authors thank Shahid Chamran Universi-
ty of Ahvaz for the support of this thesis (Grant
No. 26247).
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>YNTOMH ANAKOINQXH

ApAcn EVIOHOKTOVWV HE SpacTIKEG ouoisg deltamethrin,
dinotefuran kai spiromesifen kata Tou aAsvpwdn
Neomaskellia andropogonis otnv moikiAia CP69-1062 tou

(axapokalapou

P. Koohzad-Mohammadi, M. Ziaee kat A. Nikpay

NepilnPn O alevpwdng tou Laxapokdalapou, Neomaskellia andropogonis Corbett (Homoptera:
Aleyrodidae), eival évag amé Toug onuavTikoUg eVTopoAoyikoug exBpol¢ Tou {axapoKkAaAapou oTo Ipdv.
H xpnon eKAEKTIKWV EVTOUOKTOVWY CUUPBAAEL 0TV aVTILETWTION TPOOBOAWY amd aAeupwdelg. Av
KOl UTTAPXOUV OPKETA EYKEKPIUEVA EVTOUOKTOVA UE OPATTIKEG OUGIEG SIOPOPETIKWVY XNUIKWV OpAdWY
yla aAeUPWOELG, AUTN €ival N TPWTN UEAETN EKTIMNONG TNG 6PAONC EVTOUOKTOVWV LE TIC OPACTIKEG OU-
oie¢ deltamethrin, dinotefuran kai spiromesifen evavtiov wwv, vupewv de0TepNS nAkiag kat mhayyod-
VWV Tou aAeupwdn Tou {axapokdhapou otnv Kahhigpyoupevn motkihia CP69-1062. AoKipudoTtnkav mé-
VTE OUYKEVTPWOELC TWV EVTOUOKTOVWY UE BLodoKIUEC EPPATTTIONC QUANWY UTIO EPYAOTNPIAKES GUVON-
KeC. H avaAuon probit édei€e 611 Ta evtopoktdva e dpaoTikég ouoieg deltamethrin kat dinotefuran, pe
TIMEC LC50 50,1 kat 49,5 ppm, avtioTola, ATav mo §pacTikd evavTiov Twv wwv tou N. andropogonis. To
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EVTOMOKTOVO pe dpaoTikr deltamethrin gixe mo anoteheopatiki dpdon evavtiov Twv VUUQWY Kal TwV
mAayyovwy (ue Tipéc LC50 49,7 kal 5,44 ppm, avtioTtolya) CUYKPITIKA pE Ta AN U0 evtopokTova. Ot
TIMEC LC50 Tou dinotefuran oTig 6eUtepng NAKIOC VOPQES Kal TIC TAAYYOVEC ATav 564,7 Kal 78,7 ppm Kal
auTtég Tou spiromesifen ftav 270,9 kai 18,3 ppm, avtiototxa. Ta amoteAéopata umootnpiouv tn XpA-
on Twv SOKIMACOEVTWY EVTOUOKTOVWY, UE eVAANayH GUUQWVA UE TOV TPOTIO SPAcNC TOUC, G ONOKAN-
pWHEvVa TIPOYPAUUATA AVTIMETWTTIONG TOV aAevpwdn N. andropogonis.

Hellenic Plant Protection Journal 14: 39-46, 2021
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