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Greenhouse whitefly (Trialeurodes vaporariorum) is a major global pest, causing direct damage

to plants and transmitting viral plant diseases. Management of T. vaporariorum is problematic
because of widespread pesticide resistance, and many greenhouse growers rely on biological control
agents to requlate T. vaporariorum populations. However, these are often slow and vary in efficacy,
leading to subsequent application of chemical insecticides when pest populations exceed threshold
levels. Combining chemical and biological pesticides has great potential but can result in different
outcomes, from positive to negative interactions. In this study, we evaluated co-applications of the
entomopathogenic fungi (EPF) Beauveria bassiana and Cordyceps farinosa and the chemical insecticide
spiromesifen in laboratory bioassays. Complex interactions between the EPFs and insecticide were
described using an ecotoxicological mixtures model, the MixTox analysis. Depending on the EPF
and chemical concentrations applied, mixtures resulted in additivity, synergism, or antagonism

in terms of total whitefly mortality. Combinations of B. bassiana and spiromesifen, compared to
single treatments, increased the rate of kill by 5 days. Results indicate the potential for combined
applications of EPF and spiromesifen as an effective integrated pest management strategy and
demonstrate the applicability of the MixTox model to describe complex mixture interactions.

Keywords MixTox model, Trialeurodes vaporariorum, Microbial control, Biopesticide, Entomopathogenic
fungi, Interactions, Synergy, Antagonism, Additivity, IPM

The greenhouse whitefly (Trialeurodes vaporariorum) is a major insect pest causing substantial damage to > 850
plant species, including high-value greenhouse, ornamental and agricultural crops'. Damage by T. vaporariorum
is caused directly by feeding and through the transmission of plant viruses, resulting in crop losses in excess of
$1 billion a year?™. The most effective greenhouse insect integrated pest management (IPM) systems are based
on preventative applications of arthropod predators and parasitoids® as components of an integrated pest man-
agement (IPM) ‘pyramid’ approach®. Under this system, IPM-compatible chemical plant protection products
(PPPs) are still applied but are used as supplementary treatments to biological control, acting as a second line of
defence should pest numbers increase to levels where natural enemies are unable to control them’.
Increasingly, IPM practitioners in greenhouse crops are incorporating low-risk plant protection products
such as microbial PPPs into their programmes. These biopesticides are typically based on microorganisms such
as entomopathogenic bacteria (predominantly Bacillus thuringiensis), viruses, fungi, and protozoa®. Microbial
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PPPs for control of T. vaporariorum and other species of whiteflies are based primarily on entomopathogenic
fungi (EPF). Entomopathogenic fungi infect their host via direct penetration by conidia through the host cuticle
and then via proliferation in the host, ultimately killing the insect in a few days.

Microbial PPPs are selected to have high specificity to the insect pest but also have a number of advantages,
including lack of toxic residues, shorter pre-harvest and re-entry intervals for workers, and the potential for a cer-
tain amount of self-sustaining secondary control through reproduction and spread within the host population’.
Microbial PPPs can be applied using conventional spray equipment and benefit from stable, controlled condi-
tions within the greenhouse environment, such as favourable temperatures, partial protection from damaging
ultraviolet radiation, and protection from run-off caused by rainfall’. However, compared to synthetic chemi-
cal pesticides, microbial control agents can be slower-acting, less efficacious, more expensive to purchase, and
require tailored training for users'’.

Few studies have investigated the combination of EPF and chemical pesticides against T. vaporariorum!?.
But, in principle, there are good reasons why mixtures of microbial PPPs and synthetic chemical PPPs could
present an attractive alternative pest management option. Because conventional pesticides and microbials have
different modes of action, there may be synergistic interactions between them that increase the overall level of
pest control’. A combination treatment may also allow the control of multiple pests or enable pest control over
a broader range of environmental conditions'!. Some studies have shown that microbial PPPs can reduce the
chances of resistance developing to a chemical pesticide or as a way of reducing the severity of resistance after
it has evolved'>"".

It has been suggested that combinations of insect growth regulators (IGR) and EPF can result in synergism
due to the prevention of moulting by the insect and the subsequent increase in time for the EPF to penetrate the
insect cuticle!®". Due to its high efficacy and low non target effects, the IGR spiromesifen, has been incorporated
into many crop protection programmes, especially in protected crops in Spain®. This insecticide is sold for
control of whitefly and mites in fields and protected crops and prevents moulting and further development of
immature stages. However, growers have recently noticed a decrease in the efficacy of the insecticide and reported
resistant populations of the Silverleaf whitefly (Bemisia tabaci)®. In T. vaporariorum populations, resistance to
spiromesifen has also been detected, although the level of resistance found (in the UK and Europe) was deemed
insufficient to reduce the suitability of spiromesifen to control T. vaporariorum populations at the time of this
study?'. Establishing a method to improve efficacy and delay resistance development is required to ensure the
longevity of this active ingredient.

To establish successful mixtures for pest control, interactions between components in the mixture must first
be evaluated and described. In toxicology, mixture concentration-response analysis can be used to establish the
joint effect of two or more chemicals at a range of concentrations®® which presents a useful framework in which
to understand microbial-chemical interactions resulting in additivity, synergism or antagonism, as defined in
Supplementary Table S1 online®. Toxicologists and ecotoxicologists have been investigating the interactions of
multiple chemicals in a range of organisms for nearly a century*, and only recently have studies of interacting
mixture components been investigated by terrestrial ecologists, for example, the impact on ecosystem services or
the potential exploitation of synergistic interactions for pest control*>~*. The MixTox analysis®® allows interac-
tions of co-applied toxicants to be determined and the variation of interactions across data sets to be categorised.
Though this analysis has not yet been utilised in insect pathology, the MixTox analysis has the potential to identify
interactions between plant protection products which could be exploited for increased pest control.

A series of laboratory experiments were previously conducted to identify EPF candidates with the potential
to control T. vaporariorum by choosing those that met several selection criteria. The selection criteria used to
identify the EPF isolates used in this experiment were related to lethal concentration and dose response, speed of
kill, sensitivity to abiotic factors as well as the compatibility of EPF with chemicals used in IPM*. Two different
species of entomopathogenic fungi were selected, namely, Beauveria bassiana and Cordyceps farinosa.

In this study, we determined the applicability of the ecotoxicological MixTox analysis method to describe
the relationship between co-applied microbial and chemical PPPs using 12- and 14-day mesocosm laboratory
bioassays, The primary objective was to characterise interactions between varied lethal concentrations (LC,) of
EPF and the chemical PPP, Oberon® (active ingredient. spiromesifen), whilst also identifying distinctions in these
interactions when different species of entomopathogenic fungi were applied, namely, B. bassiana and C. farinosa.

Results

Combined application of Cordyceps farinosa and spiromesifen against Trialeurodes
vaporariorum

After 14d, single applications of LC,5;-LCq, of C. farinosa resulted in T. vaporariorum mortality between 5 and
87%, with increasing application concentration resulting in increased mortality. Similarly, a dose-response was
observed for increasing concentrations of spiromesifen (LC,5-LCg, ) with T. vaporariorum mortality ranging
from 7 to 86%. A two-way ANOVA showed that there were significant differences between corrected mortality
observed between treatments (F=8.53, df=12, p<0.001) and also across bioassays (F=3.66, df=2, p=0.029).
There was no significant difference in conidia received per unit area for each treatment during each bioassay
(p=0.83; Table 1). A post hoc pairwise t-test (p values adjusted for multiple comparisons by Bonferroni method
(Bonferroni, 1936) showed that mortality in the third bioassay was significantly different from the second bioas-
say (p=0.029), though the third was not significantly different from the first bioassay (p=0.12), nor were there
any differences between bioassay one and two (p=0.81). Total mortality for bioassays that were significantly
different (1&2, 1&3) were analysed separately. Control mortality was 2.7%, 14.3%, and 3.3% in each replicate
mixture bioassay involving C. farinosa indicating the robustness of the bioassay setup.
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Cordyceps farinosa (Log [conidia mm™2])

Treatment Dose received (conidia mm™2) +SD
Spiromesifen | C. farinosa | Mixture 1 | Mixture2 | Mixture 3
0 LCys 112074 | 12%0.7 10+1

0 LCs 83+14 123+5.9 110+£6.9
0 LCq 731+44 716 +126 882+177
LCys LCys 12414 14+0.85 10+2
LC;s LCs, 106£30 | 118+10.31 | 101+18
LCs LCq 1047 +98 1085+72 1105+137
LCso LCys 1114 15+0.66 1142
LCs, LCs, NA 126+11 123454
LCq LCys 9+1.35 10£1.84 | 8+157

Table 1. Average dose received on 22 x 22 mm coverslips during spray applications of lethal concentrations
(LC) of Cordyceps farinosa, spiromesifen or simultaneous applications of both control agents in three replicate
mixture bioassays.

Synergism, antagonism, and additivity were observed in co-applications of C. farinosa and spiromesifen
against T. vaporariorum. A dose-ratio (DR) model provided the best significant fit for the data from the first
two mixture bioassays (R*=0.57, p<0.001). The model and parameter values (a=0.1) indicated that there was
antagonism across mixture combinations where the toxicity of the mixture was caused mainly by spiromesifen.
However, there was a switch to synergism at low concentrations of spiromesifen when the toxicity of the mix-
ture was mostly caused by C. farinosa. The DR model predicted that this switch occurred when the toxicity of
spiromesifen was 1.07 x 10~ times the concentration of C. farinosa and indicates that spiromesifen was 1.07 times
more toxic than C. farinosa (see Fig. 1).

When applying the MixTox analysis to separately analysed bioassays, the DR model also provided the best
fit for the data (p<0.001) and described a similar proportion of the variation about the mean (R*=0.57). The
model parameters for bioassays one and three were slightly different than those in the model describing bioas-
says one and two. There was antagonism for all mixture combinations except where the toxicity of C. farinosa
was greater than that of spiromesifen. In this model, the switch from antagonism to synergism occurred when
the concentration of spiromesifen was 1.2 x 10~ times the effective concentration of C. farinosa (see Fig. 1).

Increasing application concentration in single applications of C. farinosa or spiromesifen reduced LTj, esti-
mates, as shown in Table 2. However, LT, values were not significantly reduced following the application of

B Proportion
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0.4 06 08 1.0 12
Spiromesifen Log(mg) - ’
Spiromesifen Log(mg)

Figure 1. Mixture interactions 14 days after the simultaneous application of Cordyceps farinosa and
spiromesifen (mg a.i.) across a range of concentration combinations against third instar Trialeurodes
vaporariorum. In (A) proportion mortality was combined across bioassays 1 and 2, whereas (B) shows

results from bioassays 1 and 3. Observed mortality is displayed by the coloured contours. Expected (additive)
proportion mortality based on the effect of each mixture component applied individually is shown as black
isobols. Deviation of the contours from the isobols indicates a mixture interaction. Black points overlaid on the
plot indicate the dose combinations tested in the experiment.
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Corrected mortality (proportion

Lethal concentration | Lethal concentration (i) Lt (G

of C. farinosa (LC) of spiromesifen (LC) | Bioassay 1 | Bioassay2 | Bioassay3 | Bioassay1l | Bioassay2 Bioassay 3
LCs 0 0.07+0.14 0.05+0.04 |0.11+£0.032 |19.11+1.67 |48.32+52.56 |19.01+2.59
LCs 0 0.24+0.26 0.31£0.16 | 0.5+0.036 16.27+£1.39 |20.61+6.54 12.01+0.53
LCyq 0 0.37+0.18 0.62+£0.08 |0.87+0.045 | 15.68+1.69 |10.27+1.59 9.38+0.50
0 LCs 0.07+0.015 | 0.27+0.21 0.12+0.2 20.29+2.67 | 16.94+2.51 18.22+3.25
0 LGy 0.74+0.13 0.65+0.05 | 0.83+£0.012 9.75+0.56 | 10.80+0.84 8.42+0.56
0 LCyg 0.86+0.06 0.73+£0.11 | 0.84+0.058 8.72+0.46 | 10.74+1.05 9.23+0.65
LCys LCys 0.75+0.32 0.35+0.21 | 0.45+0 9.53+0.72 | 16.31+1.68 13.70+0.88
LCys LCs 0.15+0.06 0.66+£0.21 | 0.57+0.15 18.95+1.75 | 10.90+1.59 10.64+1.17
LCys LCyo 0.81+0.27 |0.74+0.11 |0.76+0.19 | 9.19+0.68 |1259+158 | 7.48+1.20
LG5 LCys 0.91+0.08 0.40+£0.11 |0.93+0.091 |18.95+1.75 |10.90+1.59 10.64+1.17
LCs LCs 0.13+0.09 0.67+£0.04 | 0.75+£0.35 18.93+£1.58 | 10.45%0.50 9.21+0.88
LCso LCys 0.65+0.29 |0.33+0.34 |0.66+020 |10.31+0.87 |11.36+1.33 9.45+1.19

Table 2. Total corrected mortality observed by the end of the bioassay and LT5, values following the
application of Cordyceps farinosa, spiromesifen or a combination of these against third instar Trialeurodes
vaporariorum in laboratory-based experiments. Mortality was corrected using the Schneider—Orelli approach.
LTS, values were calculated by probit analysis.

mixture treatments compared to single treatments of spiromesifen or C. farinosa. The four-parameter model
significantly fitted the data better than other models tested (p=0.76) due to significant differences between
treatments. Therefore, constraining the LT, value across all treatments did not improve the fit of the model
(p=0.031).

Combined application of Beauveria bassiana and spiromesifen against Trialeurodes
vaporariorum
There were significant differences between the total mortality observed at the end of the 12d bioassay for each
treatment in the mixture bioassays involving B. bassiana and spiromesifen (F=16.36, df=12, p= <0.001).
In single-application treatments, mortality ranged from 2 to 90% depending on the concentration of EPF or
spiromesifen applied, with increasing application concentration resulting in increasing mortality. There were no
significant differences between mortality for each treatment across bioassays (F=2.35, df=2, p=0.10) or conidia
deposition for the application of the same EPF concentration (Table 3). Therefore, further analysis was conducted
with data compiled as one dataset across all bioassays. Control mortality was 3.5%, 3.2%, and 10.6% in each
bioassay respectively. Total corrected mortality ranged from 0.2 to 88%, depending on the treatment applied.
For combined applications, mortality data were successfully described by the Independent action (IA) model
(R*=0.63, p<0.001), and the addition of parameters to allow for antagonism or synergism did not improve the
fit (p=0.73). Therefore, all mixture outcomes for concentrations applied of B. bassiana and spiromesifen resulted
in additivity, whereby the observed mortality was not significantly different from the expected mortality based
on the single dose response of each component, assuming they follow independent action, as shown in Fig. 2.
Mortality over the duration of the bioassay was significantly different for treatment (df=12, F=11.27,
P <0.001) and time point (df=7, F=448.1, p<0.001), though there was no difference between the mortality
over time for the three replicate bioassays (df =2, F=2.12, p=0.12). Total observed mortality did not significantly

Treatment Dose received (conidia mm~2) + SD
Spiromesifen | B. bassiana | Mixture 1 | Mixture2 | Mixture 3
0 LCs 7+0.85 10+1.81 9+1.2

0 LCsy 88+4.9 117489 | 107420
0 LGy 976 £69 1114+106 | 1081+189
LC,s LCys 8+0.99 11£037 | 10+£0.42
LCs LGy, 71+4.6 102+£22 109+ 14
LCys LCyo 8494156 | 1047+199 |1117+163
LCs, LCys 10£1.0 10+1.4 10£1.9
LCs, LCs, 97+7.5 98+ 14 112+14
LCyo LCys 9+1.1 10+2 10+0.84

Table 3. Average dose received by 22 x 22 mm coverslips during spray applications of lethal concentrations
(LC) of Beauveria bassiana, spiromesifen or simultaneous applications of both control agents in three replicate
mixture bioassays.
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Figure 2. Mixture interactions 14 days after the simultaneous application of Beauveria bassiana and
spiromesifen (mg a.i.) across a range of concentration combinations against third instar Trialeurodes
vaporariorum. Proportion mortality was combined across three bioassays. Observed mortality is displayed by
the coloured contours. Expected (additive) proportion mortality based on the effect of each mixture component
applied individually is shown as black isobols. Deviation of the contours from the isobols indicates a mixture
interaction. Black points overlaid on the plot indicate the dose combinations tested in the experiment.

deviate from the calculated expected mortality. Therefore, particular interest was taken to investigate if LT, values
were significantly different for mixture treatments compared to single applications in each bioassay.

Time to kill analysis was performed using probit linear regression. The four-parameter model gave a signifi-
cantly better fit to the data compared to other models tested (p=0.87). Constraining the LTs, value across all
treatments did not improve the fit of the model due to differences between predicted LTs, values for different
treatments (p <0.01). Increasing concentrations of B. bassiana and spiromesifen applied singly resulted in reduced
LTj, estimates, except in the second bioassay, where the two highest concentrations of spiromesifen resulted in
similar rates of mortality, as seen in Table 4. Though a mixture of LCs, B. bassiana and LCj, spiromesifen did
not cause mortality significantly higher than expected, the LT, of this combination was the lowest across all
treatments in every repeat of the bioassay, reducing the time to 50% T. vaporariorum mortality by up to 5 days
compared to applications of LCj, of either mixture component alone.

Discussion

In this study, we demonstrate that spiromesifen mixtures with C. arinose resulted in either synergistic or antago-
nistic activity against T. vaporariorum nymphs, depending on the ratio of components in the mixture applied. We
used the MixTox analysis® to quantify the interactions between the EPFs and the chemical; whilst this approach
is commonly used to determine chemical interactions in ecotoxicology, it has not been applied previously to
EPF and chemicals although use of this model to study interactions between chemicals and microbial pesticides
has been previously proposed by our laboratory®*. Synergism was found for applications of LCq, and LCs, of
C. arinose with LC,5 spiromesifen. Increasing the relative concentration of spiromesifen resulted in additivity
or even antagonism. These results are similar to previous findings that co-application of low concentrations of
insecticides with entomopathogenic fungi may increase mortality of some pest species. For example, Santos
et al.” found that co-application of a C. javanica strain with sub lethal concentrations of spiromesifen resulted
in additive or synergistic effects against B. tabaci nymphs depending on the concentration applied. Similarly,
the combined effect of B. bassiana and azadirachtin on third instar T. vaporariorum nymphs was investigated by
Wei?, whereby five mixture treatments of B. bassiana and azadirachtin with different ratio combinations were
tested. Antagonism was observed with high relative doses of azadirachtin or B. bassiana and synergism was found
when the ratio was 1:1 or 1:4 (azadirachtin: B. bassiana). The dose ratio relationship in the current study sug-
gests that spiromesifen had a negative effect on C. arinose when it was the most toxic component in the mixture.
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Corrected mortality (proportion
Concentration of B Concentration of e e
.bassiana spiromesifen Bioassay 1 | Bioassay 2 Bioassay 3 | Bioassay 1 | Bioassay2 | Bioassay 3
LCys 0 0.13+0.10 0.016+0.023 | NA 16.07+£0.55 |20.65+2.84 | NA
LCs 0 0.49+0.47 0.39£0.23 0.48+0.18 12.51£1.49 |13.42+0.82 | 10.09+0.96
LCq 0 0.56+0.05 0.59+0.12 0.9£0.10 10.5+0.9 9.90+£0.48 | 6.51+£0.57
0 LCys 0.19+0.03 0.12+0.2 0.14+0 18.77+4.16 |18.22+3.21 |9.02+1.16
0 LCs 0.53+£0.094 | 0.83+0.012 0.61£0.002 | 12.11+0.61 8.42+0.56 | 10.02+0.51
0 LCq 0.78+0 0.84+0.058 0.79+0.03 9.67£0.52 9.23+0.65 | 7.31£0.61
LCys LCs 0.19+0 0.002+0 0.23+0.39 17.86+1.8 16.1+1.63 14.81+3.85
LCys LGy 0.73+0.06 0.51+£0.31 0.34+0 8.56+0.59 8.97+0.63 |12.6+1.14
LCys LCso 0.57+0.12 | 0.81+0.19 0.74+0.15 | 10.8+0.51 8.84+0.68 |7.79+0.59
LG5 LCys 0.59+0.27 0.29+0.06 0.50+0.29 12.65+1.28 | 14.36+1.71 |9.59+1.11
LCs LCs 0.80+0.21 0.85+0.06 0.88+0.12 8.22+0.62 8.64+0.49 | 6.28+0.56
LCqo LCys 0.56+0.26 | 0.56+0.14 0.48+0.16 |12.84+0.64 | 9.17+08 |1439+1.12

Table 4. Total corrected mortality observed by the end of the bioassay and LT5, values following the
application of Beauveria bassiana, spiromesifen or a combination of these against third instar Trialeurodes
vaporariorum in laboratory based experiments. Mortality was corrected using the Schneider-Orelli approach.
LTS, values were calculated by probit analysis.

There were no interactions influencing total T. vaporariorum mortality following the co-application of B.
bassiana and spiromesifen. However, co-application of B. bassiana and spiromesifen reduced LT}, estimates
by up to 5 days, depending on the combination applied. A significant increase in the speed of kill as a result of
the mixture treatment, despite no change in overall mortality, is beneficial as it reduces the amount of time that
pests are on the crop causing damage. Similarly, Ye et al.*! found that simultaneous application of imidacloprid
at a concentration of 0.1-0.5 ug mL™! with B. bassiana against the aphid Myzus persicae resulted in an increased
rate of kill. In another study, Kpindou et al.*> combined Metarhizium anisopliae with lambda-cyhalothrin against
Sahelian grasshoppers (Oedaleus senegalensis) resulting in EPF —induced mortality occurring as early as 2 days
after application, significantly faster than EPF treatments with EPF applied alone. There were no significant dif-
ferences in the conidial deposition or viability of conidia between singly applied EPF and EPF mixture treatments
of the same concentration. Inclusion of the calibration method by Spence et al.** indicates that differences in T.
vaporariorum mortality were due to mixture interactions rather than differences in conidial deposition between
singly applied EPF and mixture treatments. The conidial deposition data was also essential to allow mortality data
to be modelled against dose received rather than estimated application concentrations, which may vary between
bioassays. Based on the laboratory results demonstrating additivity across all combinations of B. bassiana and
spiromesifen, there could be potential for this combination to be used in an IPM programme. Other studies
support these findings; for example there is evidence that applying B. bassiana in combination with azadirachtin,
acetamiprid, flonicamid, bifenthrin and avermectin can effectively suppress T. vaporariorum populations in
strawberry crops, whilst reducing reliance on chemical insecticides®. However, further investigations into the
effect of abiotic conditions and ultimately, whether additivity between B. bassiana and spiromesifen occurs under
greenhouse conditions would need to be conducted. In general, the application of synthetic chemicals at low
or sublethal concentrations is not recommended as it may lead to increased risk of development of resistance®.
But, in this case, the application of multiple insecticidal components with different modes of action, especially
in combination with other parts of IPM, are likely to reduce development of resistance®. Further studies into
the susceptibility of T. vaporariorum to spiromesifen after repeated exposure to EPF and spiromesifen mixtures
over multiple generations could determine whether this approach reduces the evolution of resistance in the
population.

In some combinations of C. farinose and spiromesifen, synergism was observed, meaning that a higher pro-
portion mortality of T. vaporariorum occurred than expected based on mortality caused by these mixture com-
ponents separately?. Despite synergism being observed, antagonism and additivity was also observed between
C. farinose and spiromesfen observed, meaning that effective control of T. vaporariorum could only be assured
if a precise ratio of mixture components was delivered to the target pest. In practice, this is difficult to achieve.
Several mixture concentrations of each mixture component were investigated because variation in dose received
by individual pests within a crop following the application of one concentration is unavoidable. Spatial, temporal,
and environmental variation within the crop causes variation in dose of each component in a mixture reaching
target insects. The outcome of a mixture depends on the relative doses of the components at the site of interaction.
Ideally, the type of interaction occurring between mixture components would have little variation depending on
concentration or ratio applied to allow for predictable levels of pest control.

It is well reported in the wider literature that IGRs that prevent or reduce the insects’ ability to develop are
thought to improve control efficacy of EPFs**-%, Spiromesifen is an IGR that disrupts insect development through
the inhibition of lipid synthesis*. Shedding EPF conidia by moulting before conidia have penetrated the cuticle is
an effective way to avoid EPF infection by insect hosts*. If development time between instars is delayed, EPF hase
a greater period of time in which to penetrate and infect the host'®. Whilst the mechanisms behind interactions
observed in this study were not investigated, it would be useful to conduct further experiments into the effect of
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low concentrations of spiromesifen on the development time of T. vaporariorum, to indicate whether an increased
infection period for the pathogen is the mechanism determining synergism between C. farinose and spiromesifen
in this study. However, an increased infection period would also be beneficial for the infection of T. vaporari-
orum by B. bassiana. Due to the different interactions observed between spiromesifen and B. bassiana or C.
farinose, it is likely that the mechanism behind the interactions observed involves EPF specific compounds (such
as species specific secondary metabolites) produced by the EPF or by the host in response to infection. Other
mechanisms of synergism have been established in previous studies and are associated with increased stress,
immunocompromised hosts and resultant changes in host physiology or behaviour*!. For example, synergism
discovered during the application of sub-lethal concentrations of imidacloprid and B. bassiana to second instar
coleopteran Leptinotarsa decemlineata larvae was determined to be caused by starvation stress which increased
larval susceptibility to the pathogen'. In another study, the mechanisms behind synergistic interactions of M.
anisopliae and low concentrations (0.01-0.025 mg/L) of chlorantraniliprole against Locusta migratoria were
investigated*. Activity of glutathione-S-transferase, general esterases and phenol oxidase (important detoxify-
ing enzymes) was reduced following co-application of the insecticide and the EPF. The authors speculate that
metabolites produced by M. anisopliae prevent the activation of detoxifying enzymes by Ca** disruption, thereby
increasing the host’s susceptibility to the insecticide*’. In a study by Ali et al.”, the synergistic interaction of the
chemical matrine and Akanthomyces muscarium against B. tabaci was determined to be related to both matrine
and the EPF secondary metabolite, bassianolide, binding to acetylcholine receptors, causing decreased activity of
acetylcholinesterase. In addition, co-application of A. muscarium and matrine caused an overall reduction in the
activity of carboxylesterases (CarE) and glutathione-S-transferase, host enzymes essential for the detoxification
of insecticides and pathogens”. Therefore, it is evident that mechanisms behind successful mixture outcomes
(i.e. synergistic or additive) vary greatly between mixture combinations and the determination of patterns across
these studies could aid in the discovery of other effective IPM strategies or allow for further improvements to
be made based on the modes of action.

In this study, mixture concentration combinations were chosen based on expected mortality values that
did not exceed >90% assuming independent action, which meant a full factorial experimental design was not
conducted. This was to ensure that all interactions, whether resulting in increased (synergism) or decreased
(antagonism) mortality could be detected. Several of the previous mixture studies in insect pathology have not
used this approach, resulting in redundant treatment groups. For example, a study by Russell et al.** investigated
the effect of combining applications of imidacloprid and M. brunneum to control Asian long horned beetles
(Anoplophora glabripennis). However, because every beetle exposed to M. brunneum died before the end of the
bioassay, interactions were unable to be determined. Another example!? saw three concentrations of imidacloprid
being simultaneously applied with B. bassiana or C. fumosoroseus (then taxonomically described as Paecilomyces
fumosoroseus) on lettuce in greenhouse experiments. The authors reported that low-rate applications of imida-
cloprid combined with both EPF resulted in increased infection rate and mortality of T. vaporariorum. However,
the expected mortality in the combined treatments was calculated by the current authors as>90%, and therefore
did not allow significant increases in mortality caused by synergistic interactions to be identified.

This study has shown that quantification of the effects of a mixture involving a microbial pathogen is pos-
sible using standardised approaches established in ecotoxicology****. Though abiotic conditions**-*, conidial
viability*® and host susceptibility influence EPF virulence**", the rate of the infection process of the insect by
the microbial pathogen is ultimately determined by the slowest step i.e. a single rate-limiting enzyme reaction
within the EPF®'. The rate of many biological processes are calculated under this assumption®. Therefore, it is
reasonable to use the same concentration effect model used for chemicals as a simplification of the behaviour
of a microbial pathogen.

Combinations of microbial and chemical PPPs have great potential to be exploited for pest control under
IPM?*-32, But, to improve understanding of mixture interactions, simplistic experiments informed by the theory
behind mixture calculations must first be conducted. A priority is to establish the interactions between different
elements used within an IPM system, to ensure that one element does not inhibit another. In particular, whether
combinations of control agents interact synergistically, antagonistically or give additive effects for selected pests
of importance in agriculture and horticulture. Determination of interactions between mixture components
is complicated because the type of interactions occurring can vary depending on the concentration of each
component'?, the ratio of components® and the type of application; sequential or simultaneous®. In addition,
interactions between mixture components may be influenced by biotic factors such as varying susceptibility of
different insect stages® and interactions between the target pest and the host plant™.

In conclusion, we demonstrate that the co-application of two EPF and the chemical insecticide spiromesifen
showed potential for improved control of T. vaporariorum in these laboratory experiments. These findings
demonstrate the potential for utilising combined applications of entomopathogenic fungi and spiromesifen as
an effective integrated pest management strategy. Future studies in the greenhouse will be needed to establish
whether these combinations are effective towards a mixed age population of T. vaporariorum and under more
variable abiotic and biotic conditions. The research presented here, provides a framework for further exploration
of mixture interactions and how this may be applied to enhance integrated pest management solutions across
agricultural and horticultural settings.

Materials and methods

Plant, insect and fungal cultures

Seven-week-old aubergine plants (Solanum melongena L., Polemoniales:Solanaceae, var. Paris; Ramiro Arnedo,
Spain) were infested with T. vaporariorum nymphs following the methods described in*. Briefly, this involved
the use of purpose-built clip cages that secured 10-20 T. vaporariorum adults over a limited area of leaf for 14 h
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at 24 °C under a 16:8 h light: dark photoperiod. After this period, adults T. vaporariorum were removed using a
hand-held aspirator. Eggs laid by T. vaporariorum adults were left to develop on individual plants in situ inside
individual containers for 16 days until they reached the third instar. Individual containers were made from 0.9
L transparent plastic pots (dimensions: height 14.3 cm; width (rim, base) 9.4 cm, 6.7 cm with a circle of nylon
mesh for ventilation added to the lid and sealed with formalin; diameter 3.4 cm?®). At this stage, plants were
grouped so that each treatment had at least 70 nymphs spread across three replicate leaves. Target leaves were
then sprayed at 138 kPa with 1 mL of either the entomopathogenic fungus C. arinose (isolate ATCC 4412) or
B. bassiana (isolate PPRI 5339), the chemical insecticide Oberon® (spiromesifen 240 g/L; SC 240 Bayer) or a
mixture of these. C. arinose (isolate ATCC 4412) was sourced from The United States Department of Agriculture
Agricultural Research Service collection of entomopathogenic fungal cultures (ARSEF database: https://data.nal.
usda.gov) and a commercial sample of B. bassiana isolate PPRI5339 was supplied by BASF plc.

Mixture bioassays

All spray applications were made using a portable mini spray tower which was built and calibrated at the UK
Centre for Ecology & Hydrology (Wallingford, UK)*. Third instar whitefly nymphs were exposed to concentra-
tions of the microbial or chemical control agents that were expected to cause 15, 50 and 80% mortality (i.e. a
lethal concentration or LC,s, LC5, and LCy values, based on preliminary experiments®, or mixture treatments
involving the combination of C. arinose and spiromesifen or B. bassiana and spiromesifen. Mixtures involv-
ing the LC 5 for the EPFs or spiromesifen were combined with the LC;5, LCs, and LCy, of the second mixture
component. Mixtures of LCg, with LCy, or LCg, of each mixture component were not conducted because these
combinations would result in 85% and 96% mortality respectively, assuming additivity. It would be difficult to
determine positive interactions in these instances as it is likely that all treated T. vaporarioum would be dead
accounting for some control mortality.

A stock solution of spiromesifen was prepared by adding 75 pl of Oberon® to 100 mL sterile water. Stock
suspensions of EPF were prepared following methods described by Spence et al.**. These methods involved
spreading suspensions of conidia from the first or second subcultures of isolates onto Sabouraud Dextrose
Agar (SDA; 65 g per 1L deionised water), in 90 mm triple-vented plastic petri dishes, sealing with Parafilm™
and incubating at 25 °C for 14 days in the dark. To prepare conidia suspensions for bioassays, 3 ml of Tween 80
in sterile water (0.03% v/v) was applied to culture plates, and conidia were removed by agitating the surface of
the dish using a sterile pestle. The suspension was then filtered by pouring the liquid onto double folded sterile
muslin cheese cloth and allowed to drip through into a sterile 25 mL tube placed below. This process success-
fully removed all mycelia and culture debris in the suspension. Vials containing conidial suspensions were then
agitated for two minutes by shaking vigorously on a vortex mixer. Concentrations of the resultant stock conidia
suspensions were estimated by counting in an Improved Brightline Neubauer haemocytometer (x 400 magni-
fication) and subsequently diluted in sterile 0.03% Tween 80° to give the desired final concentration. Conidia
suspensions were kept on ice in an insulated container at 4 °C in the dark for no longer than 24 h before being
used in experiments. On the same day as the experimental set up, samples of EPF suspension were observed
under the microscope in a haemocytometer to check whether conidia had germinated. No conidia germinated
overnight whilst following this procedure.

Solutions of double the target concentration (LC,5, LCy, or LCyq) were prepared in 50 mL Falcon tubes. For
example, if the desired concentration for a treatment of the LC,; of C. farinose was 1 x 10* conidia mL™!, then a
stock suspension of 2 x 10* conidia mL™" was prepared. Lethal concentrations of EPF and spiromesifen can be
found in Supplementary Table S2 online. By preparing double the required concentration, the mixture treatments
were not diluted beyond the desired LC value when combined with the second mixture component. Treatments
were prepared in 1 mL LoBind tubes (Eppendorf LoBind® tubes; to reduce conidia binding to tube surfaces) by
adding 500 pL of the double concentrate LC stock of either EPF isolate and 500 uL of one of the stock solutions
of spiromesifen. Single component treatments were prepared using the same method, except that EPF treatments
were combined with 500 pL of Tween 80 (0.03%) and spiromesifen was combined with sterile deionised water.

Dose received per unit area for treatments containing EPF were calibrated using methods described in Spence
et al.**. This involved spraying individual 22 x 22 mm square glass cover slips with 1 mL of treatment suspension,
taken from the same stock solution at the same time as spray applications were made to aubergine leaves. Each
treatment was sprayed onto three individual replicate cover slips. Sprayed coverslips were immediately placed
individually in 1 mL of 0.03% Tween 80 in 50 mL tubes and serial dilutions were made from 40 pL aliquots taken
from each suspension. Diluted suspensions were spread evenly across individual Petri dishes (90 mm diameter)
containing 10 mL of SDA. Dishes were sealed with Parafilm and incubated in the dark at 25 °C for 5 days. After
that time, the number of colony-forming units (CFUs) were counted and used to calculate the number of conidia
received per square millimetre on each coverslip, as an estimate of deposition of conidia on sprayed leaves.

Once solutions applied to the leaf surface had visibly dried (1-2 h), plants were placed in individual plastic
containers, as described previously but for the first 24 h following spray application, the lid of the container
was sealed in order to maintain high humidity. The containers were incubated at 24 °C with a 16:8 h light:dark
photoperiod. After 24 h, container lids were swapped to the ventilated lid previously described. Test leaves in
each replicate pot were assessed every 48 h for 14 and 12 days for bioassays involving C. farinose and B. bassiana,
respectively. The instar of surviving nymphs, adult proportion emergence, and mortality were recorded. The
bioassay was replicated on three separate occasions.

Statistical analysis
Mortality at the end of each bioassay was corrected for control mortality using Schneider-Orelli’s equation®;
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Corrected mortality (%) = a —b100 — b % 100 (1)

where a is the percentage mortality data from the treated group and b is the percentage mortality from the
control group.

Differences in total mortality at the end of the bioassay between treatments and between bioassays were
determined by ANOVA in R studio (version 4.0.0 2020/04/24).

The predicted combined effect of the two control agents was calculated from the single treatment applications
assuming Bliss independence?. Under this assumption, each control agent interacting in the mixture kills the
target pest by a dissimilar mechanism. This method uses the combination of unaffected fractions to calculate
the expected outcome of a mixture.

Pm = (pA) (pB) )

where the probability of an organism surviving the combined treatment of agent A and agent B (Pm) would be
the probability of an organism surviving agent A (pA) multiplied by the probability of an organism surviving
agent B (pB). Therefore, a mixture consisting of two agents which independently each cause 25% mortality when
applied alone will result in 56% mortality as a mixture assuming no interaction between the agents (also known
as additivity), by the calculation of (1 — 0.25) * (1 — 0.25) =1 — survivorship. If the observed mortality is greater
than the expected mortality, a synergistic interaction has occurred. Alternatively, antagonism results in lower
mortality than expected.

The effect of pathogen—spiromesifen mixtures were determined using the MixTox analysis?*. Mortality was
modeled against dose received for EPF applications in order to account for variation in suspensions applied
between replicates and bioassays. The MixTox analysis takes into account the control mortality, so uncorrected
data was used for this analysis. In this analysis, a reference model is produced based on mortality observed follow-
ing experiments to determine the mortality achieved with the single application of each mixture component. The
reference model describes the expected outcome of applications of the mixture across a range of concentrations
assuming independent action of components based on the single outcomes of the single applications. Mixture
effects are characterised based on the deviation of observed mixture data compared to the independent action
reference model (i.e., the expected outcomes). Deviations from the independent action model can differ across
the model axes. Patterns in the deviation from the reference model can be categorised as absolute synergism/
antagonism, dose-level dependent deviation, or dose ratio dependent deviation. Alternatively, if there are no
interactions between components in the mixture, there may be no deviation from the reference model. Absolute
synergism/antagonism occurs when all concentration combinations result in the same deviation from the refer-
ence model, either synergism or antagonism. Dose-level dependent deviation occurs when the deviation differs at
alow dose compared to the deviation at a high dose. For example, there may be synergism at low concentrations
of both components and antagonism at high concentrations of both components. Dose-ratio dependent deviation
occurs when deviation from the reference model is dependent on the proportion of components in the mixture.
For example, there may be antagonism when the mixture mainly consists of component 1 and synergism when
increasing the proportion of component 2 in the mixture?.

Deviations from the reference independent action model are determined by the addition of several param-
eters to the model and subsequent comparisons between fitted models to determine which describes the data
most accurately. The value of each parameter can vary and define the functional form of the deviation pattern.
Parameter values and their meaning are shown in Supplementary Table S3.

Estimated time to kill or lethal time to 50% mortality (LTs,) was calculated using probit analysis in the DRC
package in R Studio®®.

Ethical approval
Solanum melongena L. plants were used in this study. Seeds were purchased from Ramiro Arnedo S.A. Ltd. All
methods were performed in accordance with the relevant guidelines/regulations/legislation.

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

Received: 16 November 2023; Accepted: 26 June 2024
Published online: 03 July 2024

References

1. CABI (2021) Trialeurodes vaporariorum (greenhouse whitelfy), Centre for Agriculture and Biosciences International, Invasive
Species Compendium. Available at: https://www.cabi.org/isc/datasheet/54660 (Accessed: 8 September 2021).

2. Gonzalez, R. et al. Whitefly invasion in Imperial Valley costs growers, workers millions in losses. Calif. Agric. 46, 5 (1992).

3. Legg, J. P, Owor, B., Sseruwagi, P. & Ndunguru, J. Cassava mosaic virus disease in East and Central Africa: Epidemiology and
management of a regional pandemic. Adv. Virus Res. 67, 355-418 (2006).

4. Aregbesola, O.Z., Legg, J. P, Sigsgaard, L., Lund, O. S. & Rapisarda, C. Potential impact of climate change on whiteflies and impli-
cations for the spread of vectored viruses. J. Pest. Sci. 92, 2. https://doi.org/10.1007/s10340-018-1059-9 (2019).

5. van Lenteren, J. C. A greenhouse without pesticides: Fact or fantasy?. Crop Prot. 19(6), 375-384 (2000).

6. Stenberg, J. A. A conceptual framework for integrated pest management. Trends Plant Sci. Elsevier Ltd. https://doi.org/10.1016/j.
tplants.2017.06.010 (2017).

Scientific Reports |

(2024) 1415259 | https://doi.org/10.1038/s41598-024-66051-8 nature portfolio


https://www.cabi.org/isc/datasheet/54660
https://doi.org/10.1007/s10340-018-1059-9
https://doi.org/10.1016/j.tplants.2017.06.010
https://doi.org/10.1016/j.tplants.2017.06.010

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Jacobson, R.]., Croft, P. & Fenlon, ]. Suppressing establishment of Frankliniella occidentalis Pergande (Thysanoptera: Thripidae)

in cucumber crops by prophylactic release of Amblyseius cucumeris Oudemans (Acarina: Phytoseiidae). Biocontrol Sci. Technol.
11(1), 1. https://doi.org/10.1080/09583150020029718 (2001).

. Wraight, S. P,, Lopes, R. B., & Faria, M. Microbial control of mite and insect pests of greenhouse crops, microbial control of insect

and mite pests: From theory to practice. https://doi.org/10.1016/B978-0-12-803527-6.00016-0 (2017).

. Lacey, L. A. et al. Insect pathogens as biological control agents: Back to the future. J. Inverteb. Pathol. 132, 1. https://doi.org/10.

1016/j.jip.2015.07.009 (2015).

Shipp, J. L., Zhang, Y., Hunt, D. W. A. & Ferguson, G. Influence of humidity and greenhouse microclimate on the efficacy of
Beauveria bassiana (Balsamo) for control of greenhouse arthropod pests. Environ. Entomol. 32(5), 1. https://doi.org/10.1603/
0046-225X-32.5.1154 (2003).

Glare, T. et al. Have biopesticides come of age?. Trends Biotechnol. 30(5), 1. https://doi.org/10.1016/j.tibtech.2012.01.003 (2012).
Feng, M. G., Chen, B. & Ying, S. H. Trials of Beauveria bassiana, Paecilomyces fumosoroseus and imidacloprid for management of
Trialeurodes vaporariorum (Homoptera: Aleyrodidae) on greenhouse grown lettuce. Biocontrol. Sci. Tech. 14(6), 531-544 (2004).
Ayilara, M. S. et al. Biopesticides as a promising alternative to synthetic pesticides: A case for microbial pesticides, phytopesticides,
and nanobiopesticides. Front. Microbiol. 14, 1040901 (2023).

Wang, C. S., Li, Z. Z. & Butt, T. M. Molecular studies of co-formulated strains of the entomopathogenic fungus Beauveria bassiana.
J. Inverteb. Pathol. 80(1), 1. https://doi.org/10.1016/S0022-2011(02)00045-9 (2002).

Furlong, M. J. & Groden, E. Evaluation of synergistic interactions between the Colorado potato beetle (Coleoptera: Chrysomelidae)
pathogen Beauveria bassiana and the insecticides, imidacloprid, and cyromazine. J. Econ. Entomol. 94(2), 1. https://doi.org/10.
1603/0022-0493-94.2.344 (2001).

Farenhorst, M., Mouatcho, J. C., Kikankie, C. K., Brooke, B. D. & Hunt, R. Fungal infection counters insecticide resistance in
African malaria mosquitoes. Proc. Natl. Acad. Sci. 106(41), 1. https://doi.org/10.1073/pnas.0908530106 (2009).

Delnat, V., Janssens, L. & Stoks, R. Effects of predator cues and pesticide resistance on the toxicity of a (bio)pesticide mixture. Pest
Manag. Sci. 76(4), 1448-1455. https://doi.org/10.1002/ps.5658 (2020).

Nian, X., He, Y., Lu, L. & Zhao, R. Evaluation of the time-concentration-mortality responses of Plutella xylostella larvae to the
interaction of Isaria fumosorosea with the insecticides beta-cypermethrin and Bacillus thuringiensis. Pest Manag. Sci. 71(2), 1.
https://doi.org/10.1002/PS.3784 (2015).

Kumar, V., Francis, A., Avery, P. B, McKenzie, C. L. & Osborne, L. S. Assessing compatibility of Isaria fumosorosea and buprofezin
for mitigation of Aleurodicus rugioperculatus (Hemiptera: Aleyrodidae): An invasive pest in the Florida landscape. J. Econ. Entomol.
111(3), 1069-1079 (2018).

Bielza, P. et al. Spiromesifen and spirotetramat resistance in field populations of Bemisia tabaci Gennadius in Spain. Pest Manag.
Sci. 75(1), 1. https://doi.org/10.1002/ps.5144 (2019).

Karatolos, N. et al. Resistance to spiromesifen in Trialeurodes vaporariorum is associated with a single amino acid replacement
in its target enzyme acetyl-coenzyme A carboxylase. Insect Mol. Biol. 21(3), 1. https://doi.org/10.1111/].1365-2583.2012.01136.X
(2012).

Gestel, C. A. M., Jonker, M., Kammenga, J. E., Laskowski, R. & Svendsen, C. Mixture toxicity: Linking approaches from ecological
and human toxicology 1st edn. (CRC Press, 2011).

Jonker, M. J., Svendsen, C., Bedaux, J. J. M., Bongers, M. & Kammenga, J. E. Significance testing of synergistic/antagonistic, dose
level dependant, or dose ratio dependant effects in mixture dose-response analysis. Environ. Toxicol. Chem. 24(10), 1. https://doi.
org/10.1897/04-431R.1 (2005).

Bliss, C. I. The toxicity of poisons applied jointly. Annu. J. Appl. Biol. 26(26), 1. https://doi.org/10.1111/j.1744-7348.1939.tb069
90.x (1939).

Dearlove, E. L. Multiple stressor effects in biological pest control: improving efficacy in challenging environments (Doctoral dis-
sertation, University of Warwick) (2022).

Orr, J. A. et al. Towards a unified study of multiple stressors: Divisions and common goals across research disciplines. Proc. R. Soc.
B Biol. Sci. 287, 1. https://doi.org/10.1098/rspb.2020.0421 (2020).

Ali, S. et al. Toxicological and biochemical basis of synergism between the entomopathogenic fungus Lecanicillium muscarium
and the insecticide matrine against Bemisia tabaci (Gennadius). Sci. Rep. 7(1), 1. https://doi.org/10.1038/srep46558 (2017).
Hesketh, H., Svendsen, C., & Hails, R. S. Defining the response of Mamestra brassicae to mixed infections. In 42nd Annual Meeting
of the Society for Invertebrate Pathology, Park City, Utah, 16-20 Aug 2009. Society for Invertebrate Pathology (2009).

Santos, T. T. M., Quintela, E. D., Mascarin, G. M. & Santana, M. V. Enhanced mortality of Bemisia tabaci nymphs by Isaria javanica
combined with sublethal doses of chemical insecticides. J. Appl. Entomol. 142(6), 1. https://doi.org/10.1111/jen.12504 (2018).
Wei, Q. Y. A method for evaluating the toxicity interaction of binary mixtures. Methods X 7, 101029 (2020).

Ye, S. D, Dun, Y. H. & Feng, M. G. Time and concentration dependent interactions of Beauveria bassiana with sublethal rates of
imidacloprid against the aphid pests Macrosiphoniella sanborni and Myzus persicae. Ann. Appl. Biol. 146(4), 459-468 (2005).
Kpindou, O. D., Niassy, A., Badji, K. & Kooyman, C. Application of mixtures of Metarhizium anisopliae var acridum and cyhalo-
thrin against the Senegalese grasshopper in Senegal. Int. J. Trop. Insect Sci. 28(3), 136-143 (2008).

Spence, E. L. et al. A standardised bioassay method using a bench-top spray tower to evaluate entomopathogenic fungi for control
of the greenhouse whitefly Trialeurodes vaporariorum. Pest Manag. Sci. 76(7), 2513-2524 (2020).

Dara, S. K. The new integrated pest management paradigm for the modern age. J. Integr. Pest Manag. 10(1), 1-9. https://doi.org/
10.1093/jipm/pmz010 (2019).

Insecticide Resistance Action Committee (IRAC). Prevention and management of insecticide resistance in vectors and pests of
public health importance. Manual produced by IRAC, Geneva, Switzerland. Available at http://www.irac-online.org. (Accessed:
20 September 2021) (2006).

Ambethgar, V. Potential of entomopathogenic fungi in insecticide resistance management (IRM): A review. J. Biopesticides 2(2),
1 (2009).

Bitsadze, N. et al. Joint action of Beauveria bassiana and the insect growth regulators diflubenzuron and novaluron, on the migra-
tory locust, Locusta migratoria. J. Pest Sci. 86, 293-300 (2013).

Sain, S. K. et al. Compatibility of entomopathogenic fungi with insecticides and their efficacy for IPM of Bemisia tabaci in cotton.
J. Pesticide Sci. 44(2), 97-105 (2019).

Bi, J. L. & Toscano, N. C. Efficacy of spiromesifen against greenhouse whitefly (Homoptera: Aleyrodidae) on strawberry. HortSci-
ence 42(2), 1. https://doi.org/10.21273/hortsci.42.2.285 (2007).

Kim, J. J. & Roberts, D. W. The relationship between conidial dose, moulting and insect developmental stage on the susceptibility
of cotton aphid, Aphis gossypii, to conidia of Lecanicillium attenuatum, an entomopathogenic fungus. Biocontrol Sci. Technol. 22,
319-331 (2012).

Boucias, D. G. The effects of imidacloprid on the termites Reticulitermes flavipes and its interaction with the mycopathogen Beau-
veria bassiana. Pflanzenschutz-Nachr. Bayer 49, 103-144 (1996).

Jia, M. et al. Biochemical basis of synergism between pathogenic fungus Metarhizium anisopliae and insecticide chlorantraniliprole
in Locusta migratoria (Meyen). Sci. Rep. 6(1), 1. https://doi.org/10.1038/srep28424 (2016).

Scientific Reports |

(2024) 1415259 | https://doi.org/10.1038/s41598-024-66051-8 nature portfolio


https://doi.org/10.1080/09583150020029718
https://doi.org/10.1016/B978-0-12-803527-6.00016-0
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1603/0046-225X-32.5.1154
https://doi.org/10.1603/0046-225X-32.5.1154
https://doi.org/10.1016/j.tibtech.2012.01.003
https://doi.org/10.1016/S0022-2011(02)00045-9
https://doi.org/10.1603/0022-0493-94.2.344
https://doi.org/10.1603/0022-0493-94.2.344
https://doi.org/10.1073/pnas.0908530106
https://doi.org/10.1002/ps.5658
https://doi.org/10.1002/PS.3784
https://doi.org/10.1002/ps.5144
https://doi.org/10.1111/J.1365-2583.2012.01136.X
https://doi.org/10.1897/04-431R.1
https://doi.org/10.1897/04-431R.1
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1098/rspb.2020.0421
https://doi.org/10.1038/srep46558
https://doi.org/10.1111/jen.12504
https://doi.org/10.1093/jipm/pmz010
https://doi.org/10.1093/jipm/pmz010
http://www.irac-online.org
https://doi.org/10.21273/hortsci.42.2.285
https://doi.org/10.1038/srep28424

www.nature.com/scientificreports/

43. Russell, C. W, Ugine, T. A. & Hajek, A. E. Interactions between imidacloprid and Metarhizium brunneum on adult Asian long-
horned beetles (Anoplophora glabripennis (Motschulsky)) (Coleoptera: Cerambycidae). J. Inverteb. Pathol. 105(3), 1. https://doi.
org/10.1016/j.jip.2010.08.009 (2010).

44. Loewe, S. Die quantitativen Probleme der Pharmakologie. Ergebnisse der Physiologie 27(1), 1. https://doi.org/10.1007/BF02322290
(1928).

45. Fargues, J., Goettel, M. S., Smits, N., Ouedraogo, A. & Rougier, M. Effect of temperature on vegetative growth of Beauveria bassiana
isolates from different origins. Mycologia 89(3), 1. https://doi.org/10.2307/3761032 (1997).

46. Braga, G. U, Flint, S. D., Miller, C. D., Anderson, A. J. & Roberts, D. W. Variability in response to UV-B among species and strains
of Metarhizium isolated from sites at latitudes from 61°N to 54°S. J. Invert. Pathol. 78(2), 98-108. https://doi.org/10.1006/jipa.
2001.5048 (2001).

47. Lacey, L. A. Microbial control of insect and mite pests : from theory to practice (Academic Press, 2017).

48. Drummon, J., Heale, J. B. & Gillesepe, A. T. Germination and effect of reduced humidity on expression of pathogenicity in Ver-
ticillium lecanii against the glasshouse whitefly Trialeurodes vaporariorum. Ann. Appl. Biol. 111(1), 1. https://doi.org/10.1111/j.
1744-7348.1987.tb01446.x (1987).

49. Osborne, L. S. & Landa, Z. Biological control of whiteflies with entomopathogenic fungi. Florida Entomol. 75(4), 1. https://doi.
0rg/10.2307/3496127 (1992).

50. Scheepmaker, J. W. A. & Butt, T. M. Natural and released inoculum levels of entomopathogenic fungal biocontrol agents in soil in
relation to risk assessment and in accordance with EU regulations. Biocont. Sci. Technol. 20(5), 503-552 (2010).

51. Ortiz-Urquiza, A. & Keyhani, N. O. Action on the surface: Entomopathogenic fungi versus the insect cuticle. Insects 4(3), 1. https://
doi.org/10.3390/INSECTS4030357 (2013).

52. Schoolfield, R. M., Sharpe, P.]. H. & Magnuson, C. E. Non-linear regression of biological temperature-dependent rate models
based on absolute reaction-rate theory. J. Theor. Biol. 88(4), 1. https://doi.org/10.1016/0022-5193(81)90246-0 (1981).

53. Zou, C,, Li, L., Dong, T., Zhang, B. & Hu, Q. Joint action of the entomopathogenic fungus Isaria fumosorosea and four chemical
insecticides against the whitefly Bemisia tabaci. Biocontrol Sci. Technol. 24(3), 1. https://doi.org/10.1080/09583157.2013.860427
(2014).

54. Meyling, N. V. et al. Implications of sequence and timing of exposure for synergy between the pyrethroid insecticide alpha-
cypermethrin and the entomopathogenic fungus Beauveria bassiana. Pest Manag. Sci. 74(11), 2488-2495 (2018).

55. Wari, D. et al. Augmentation and compatibility of Beauveria bassiana with pesticides against different growth stages of Bemisia
tabaci (Gennadius); an in vitro and field approach. Pest Manag. Sci. 76, 1. https://doi.org/10.1002/ps.5881 (2020).

56. Ocampo-Hernandez, J. A., Tamayo-Mejia, F.,, Tamez-Guerra, P, Gao, Y. & Guzman-Franco, A. Different host plant species modifies
the susceptibility of Bactericera cockerelli to the entomopathogenic fungus Beauveria bassiana. J. Appl. Entomol. 143(9), 1. https://
doi.org/10.1111/JEN.12680 (2019).

57. Schneider-Orelli, O. Practical entomology: an introduction to agricultural and forest entomology. In Practical entomology: An
introduction to agricultural and forest entomology (2nd ed.(rev.)) (1947).

58. Ritz, C., Baty, E, Streibig, J. C. & Gerhard, D. Dose-Response Analysis Using R. PLOS One 10, e0146021. https://doi.org/10.1371/
journal.pone.0146021 (2015).

Acknowledgements

This study was funded by the Natural Environment Research Council (NERC) Industrial CASE (Collabora-
tive Awards in Science and Engineering) studentship award granted to the Centre for Ecology and Hydrology
(NERC grant reference: NE/P010490/1).The University of Warwick co-supervised the PhD and were the awarding
University partner. Additional funding and support as part of the award is provided by BASF (Industrial CASE
Partner) and CAB International (Partner).

Author contributions

ELD conducted experiments within the manuscript, gathered data, conducted statistical and wrote the manu-
script, with additional review from HH. All authors provided guidance on experimental design and context
for impact of results. All authors reviewed the final manuscript and provided input to iterative review, prior to
submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-66051-8.

Correspondence and requests for materials should be addressed to E.L.D. or H.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 1415259 | https://doi.org/10.1038/s41598-024-66051-8 nature portfolio


https://doi.org/10.1016/j.jip.2010.08.009
https://doi.org/10.1016/j.jip.2010.08.009
https://doi.org/10.1007/BF02322290
https://doi.org/10.2307/3761032
https://doi.org/10.1006/jipa.2001.5048
https://doi.org/10.1006/jipa.2001.5048
https://doi.org/10.1111/j.1744-7348.1987.tb01446.x
https://doi.org/10.1111/j.1744-7348.1987.tb01446.x
https://doi.org/10.2307/3496127
https://doi.org/10.2307/3496127
https://doi.org/10.3390/INSECTS4030357
https://doi.org/10.3390/INSECTS4030357
https://doi.org/10.1016/0022-5193(81)90246-0
https://doi.org/10.1080/09583157.2013.860427
https://doi.org/10.1002/ps.5881
https://doi.org/10.1111/JEN.12680
https://doi.org/10.1111/JEN.12680
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1038/s41598-024-66051-8
https://doi.org/10.1038/s41598-024-66051-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improved control of Trialeurodes vaporariorum using mixture combinations of entomopathogenic fungi and the chemical insecticide spiromesifen
	Results
	Combined application of Cordyceps farinosa and spiromesifen against Trialeurodes vaporariorum
	Combined application of Beauveria bassiana and spiromesifen against Trialeurodes vaporariorum

	Discussion
	Materials and methods
	Plant, insect and fungal cultures
	Mixture bioassays
	Statistical analysis
	Ethical approval

	References
	Acknowledgements


