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Bemisia tabaci, a vector of cotton leaf curl virus disease, is among the most devastating pests causing huge economic losses
due to reduced cotton yield and quality. The excessive use of chemical pesticides causes insecticide resistance. Entomopatho-
genic fungi (EPFs) have a role as mycoinsecticides. The combined use of these insecticides is a promising pest-control option
to minimize adverse chemical effects. Thus, we have evaluated 10 EPFs under polyhouse conditions for their virulence against
whitefly nymphs and their compatibility with chemical and botanical insecticides. The highest overall biological efficacy index
was recorded with Ij-102, followed by Bb-4511, and Ij-089. An in vitro compatibility study was conducted to evaluate the effect
of botanical and chemical pesticides on mycelial growth and spore production using the poisoned food technique. The effect of
pesticides on the reduction of mycelial growth and conidial production ranged from —169 to 94.1% and —25.6 to 87.6%, respec-
tively. However, Ij-089, Ij-102, Ma-1299, and Bb-4511 were found to be the most compatible with the chemical and botanicals
evaluated. Comparatively, spiromesifen, diafenthiuron, buprofezin, pyriproxyfen, and flonicamid were more compatible with
EPFs at half doses, as compared to the other chemical pesticides, namely imidacloprid, fipronil, profenophos, and triazophos.
These results might provide the basis for future work and indicate that applications of EPFs showing the best virulence and com-
patibility have the maximum likelihood for the management of B. tabaci in the field in an integrated pest management system.
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Introduction

Cotton (Gossypium spp.), known as “white gold,” is one of the
world’s most commercially important and natural textile fiber
crops and a significant contributor of oil seeds. The cotton crop
in India was cultivated on 12.9 million ha during Kharif season,
from April to October 2017, with production of 37.7 million
bales and productivity of 524kg lint/ha. It was grown in India’s
North Zone on 1.54 million ha.” Among several insect pests, the
whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae),
a vector of cotton leaf curl diseases (CLCuD), is the most devas-
tating and serious problem, inflicting huge economic losses due
to reduced cotton yields and quality. The whitefly is highly po-
lyphagous, invading more than 900 wild and cultivated species?
and transmitting more than 110 plant viruses worldwide.”) In
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the past, five outbreaks of whiteflies have been noticed in differ-
ent cotton-growing states in India. In 2015-2016, a severe out-
break of whiteflies occurred in the north cotton growing zone
of India, causing losses of up to 50-60% of the crop.” Dam-
age results from direct feeding that reduces the yield.” Large
amounts of honeydew excreted by the insect encourage the de-
velopment of black sooty mold on leaves.? The direct shading of
leaves by the powdery coating has been reported to reduce the
photosynthetic capabilities of crop plants, resulting in economic
loss.” The greatest economic threat is from the transmission of
CLCuD viruses, which causes yield losses of up to-81.4-88.4%
in all northern cotton-growing areas of India. In a recent study,
three B. tabaci biotypes were recorded in India, including Asia-
II-7 in Pusa-Delhi, Asia-I in southern and central India, and
Asia-II-1 in northern India.”

Presently, there is no source of absolute resistance against
CLCuD and its vector B. tabaci in cotton varieties and almost all
of the cultivated Bt and non-Bt cotton hybrids, including about
250 new Bt cotton hybrids approved for cultivation in North
India.!” The urge to obtain greater yields and quality cotton is
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encouraging farmers to apply prophylactic sprays of pesticides
to manage both whiteflies and CLCuD. Thirty-five insecticides
have been registered for whitefly management in India. It has
acquired resistance to many insecticide classes.”!'"'¥ Of the 109
pesticide products registered so far for managing cotton pests in
India, only one mycoinsecticide (Lecanicillium lecanii R. Zare &
W. Gams) (Hypocreales: Clavicipitaceae) is recommended for
whitefly management in cotton.!® Several recent studies have
demonstrated the different modes of action of mycoinsecticides
against insect pests, such as endophytes, plant disease antago-
nism, plant growth promotion, and rhizosphere colonization.
Consequently, the present situation is emphasizing the need for
research to find an environmentally friendly and sustainable
method of managing this tedious pest. More than 20 species of
entomopathogenic fungi (EPFs) are known to infect whiteflies,
which could be ecologically compatible and a good insecticide-
resistance management alternative for whiteflies.!*"! Addition-
ally, about 170 EPF strains have been commercialized as bio-
control agents, and the majority of them have been developed
from Ascomycota Beauveria spp. (Bals-Criv.) Vuill. (Hypocre-
ales: Clavicipitaceae) and Metarhizium spp. (Metschn.) Sorok.
(Hypocreales: Clavicipitaceae).?*?! Additionally, the combined
use of mycoinsecticides and the full or reduced dose of chemical
insecticides is a promising pest-control option for minimizing
adverse chemical effects. Moreover, effective EPFs and selective
insecticides may act synergistically to increase the efficiency of
the control, allowing lower doses of insecticides and the pres-
ervation of natural enemies, while minimizing environmental
pollution and decreasing the likelihood of developing resistance
to either agent.?? The potential inhibitory effects of pesticides on
the germination and mycelial growth of EPFs often vary among
fungal species and strains.?® By contrast, the use of incompat-
ible insecticides may inhibit the growth and reproduction of
the pathogens and adversely affect integrated pest management
(IPM).2*? Therefore, fungal genotypes compatible with particu-
lar pesticides can be identified and manipulated to develop a
suitable IPM or insecticide resistance management (IRM) pro-
gram. However, little information is available on their relative
compatibility with IPM components.

Hence, the present investigation was conducted to evalu-
ate EPFs for their relative virulence against whiteflies and their
compatibility with various chemical and botanical insecticides
to utilize their full biocontrol potential in IPM technology for
successful adoption in the field. It was presumed that this study
could ultimately help to identify the most virulent and IPM-
compatible EPFs. It was also presumed that this study might
provide the basis for future work on the development of an eco-
compatible and effective mycopesticide to strengthen the cur-
rent IPM/IRM system for managing the CLCuD vector B. tabaci
in cotton.

Materials and Methods

The works described below were conducted during the
2016-2017 and 2017-2018 crop years at ICAR’s Central Insti-

tute for Cotton Research, Regional Station Sirsa (Haryana)
(29°32'36.1"N 75°02'18.8"E).

1. Fungal strains

The EPFs used in this study were Beauveria bassiana (Bb)
NAIMCC 0409 and Metarrhizium anisopliae (Ma) NAIMCC
1299, procured from the National Agriculturally Important
Microbial Culture Collection (NAIMCC), Mau, Uttar Pradesh
(India); B. bassiana MTCC 4511, MTCC-4543, MTCC 4565,
and MTCC 6097 from the Microbial Type Culture Collection
(MTCC), Chandigarh (India); and four indigenous cultures
of Fusarium moniliforme (Fm) and Isaria javanica (Ij) isolated
from B. tabaci cadavers. The newly isolated EPF cultures were
identified on the basis of both morphological®® and molecular
characterizations (Supplemental Table S1). All fungal strains/
isolates were cultured and preserved in the laboratory on Sa-
bouraud Dextrose Yeast Agar (HiMedia) amended with 0.2%
yeast (SDYA) and streptomycin sulfate (20 ug/L) in test tubes/
Petri plates. The provisional species were identified (Fm-083, Jj-
089, Ij-099, and Ij-102) by morphology, and it was corroborated
later by genetic analysis after extracting the DNA of the mono-
sporic cultures using PowerLyzer® UltraClean® Microbial DNA
Isolation Kit (MO BIO Laboratories, Inc., USA). Polymerase
chain reactions (PCRs) were carried out in a thermal cycler to
amplify and sequence the internal-transcribed-spacer rDNA re-
gion. The genomic DNAs were amplified using universal for-
ward primer (ITS1) 5'-TCCGTA GGT GAA CCT GCG G-3' and
reverse primer (ITS4) 5'-TCCTCCGCT TAT TGA TAT GC-
3'.27 The amplicons of isolates separated on agarose gel were
visualized in a UV transilluminator. The purification of ampli-
cons of samples was done by using ExoSAP-IT PCR Cleanup
(Aftymetrix-USB, USA). The samples were sequenced by Euro-
fins Genomics India Pvt. Ltd., India. The chromatogram quality
of sequences was checked with Applied Biosystems Sequence
scanner v 1.0 software. The contigs were formed using the CAP3
sequence assembly program?® from respective forward and re-
verse sequences of isolates. The contiguous sequences of fungal
isolates were compared with those available in the database of
the National Center for Biotechnology Information (NCBI) with
a BLASTn similarity search. The choice of these fungal strains
was based on their preliminary polyhouse bioassay conducted
for whitefly nymphal mortality during 2016-2017 at the ICAR-
CICR Regional Station, Sirsa.

2. Insecticides

Nine synthetic chemical pesticides and three botanicals were
procured from the local market and used in these experi-
ments. The insecticides were tested for fungal compatibility at
two doses by in vitro bioassay: the average concentration rec-
ommended for field application on cotton for whitefly man-
agement (100%, full dose) and 50% (half dose) of the average.
The insecticide formulations used for compatibility studies
were: neem oil 0.03% (5mL/L), pongamia oil (5mL/L), castor
oil (10mL/L), spiromesifen 22.9% SC (1 mL/L), flonicamid 50%



Vol. 44, No. 2, 97-105 (2019)

Compatibility of entomopathogenic fungi with insecticides 99

WG (0.4g/L), diafenthiuron 50% WG (1g /L), buprofezin 25%
SC (1.6 mL/L), pyriproxyfen 10% EC (2.5mL/L), profenophos
50% EC (2mL/L), triazophos 40% EC (3 mL/L), imidacloprid
70% WG, and fipronil 5% EC (2mL/L) (Supplemental Table S2).

3. Screening of entomopathogens for their virulence

3.1. Polyhouse screening of EPFs
All EPFs were cultured at the Plant Pathology Laboratory,
ICAR-CICR Regional Station, Sirsa, Haryana (India). The fungal
cultures were inoculated and incubated on SDYA amended with
streptomycin sulfate (20 ug/L) in sterilized Petri plates for 7-10
days at 25+2°C in the dark. The mycelial growth of each fungal
culture, as well as its sporulation, was estimated at 10 days after
inoculation (DAI) and their cumulative deficiencies compared.

The spore concentration was recorded from each actively
growing fungal strain on SDYA by using a 5mm disc 10 DAL
Conidia were harvested from each Petri plate by flooding media
with sterile 0.01% (v/v) Tween 80™ (PEG-80 polyoxyethylene
sorbitan monolaurate; HiMedia) and stirring with a glass rod.
The suspension was vigorously vortexed for 2min and filtered
through four layers of sterilized nylon cheesecloth. The filtered
suspension (10mL) was agitated again before spray application,
and the conidial concentration of the stock was estimated with
an improved Neubauer hemocytometer at 400X magnification.
The conidial suspension was then diluted to get a series of con-
centrations between 10* and 10%. In all bioassay tests, conidial
inocula (1107 conidia/mL) harvested from 10-day-old cultures
and suspended in 0.01% (v/v) surfactant (Tween 80, HiMe-
dia) were utilized. The viability of the conidia from each isolate
and the concentrations used in the tests were determined after
24hr.” This germination test was repeated for each stock sus-
pension to maintain the constancy of the viability assessments.
The viability of conidia (> 95% germination) 24hr after incu-
bation on SDYA medium (HiMedia) was confirmed before the
onset of bioassay.

The virulence of EPFs was evaluated using a new modified
polyhouse bioassay method described by Sain et al.?) In this,
one-month-old potted cotton plants with 4-5 fully expanded
leaves were kept inside a whitefly-rearing polyhouse containing
whitefly-infested plants (50-60 whiteflies/leaf) for egg laying.
One day post egg laying, whitefly adults were gently removed
from the potted plants using the air pressure of a commercial
hand sprayer, and the potted plants were transferred to anoth-
er net house aseptically for the next 10 days. Subsequently, 10
days post egg laying, the number of nymphs (40-50 nymphs/
leaf) was recorded before inoculation and marked on the abaxial
surface of the leaf with a waterproof marker. A freshly prepared
conidial suspension (1X107 conidia/mL) of EPFs was applied
to the abaxial surface of leaves containing nymphs with a com-
mercial handheld sprayer at a volume of ~10mL/plant (~2mL/
leaf) in a polyhouse maintained at 75+2% RH 30*2°C. In the
control treatment, potted plant leaves were sprayed with 0.01%
Tween 80 solution only. One replicate comprised three potted
plants with three leaves on each plant. Mortality was recorded

using a 20X hand magnifying lens at 3, 5, and 7 DAL White-
fly nymphs that were opaque or greenish white and shiny with
brownish eyes or with visible honeydew droplets appearing on
their excretions were considered alive, while nymphal bodies
that were yellowish-brown, matted, and shriveled were consid-
ered dead. Abbott’s correction formula was used to correct the
control mortality®” before subjecting mortality data to analysis
of variance.

To select the best EPFs for their potential bioeflicacy, the
overall bioefficacy index (BI) was compared using the modi-
fied formula BI=37X(MG)+13X(SP)+50X(MOQO) of Sain et
al.,* where MG=mycelial growth in mm on the tenth day,
SP=conidial production/mL (1X10%) on the tenth day, and
MO =nymphal mortality at 7 DAL

3.2. Log dose probit analysis
The lethal concentration of selected EPFs was determined on
whitefly nymphs using five concentrations from 10* to 10® co-
nidia/mL in three replicates. The new modified polyhouse bio-
assay method®” was used. Mortality was recorded using a 20X
hand magnifying lens at 5 DAI. Abbott’s correction formula was
used to correct the control mortality.?®) Data of selected EPFs
from three replications of five concentrations were pooled, Excel
was used for probit analysis,*” and the lethal concentrations for
50% mortality (LCs,) and 90% mortality (LCy,) were calculated,
including their 95% fiducial limits.

4. Compatibility study

4.1.  Moycelial growth inhibition
All 10 EPFs were evaluated for their compatibility with the nine
chemicals and three botanical pesticides recommended for
whitefly management in North India (Supplemental Table S2).
The in vitro compatibility of these compounds was determined
using the recommended dose and half of the recommended
dose by the poison food technique.’? To get the desired concen-
tration of each insecticide, the recommended field application
rate/dose as well as its half dose was added to the melted SDYA
medium (100mL) in a flask aseptically and mixed thoroughly
before solidification (medium temperature 48°C) to get the de-
sired concentration.*” About 20 mL of medium was then poured
equally into 9 cm diameter sterile Petri plates and allowed to so-
lidify in a laminar air flow chamber. The Petri plate containing
the desired pesticide-poisoned medium was inoculated asep-
tically and separately by transferring a five mm diameter cul-
ture disc into the center of each Petri plate. The culture disc was
cut using a sterile cork borer from 10-day-old EPFs grown on
SDYA. After inoculation, Petri plates were sealed with parafilm
and incubated at 282°C and 80£5% relative humidity for a
12-hr photoperiod. For each treatment, three replications were
maintained. Pesticide-unamended SDYA media served as the
control treatment for comparison under the same conditions.

The radial growth of each individual treatment, including
each EPE, was measured at seven DAI and compared with a
standard check. The percent of growth inhibition of each EPF
over the untreated check was estimated separately for the re-
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spective insecticides by using the following formula: I=C—T/
CX100, where I=percent growth inhibition, C=colony diam-
eter in the control, T=colony diameter with treatment.
4.2.  Inhibition of spore production

In addition to the mycelial growth measurement, to estimate the
effect of chemical and botanical pesticides on the spore produc-
tion of each EPE the conidial production was enumerated. The
spore concentration was recorded by using a 5mm disc of SDYA
containing each dose of the above-mentioned 12 pesticides and
inoculated with individual EPFs, separately. The spore concen-
tration was recorded at 10 DAI and compared with that in un-
amended SDYA media. The toxicities of chemicals and botani-
cals against EPF were calculated using the formula of Alves and
Lecuona®¥: T=[20(VG)+80(ESP)]/100. In this formula, values
of vegetative growth (VG) and sporulation (ESP) were given in
relation to control (100%), where toxicity grades were consid-
ered to be as follows: T=0 to 30 (very toxic), 31 to 45 (toxic), 46
to 60 (moderately toxic), and >60 (compatible).

5. Statistical analysis

All experiments were carried out in replicated randomized com-
plete block design (RCBD) and factorial RCBD. Abbott’s correc-
tion formula was used to correct the control mortality®” before
subjecting mortality data to analysis of variance (ANOVA). Ab-
bott’s corrected mortality=((% mortality in treatment—% mor-
tality in control)/(100— % mortality in control)) X 100.

Data of selected EPFs from three replications of four concen-
trations were pooled and subjected to Probit analysis® and the
lethal concentrations for 50% mortality (LCs,) and 90% mortal-
ity (LCy) calculated, including their 95% fiducial limits. The sta-
tistical analyses for compatibility experiments were performed
using OP Stats.’> Means were also separated using T-test at a 5%
level of significance.

Results and Discussion

1. Screening of entomopathogens for their virulence

L.1. Polyhouse screening of EPFs
The sequences generated in this study for local and new EPFs
were submitted to GenBank (accession numbers MG976231 for
Fusarium moniliforme (Fm) Fm-083, MG976232 for Isaria ja-
vanica (Ij), and Jj-0089 and MG976234 for [j-102). Among the
10 EPFs, the highest mycelial growth was recorded in Ij-089,
followed by Ij-102 and Fm 083. However, the highest spore
count (10%/mL) was recorded in B. bassiana (Bb) Bb-409, Bb-
4511, and Fm-083. The corrected nymphal mortality recorded at
seven DAI was significantly highest (p-value <5%) in Bb-4511
(95.1%), followed by Bb-4565 (89.9%) and M. anisopliae (Ma)
Ma-1299 (86.7%) at 33.7-26.7°C maximum and minimum tem-
perature and 80.3-68.4% RH with suspension of 1X107 conidia/
mL. As compared to the fungal strains obtained from the culture
collection centers, the local isolates showed faster and higher
mycelial growth. However, based on overall biological efficacy,
the EPFs that performed best were found to be Ij-102 (70.9%),
followed by Bb-4511 (70.1%) and Ij-089 (69.5%) (Table 1).

Hence, we proposed that the overall biocontrol potential of a
fungal strain should be based not only on its virulence, but on
its bioefficacy, including factors such as mycelial growth, sporu-
lation, and mortality. Several other researchers have previously
reported that biopesticides provide good control of whiteflies,
both in the greenhouse and the field. B. bassiana caused mortal-
ity from 76.7 to 91.6% of whitefly B. tabaci nymphs (Faria and
Wraight)?” and up to 100% adults at 1 mg/mL.*® Similarly, V.
lecanii at 0.25X10° and 3.2X10° conidia/mL have been reported
to cause 92-100% nymphal mortality of B. tabaci.’” Three dif-
ferent products of Metarrhizium have also been found to reduce
the population of nymphs and adults, ranging from 85.8-92.7%

Table 1. Whitefly nymphal mortality, mycelia growth, spore production and biological efficacy index of selected EPFs.”)

Percent corrected mortality over control (1X106)%

Treatments Mycelial growth?”  Spore/mL (10%)9 Biological eef)ﬁcacy
3 DAI 5 DAI 7 DAI index
L. javanica-089 81.0 5.47 42.4 (40.6) 73.9 (59.3) 77.6 (61.8) 69.5
I javanica-102 80.1 5.66 38.6 (38.4) 61.7 (51.8) 81.0 (64.2) 70.9
F. moniliforme-083 765 6.33 42.0 (40.4) 76.3 (60.9) 76.7 (61.1) 67.5
I javanica-099 69.7 347 49.3 (44.6) 78.3 (62.2) 81.1(64.2) 66.8
M. anisopliae-1299 64.0 3.50 77.4 (61.6) 82.7 (65.4) 86.7 (63.6) 67.5
B. bassiana-409 64.0 6.99 20.3 (26.8) 62.1 (52.0) 78.2 (62.2) 63.7
B. bassiana-4565 62.4 1.46 57.2 (49.1) 76.6 (61.1) 89.9 (71.5) 68.2
B. bassiana-4511 59.3 6.53 75.0 (60.0) 88.6 (70.3) 95.1(77.2) 70.3
B. bassiana-6097 517 439 23.6 (29.1) 64.4 (53.4) 81.7 (64.7) 60.5
B. bassiana-4543 50.3 5.86 67.4 (55.2) 80.0 (63.4) 85.4 (67.5) 62.1
CD at (p-<<0.05) 8.231 1.231 11.972 6.053 5.039 4.253
Variance 24.152 4.213 143.326 36.638 25.387 21.571

9 Experiment was conducted under polyhouse at 33.7-26.7°C Max. Mini Temperature and 80.3-68.4% RH. © Mycelial growth diameter was measured
(in mm) at 10 days post inoculation (DAI) from the Petri plates. © The spore concentration/mL was measured at 10 DAI using 5mm mycelial disc from
the Petri plates. ¥ Figure in parenthesis are arcsign transformed values. ¢ Biological efficacy index (BI)=mycelia growth (mm), sporulation (conidia
1X108%); nymphal mortality 7 DAI (%); BI=37X(MG)+13X(SP)+50X (MO at 7 DAI)
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in controlled conditions, while, in field conditions, whitefly
mortality ranged from 30-92.2%.> In previous studies, the se-
lection of EPFs might have been based on either mortality. Here,
in this study, we have considered mycelial growth, sporulation,
and virulence, which are the most important components for
fungal growth, survival, infection, and proliferation. Thus, the
results of the present study provide a better understanding for
the selection of EPFs.
1.2.  Pathogenicity bioassay and Log dose probit analysis

In the present investigation, all fungal isolates were pathogenic
to whitefly nymphs, and increasing fungal concentrations re-
sulted in increased mortality (Table 2). The LCs, values of EPFs
were found to be in a range from 0.2X10* to 4.9X10° conidia/
mL, while the LCy, values ranged between 1.0X10® and 8.7X10?
conidia/mL at 5 DAI The lowest LCs, values were 0.2X10* and
0.5X10* conidia/mL, with Ij-089 and Bb-4511, respectively.
Similarly, the lowest LCy values—1.0X10® and 1.0X 10® conidia/
mL—were with [j-089 and Bb-4511, respectively (Table 2). We
observed that nymphal mortality also depends upon the viru-
lence and the conidial concentration. Thus, from the present
study, it is clear that, to determine the best dose for field ap-
plication, the lethal concentration that achieves the best results
in terms of pest management must be evaluated. The isolates of
B. bassiana and I. fumosorosea were reported to be the most vir-
ulent against whitefly nymphs (71-86% mortality within eight
days), with LT, values ranging from three to four DAI with 107
conidia/mL (150 conidia/mm?).>” These applications have been
successful in cases where environmental conditions of high rela-
tive humidity and moderate temperatures are appropriate.’”’ The

average nymphal mortality of B. tabaci biotype B at seven DAI
can be at the maximum value of 25.7%, and the average mortal-
ity at 14 DAI has been reported to vary from 6.1-92.3% using
a melon leaf bioassay method.*) Different isolates of B. bassi-
ana at a concentration of 107 on the fourth instar nymphs gave
3-85% mortality.? Thus, the experiment suggests that to further
strengthen the selection of EPFs for biocontrol, it is important to
consider all of the biological efficacy parameters. Additionally,
a study of their pesticide compatibility should be carried out to
develop an effective IPM system.

2. Compatibility study

2.1.  Mycelial growth inhibition
All tested insecticides showed varying degrees of potential to
inhibit or enhance growth and the conidial production of select-
ed EPFs. The data showed varying responses of EPFs with the
chemical and botanical pesticides tested (Supplemental Table
S3). Half doses of botanical insecticides, namely neem, pongam-
ia, and castor oils, are less inhibitory to the EPFs than full dose.
The growth of EPF strains Ij-089 and Bb-4543 were found to
be enhanced with half doses of pongamia oil, as compared to
control treatment. Ij-089 also showed enhanced growth with full
or half doses of castor oil, and Ij-102 at a half dose, as compared
to control and other treatments. Overall, among all of the EPFs
evaluated for botanical pesticide compatibility, the EPF strains,
namely Ij-089, Ij-102, Bb-4543, and Bb-4565, were found to be
comparatively more compatible.

When compared to the effect of chemical insecticides on my-
celial growth inhibition, the EPF strains again showed variable

Table 2. Summary of probit analysis of binomial proportion and calculated lethal concentration of dose-mortality response at 5 days post inoculation of

whitefly nymphs.
Mortality (Mean*SE)?
Spore conc®

1j-089 1j-102 Fm-83 1j-099 Ma-1299 Bb-409 Bb-4565 Bb-4511 Bb-6097 Bb-4543
10t 742*14.2 525%9.2  458*6.3  27.7*119 485%8.1 14.23*28  643*124 523*142 151*58  22.0%33
10° 794%22  67.9%82  693*11.2 442*244 653%64  24.5%89 64.910.2  78.4%+18.2 24.1*17.1 22.7%*14.6
10° 85.6+7.3  71.0*43  758*8.7  50.0*+124 787+52 3121*114 70.5%7.5  814*174 26.8%20.5 52.1*6.1
107 86.8+7.3  74.5%29  785*74  723*+38  80.6+7.2  51.8*+184 77.8*+59  852%+20.1 51.9*163 69.3*11.8
108 97.1+2.9  86.6+4.1  81.9*+4.6  78.5%0.7  83.6%6.7 6721*+148 78.9*+47  87.1+184 57.7%8.6  95.8%4.2

Summary of Probit analysis

LCs, 0.2X10*  0.6X10*  0.6X10° 1L0X10°  0.6X10°  24X10°  07X10°  05X10*  4.9X10° 1.0X10°
95% FL 0.1X10*-  0.6X10'-  0.6X10°-  0.9X10°  0.6X10°-  14X10°~  0.6X10°-  0.5X10'-  0.6X10°~  0.9X10°-

0.3x10* 0.7x10* 0.7X10° 1.3X10° 0.7X10° 3.5X10° 0.8X10° 0.6x10* 10.5X10°  1.1X10°
LCy 1.0x10% 1.2X108 1.2X10% 1.7X10% 1.1X108 42X%10% 1.8X10% 1.0X10% 8.7X10% 1.6X107
95%FL 0.9X10%-  L1IX10%-  L.IX10%  1.4X10%-  1.0X10%-  2.1X10%-  1.3X10%-  0.9X10%-  1.7X10%  1.4X107-

1.1X10° 1.3X10° 1.3X10° 2.0X10° 1.2X10° 6.3X10° 2.3X10° 1.1X108 19.2X10°  1.8X107
Intercept+SE?  4.2*2.1 3.5%3.6 3.6%3.6 3.2%53 3.4%36 3.0%8.5 4.1%3.2 3.7%3.0 3.1%9.8 3.0%5.1
Slope+SE 2.5%0.3 2.7+0.6 2.6%0.6 24+0.7 2.8%0.6 2.1+0.9 1.9%0.5 2.7+0.5 1.9%1.0 2.8%0.7
e 66.0 29.0 49.0 130.5 47.8 178.2 69.7 36.5 147.5 3235
p-value (%) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

9 The concentrations presented are conidia/mL . ¥ Average maximum and minimum % RH during the experiment 76.7 (50-87) and 58.5 (40-72) dur-
ing the last week of July and first week of August 2017. © FL=fiducial limits; ?SE=standard error of the fungal concentrations. ¢ Likelihood ratio y* test
statistic indicates a satisfactory goodness-of-fit of empirical data compared to estimated regression line.
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responses against the insecticides tested. Mycelial growth inhibi-
tion ranged from —169-94.1% (Supplemental Table S4). How-
ever, the half dose of spiromesifen was found to enhance the
mycelial growth of Ma-1299, Ij-089, Bb-6097, Bb-4543, Bb-409,
Ij-102, and Bb-4565 better than the control treatment. Similarly,
a half dose of flonicamid also enhanced the growth of Bb-409,
Bb-4543, Ij-102, and Bb-4565 better than the control treatment.
Moreover, the enhanced growth of EPFs was recorded with a
half dose of buprofezin in Bb-6097, Bb-409, and Bb-4543 and
a half dose of pyriproxyfen in Bb-4511, Fm-083, and Bb-4543.
Overall, the EPFs, namely Ij-089 and Fm -083, were found to
be the most compatible with all of the chemical pesticides ex-
cept triazophos and diafenthiuron, respectively. We found that
spiromesifen (tetronic and tetramic acid derivatives—inhibitors
of acetyl CoA carboxylase), diafenthiuron (mitrochondrial ATP
synthesis inhibitor), buprofezin, pyriproxyfen (insect growth
regulators), and flonicamid were comparatively more compat-
ible at their half doses than other chemical pesticides, namely
imidacloprid (neonicotinoids), fipronil (phenylpyrazoles), pro-
fenophos, and triazophos (organophosphates).

In earlier studies, strains of B. bassiana were reported to be

highly compatible with the insecticides imidacloprid and spi-
nosad, recording no inhibition of growth, sporulation, or viabil-
ity.**4% Similarly, a synergic effect between wettable powder in-
secticides and M. anisopliae* and a high compatibility of imida-
cloprid with fipronil for B. bassiana and M. anisopliae have been
confirmed by Moino and Alves.?? At doses of 160 and 240 mL/
ha, the insecticide fipronil (25% w/v) was reported to be nondet-
rimental to M. anisopliae mycelial growth and conidiation; thus,
it was scored as compatible.* However, in our present study,
this chemical was classified as moderately toxic to Ma-1299. The
results of the present study may not be similar to the previous
studies because of the difference in the strains and experimental
conditions.
Moino and Alves? previously suggested that there could be
two possible reasons for the enhanced growth of EPFs: first, in
fungi, as a physiologic mechanism of resistance, insecticides can
be metabolized and release compounds that can be used by the
fungus as secondary nutrients; second, in a toxic medium, the
fungus could be making a reproductive effort, thus increasing
conidial production. Another possible reason could be that sub-
stances present in the insecticide formulations can also be used
directly as a nutrient, which may help increase the vegetative
growth and conidial production of the EPFs. However, in the
present study, we have observed enhanced mycelial growth in
some EPFs; however, corresponding to that, the conidial pro-
duction was not enhanced.

2.2. Spore production
The perusal of the data showed that almost all 12 chemicals
showed reductions in conidial production irrespective of the
fungal strains, except a few insecticides that were found to en-
hance the conidial production more than that in the control
treatment (Supplemental Table S5). The reduction in conidial
production ranged from —25.6-87.6% (Supplemental Table S6).

Enhanced conidial production was recorded with a full dose of
spiromesifen in Ma-1299, a half dose of spiromesifen in Ij-102,
full and half doses of diafenthiuron in Fm-083, and a full dose
of castor oil in Bb-4565. When compared to the general spore
production, the highest spore production capacity was found to
be in Bb-6097 and Fm-083. We compared the effect of all in-
secticides on individual EPFs. The highest conidial production
(107) of Ij-99 was recorded with a half dose of spiromesifen. This
was followed by a lower dose of neem oil and a lower dose of
pongamia oil and flonicamid. The highest conidial production
of Ma-1299 was recorded with a full dose of spiromesifen, a full
dose of diafenthiuron, and a full dose of pyriproxyfen. Ij-089
produced the highest conidia with a half dose of diafenthiuron,
a half dose of spiromesifen, and a full dose of imidacloprid. The
highest conidial concentration in Bb-6097 was recorded with
half and full doses of flonicamid and a full dose of diafenthi-
uron. Fm-083 produced higher conidia with half and full doses
of diafenthiuron, followed by full and half doses of spiromesi-
fen. Conidiation of Bb-4543 was recorded highest with a half
and a full dose of buprofezin and a half dose of diafenthiuron,
while Bb-4511 produced more conidia with a half dose of bu-
profezin, followed by half doses of neem oil and pongamia oil.
Ij-102 showed highest conidial production with a full dose and
a half dose of spiromesifen and a half dose of neem oil. Bb-4565
showed highest conidial production with a full dose of castor oil
and full dose and half dose of profenophos. As the germination
of conidia was also evaluated with full and half doses of pesti-
cides in each chemical treatment with respective EPFs, however,
we could not observe much difference in the reduction of co-
nidial germination (germination range 96-98%). Moreover, the
present study showed that spore production depends on the re-
sistance and tolerance ability of the EPFs to chemical pesticides.

Furthermore, to reach a comprehensive conclusion regarding
the compatibility of EPF strains with test chemicals, the “T” tox-
icity index was calculated using values of 20% vegetative growth
and 80% sporulation, which showed the variable responses
of EPFs with botanical and chemical pesticides (Table 3). The
toxicity index in the present study showed that, among the bo-
tanical pesticides, neem oil and pongamia oil were found to be
compatible to moderately toxic with all EPFs except Bb-6097,
Bb-409, and Bb-4543. Castor oil was found to be toxic to very
toxic, except in EPF strains Ij-089, Bb-4565, and Fm-83. Among
the chemical insecticides, the insect growth regulators (spirome-
sifen, pyriproxyfen, buprofezin), flonicamid, and diafenthiuron
showed responses that were compatible to moderately toxic. The
organophosphate group of pesticides and fipronil were found to
be in the toxicity range from compatible to very toxic. Among
the EPFs, 1j-089, Bb-4511, and Bb-4565 were found to be com-
patible with profenophos. Overall, among the EPF strains, Ij-
089, [j-102, Ma-1299, and Bb-4511 were found to be the most
compatible with full and half doses of the chemical and botani-
cals tested in the present study. Thus, the compatible EPFs along
with these selected pesticides could simultaneously be used for
IPM.
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Table 3.
strains of entomopathogenic fungi.

“T” values (mean=*S.E.) and compatibility classification of chemical and botanical insecticides, in relation of fungitoxic effect on selected

“T” value and compatibility of test chemicals with EPF strains”

Treatment®

1j-089 1j-099 Ij-102 Ma-1299 Fm-083 Bb-6097 Bb-4511 Bb-4543 Bb-4565 Bb-409
Neem-F 64.1x45 C 82.1*13 C 77.6*x12 C 66.7=3.1 C 602*+0.7 C 59.1+6.6 MT 704+9.2 C 42.6*+44 T 52757 MT 38.0+29 T
Neem-H 473*+50 MT 69.5£6.7 C 659+33 C 545*3.6 MT 452*1.6 T 269*+19 VT 429+43 T 322*54 T 378%52 T 282*+29 VT
Pongamia-F 68.6£6.0 C 79.7+20 C 704*47 C 589*+29 MT 63.1+0.2 C 644+48 C 79.0x7.6 C 438*+46 T 485*64 MT 36.7+08 T
Pongamia-H 51.6%£4.2 MT 71.4%+6.3 C 54.7%£32 MT 54.1%£3.6 MT 54.920.9 MT 28.2*+19 VT 64.7x7.0 C 41.5*3.7 T 485%53 MT 34.8+83 T
Castor oil-F 96.3%£8.6 C 350*43 T 36.2*24 T 529%39 MT 49.2+0.5 MT 357+29 T 394*57 T 398*24 T 963*66 C 29.1£1.7 VT
Castor oil-H 93.6+3.7 C 25440 VT 347+48 T 395*x72 T 47.9%50 MT 29.9+1.2 VT 343+0.8 T 26.7*+2.7 VT 1134+43 C 292*1.6 VT
Spiromesifen-F ~ 92.5+11.2 C 86.9+10.7 C 104.9*4.0 C 82.6*+26 C 927*71 C 693*33 C 685+22 C 625*12 C 52.7%20.9 MT 56.1£59 MT
Spiromesifen-H 68.5+93 C 764*85 C 994%52 C 103.7£85 C 657*44 C 67.9*%0.7 C 583+0.6 MT 654*1.1 C 39.7%£03 T 37.0%03 T
Flonicamid-F 68.9+93 C 82.0*x85 C 744*£50 C 884*6.0 C 81.1x6.0 C 725*0.2 C 65.0%35 C 574*14 MT 53.1£0.2 MT 58.5*+1.3 MT
Flonicamid-H 58.1£10 MT 61.7+59 C 52.7%33 C 77.0x1.1 C 83.6*56 C 66709 C 49.6£6.4 MT 489*+1.5 MT 50.4*+4.3 MT 53.9+4.2 MT
Diafenthiuron-F 90.5+9.6 C 65.0+04 C 59.1+34 MT 83.6+4.5 C 948+02 C 451*+47 C 69.3+*0.6 C 763*+109 C 76.7+54 C 51.1+0.6 MT
Diafenthiuron-H 45.5+4.1 MT 61.9+0.3 C 53.9+3.5 MT 81.9+4.6 C 883+03 C 63.9*+1.9 T 524+39 MT 51.5+1.6 MT 45.0*+4.5 T 49.6+2.1 MT
Buprofezin-F 703+9.2 C 62.5*1.6 MT 61.0£3.2 C 95.0*x1.6 C 80.4*07 C 693*x20 C 827%=75 C 884*x26 C 51.7x48 MT 852*28 C
Buprofezin-H 58*+12.1 MT 50.9£54 MT 67.8+x25 C 643*x12 C 64612 C 458*04 T 71.2%x106 C 78.6*t1.8 C 485*0.2 MT 45.6t4.6 MT
Pyriproxifen-F 67.7£0.2 C 657+45 C 71.6+04 C 61.1%57 C 972*+03 C 583*+0.4 MT 64.6+84 C 51.6+23 MT 67.1£1.3 C 435+40 T
Pyriproxifen-H  49.7£7.9 MT 73.4%149 C 651*25 C 76.1+69 C 77.3*x08 C 545%f19 MT 47.1+6.1 MT 414+47 T 64.8*+23 C 372*x47 T
Profenophos-F 66.7£79 C 303%33 VT 427*+57 T 60.7+52 C 556*+3.3 MT 348*13 T 84.9*102 C 32.3*5.0 73.6+29 C 28.6%£3.7 VT
Profenophos-H = 62.8+2.0 C 229%+0.7 VT 423%6.0 T 483*6.0 MT 50.3*2.1 MT 31.3*14 T 759%94 C 249*51 VT 61.3*14 C 258*0.8 VT
Triazophos-F 36.7+7.7 T 29.4%x58 VT 53.1£54 MT 64.6£48 C 70.4*x42 C 34.6*x2.1 T 304*=63 VT 23.6x£55 VT 68.6x1.1 C 169*1.2 VT
Triazophos-H 404+22 T 254*57 VT 484+57 MT 51.6+2.3 MT 64.1+2.6 C 334+0.8 T 21.5%53 VT 17.6*+52 VT 56.4*7.1 MT 20.2*=1.6 VT
Imidacloprid-F ~ 81.6*54 C 475*72 MT 36.5+1.8 T 52.7+2.7 MT 56.8+3.4 MT 37.7%*13 T 704*1.0 C 345*57 T 858*6.6 C 29.0x0.7 VT
Imidacloprid-H 91.8+2.1 C 38.1*58 T 341*19 T 457+38 MT 58.2%3.6 MT 28.1+2.8 VT 60.4*t19 C 374*18 T 764*62 C 304*08 VT
Fipronil-F 47.1£58 MT 32.7+3.1 T 46.5*1.2 MT 69.3*1.3 C 50.5*3.1 MT 52.3+1.5 MT 75.7x1.6 C 28.1*3.1 VT 555*64 MT 20.1=202 VT
Fipronil-H 42.0%57 T 314*x3.1 T 33.8%*19 T 53.3%43 MT 39.0+2.7 T 42.6*+0.6 T 59.1x4.1 MT 22.8+2.8 VT 53.8%£6.7 MT 18.7£02 VT
Control 19.89 16.85 10.49 12.57 8.96 6.96 16.88 11.70 12.98 8.75
SE(m) 6.98 591 3.68 4.41 3.14 2.44 5.92 4.11 4.56 3.07
SE(d) 9.87 8.36 5.21 6.24 4.45 3.46 8.38 5.81 6.44 4.34
C.V. 17.85 17.80 10.67 11.31 8.14 8.45 16.53 15.25 12.41 13.19
F Cal 8.51 14.29 31.12 17.32 32.71 56.97 9.47 27.25 18.29 41.03

@ F-Full recommende dose and H-Half dose. ¥ Formula proposed by Alves et al.>® where, T=VT 0 to 30 (very toxic); T-31 to 45 (toxic); MT 46 to 60

(moderately toxic); C >60 (compatible).

We hypothesized that the formula proposed by Alves and
Lecuona®¥ represents an appropriate way to evaluate the effect
of the products on pathogens in vitro. These studies have the ad-
vantage of exposing EPFs to the maximum level and the action
of chemicals, something that could not occur in field conditions.
In these conditions, growth inhibition may not be a good indi-
cation of other fungicidal effects, such as spore viability. Thus,
when the insecticide is compatible in vitro, with strong poten-
tial for mycelial growth, conidial production, and germina-
tion, there is strong evidence about its selectivity in field condi-
212333) This is due to the fact that conidial germination and
infection in insects by ingestion or contact are the most essential
components. Additionally, the inoculum survival and dispersal
of EPFs in the field is also achieved by conidia.*® Thus, if co-
nidial production and germination inhibition occur, pathogen

tions.

control efficiency will not be fully achieved, as the pathogen is
being applied in an inundative form, together or separately with
the IPM components, or if the pathogen is naturally present in

plants and contacts the product.

We intend that the fungal strains would show variable re-
sponses in their mycelial growth and conidial production, which
may be due to the strain as well as the differences in chemical
pesticides’ composition/active ingredients. Hence, it is clear that
the screening of EPFs should not only be based on their viru-
lence, but their compatibility must be evaluated for the effect
of chemical pesticides on mycelial growth, conidial production,
and germination. Variation was also observed in the toxicity re-
sponse of EPFs—synergistic, antagonistic, or neutral to insecti-
cides. Previous findings have also reported inconsistent interac-
tion between fungi and insecticides and variation between the
strains,*® while working with six isolates of B. bassiana, where
the colony growth and germination of one isolate was found to
be inhibited by carbaryl. Based on the above findings, strains Jj-
089, Ij-102, Ma-1299, and Bb-4511, which have the best overall
bioeflicacy and better pesticide compatibility, could be incorpo-
rated in IPM/IRM as a microbial control component.
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Previous studies have shown that chlorpyriphos 20% EC was
less toxic to B. bassiana, while spinosad (45% SC), econeem
(1%), quinalphos (25 EC), acetamprid (20%), endosulfan (35
EC), and thiodicarb (75 WP) were slightly toxic. Imidacloprid
(17.8% SL) and triazophos (40% EC) were moderately toxic,
and profenophos (50% EC), indoxacarb (14.5% EC), and meth-
yldemeton were highly toxic.*”” Chlorpyrifos has been found
to be a very toxic insecticide for mycelial growth and conidi-
al germination, followed by methomyl, carbamate, and pirate.
Flufenoxuron, lufenuron, indoxacarb, and emamectin benzoate
were comparatively less toxic to mycelial growth (36.8-48.7%
inhibition) and conidial germination (40.3-49.9% inhibition)
of M. anisopliae and P. fumosoroseus. Conversely, methoxyfeno-
zide, bifenthrin, abamectin, and curacron were compatible with
significantly lesser growth inhibition (25.2-36.5%) and conidial
germination (27.8-43.7%) of the fungi. Spinosad was observed
to be safe to conidial germination and growth of M. anisopliae.*®)
Faraji et al.*” reported that spinosad was most compatible with
B. bassiana and M. anisopliae; however, abamectin, imidaclo-
prid, and deltamethrin were compatible with B. bassiana, and a
half concentration of deltamethrin, abamectin, and hexafloron
with M. anisopliae. Similarly, James and Elzen and and Singh
et al.® recorded that imidacloprid had no negative effect on
B. bassiana. Naveen et al.”) evaluated seven Indian field popula-
tions of B. tabaci for pesticide susceptibility and found Asia-II-7
(Pusa-Delhi) the most susceptible, while Asia-I (south and cen-
tral India) and Asia-II-1 (northern India) populations showed
significant resistance to selected organophosphates, pyrethroids,
and neonicotinoid insecticides.

The results of the present study suggest that lower doses of
neem oil, pongamia oil, and insect growth regulators are the saf-
est chemical compounds, which can very well be used with B.
bassiana, M. anisopliae, 1. javanica, and 1. javanica in IPM. This
combination would give an added advantage where insecticide-
EPFs mixtures introduce multiple mortality factors against the
target pest with insecticide, making the insect physiology weak
to a desired degree. That would make it much more susceptible
to the attack of the EPFs and also delay the chances of express-
ing resistance to new insecticides.’" This approach in pest man-
agement was explored by Brown ef al.,*? who found that the
combination of imidacloprid and B. bassiana provided greater
control of adult tarnished plant bugs in cotton over the use of
either of them alone.

Conclusion

The results of the present study demonstrated that, while screen-
ing the bioefficacy of EPFs for a sustainable IPM, a thorough
bioefficacy and a compatibility study should be conducted. EPFs
are found to have better bioefficacy in terms of insect mortality,
along with mycelial growth and sporulation; their compatibility
with chemical/botanical insecticides can cause increased stress,
immunocompromise, and alteration in insect physiology and
behavior. This would improve the performance of selected EPFs
in an IPM program, with a better biological component.*®

The results of this research suggest that chemical and bo-
tanical pesticides are not compatible with all effective EPFs. All
strains of B. bassiana and I. javanica showed varying levels of
compatibility, with respect to chemicals and their doses. How-
ever, EPF strains, viz. Ij- 089, Ij-102, Ma-1299, and Bb-4511,
showed better compatibility with full and half doses of all the
tested chemicals. These in vitro studies exposed EPFs to the
maximum action of the pesticides, which usually does not hap-
pen in field conditions. However, the study indicates that the
best and the most virulent and compatible EPFs have the maxi-
mum likelihood for successful IPM of B. tabaci in cotton fields.
Further experiments in field conditions are recommended for
evaluating the efficacy of these EPFs in combination with chem-
ical and botanical pesticides.
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