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Abstract

Background: In order to improve the biological control agent (BCA) efficacy, stress factors threatening the viability of
microorganisms during spray application need to be determined. The effect of spray mixture temperature and exposure time
on Trichoderma harzianum T 22 and Bacillus amyloliquefaciens QST713 viability were tested. Concurrently the combined effect
of mechanical and thermal stress effect on BCA viability were tested at two initial spray mixture temperatures (14 and 25 °C) by
simulating a spray application using airblast sprayers featured by different tank capacity and a spray liquid circuit (without and
with hydraulic agitation system). To assess the BCAmicroorganism viability, spraymixture samples were collected at time inter-
vals along trials and plated to count the colony forming units (CFU).

Results: The critical temperature threshold that inhibited BCA viability was 35 °Cwith 30 min of exposure. The sprayer type, the ini-
tial temperature of the spray mixture and the temperature increment during the trials significantly decreased the number of CFU
recovered.When simulating a spray application, the spraymixture temperature increase ratewas determinedmainly by the residual
amount of spray mixture in the tank. Even if the tank capacity does not substantially affect the final temperature reached by the
spray mixture, the higher residual spray mixture in bigger tanks can expose the BCAs for a longer time to critical temperatures.

Conclusions: Experimental trials allowed us to identify the effect of factors affecting the viability of tested BCAs, providing
information about the actual chance to guarantee the biological efficacy of BCA treatments.
© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
Vineyards worldwide are subject to a variety of fungal diseases, of
which gray mold (Botrytis cinerea), powdery mildew (Uncinula
necator) and downy mildew (Plasmopara viticola) have the high-
est incidence in Europe. Besides significant crop yield losses, these
diseases also can reduce wine quality, further contributing to
extensive economic losses.1 Traditionally, management of these
fungal diseases relied on viticultural practices, such as pruning
and defoliation, and specific training systems to improve ventila-
tion and air circulation to reduce canopy humidity and inoculum
sources, and using synthetic fungicides.1,2 However, the use of
synthetic fungicides is not considered sustainable owing to recur-
ring rapid development of resistant strains of the pathogens and
because of adverse effects of the fungicides on the environment
and human health.3 The presence of residues can furthermore
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negatively affect wine quality.4 These concerns have led to the
search for alternatives to the use of synthetic fungicides. In
organic viticulture, copper (Cu)-based products have been used
extensively, leading to accumulation of Cu in soils, causing phy-
totoxic effects and negative impacts on the wine quality.2,5

In this regard, EU regulatory bodies have strengthened the leg-
islation on Cu-based products, limiting the use to 28 kg ha−1

Cu until the year 2025.6 Therefore, the use of nonpathogenic
microorganisms as biological control agents (BCAs) is increas-
ingly considered as a promising alternative.7,8 Research in this
field hs been very intense during the last two decades.9,10

Despite the difficult introduction of BCAs in the market, some
commercial products based on fungal or bacterial genera are
available in Europe for biological control. Bacteria belonging
to the genus Bacillus and fungi belonging to the genus Tricho-
derma are two of the most important groups of microorgan-
isms used to control fungal pathogens in numerous
crops.11–13 Although BCAs were successfully implemented,
their efficacy is generally more variable compared to synthetic
fungicides.2,3 This is not surprising, given that BCAs are living
organisms dynamically interacting with the target pathogen,
the host plant and the microbial communities present on the
host surface in a changing physical environment. For example,
(micro)climatic conditions, such as temperature and relative
humidity, have a major effect on the efficacy of BCAs.14 The lack
of consistency in the field is, however, a significant barrier in
the adoption of biocontrol products.2 To improve the efficacy
of the bio-fungicides, stress factors threatening the viability
of the microorganisms under field conditions need to be deter-
mined. Few studies have focused on the factors that influence
the efficacy of BCAs during and after spray application,14–16

but none have been performed on the effect of the spray appli-
cation process under different temperatures and mechanical
characteristics of the equipment used, except for entomo-
pathogenic nematodes (EPN).17–19 In fact, during spray applica-
tion, the sprayer tank and the liquid circuit can be inhospitable
environments for microorganisms which can negatively affect
the efficacy of BCAs in controlling the pathogen. For example,
liquid temperature within a spray tank increases during pump
recirculation and can produce conditions that are detrimental
for EPN. It is therefore recommended to avoid temperatures
>30 °C within the pump, the tank and the nozzles when apply-
ing EPN.20 Similar bottlenecks are expected for other BCAs.
Even if previous studies have shown an in vitro effect of air tem-
perature on the efficacy of BCAs,16 the efficacy observed under
field conditions may be different from their performance
in vitro. Identifying the BCA requirements and selecting suit-
able and efficient application techniques and conditions is of
utmost importance to safeguard the viability and the efficiency
of the BCAs in controlling the pathogens.
This study focused on the viability of two BCAs in two commercial

formulations, that is, Trichoderma harzianum T-22 (fungus) and
Bacillus amyloliquefaciens (former subtilis) QST713 (bacteria). Both
are broad-spectrum antagonists, registered in several European
countries for use on grapes, vegetables, cereals, and fruit crops. Fur-
thermore, they are of prime interest as they are partially compatible
with synthetic fungicides such as Cu-based products.21

The objectives of this study were (i) to evaluate the effect of spray
liquid temperature and exposure time on the viability of the two
BCAs under laboratory conditions, and (ii) to determine the com-
bined effect ofmechanical and thermal sprayer stress on themicro-
organisms viability by simulating spray application conditions.

2 MATERIALS AND METHODS
Viability trials were conducted with two commercial formulations
of BCAs, that is, Trianum-P® (Koppert B.V., Berkel en Rodenrijs, the
Netherlands) containing T. harzianum Rifai strain KRL-AG2 (T-22)
and Serenade® ASO (Bayer Crop Science S.r.l., Milano, Italy) con-
taining B. amyloliquefaciens (formerly subtilis) strain QST 713. Tri-
als were carried out in two phases. The first phase was
performed under laboratory conditions and aimed (i) to deter-
mine the baseline colony forming units (CFU) of the microorgan-
isms in the tested formulations and (ii) to evaluate the effect of
thermal stress on the microorganisms viability for a wide range
of temperatures and exposure times. The second phase consisted
of static airblast sprayer trials conducted in the workshop, aiming
(iii) to evaluate the combined effect of mechanical stress and ther-
mal stress on the microorganisms viability by simulating spray
application conditions.

2.1 Laboratory trials
2.1.1 Baseline CFU in the commercial formulations
The number of CFU present in Trianum-P® was determined by sus-
pending 5 g formulation in 45 mL sterile deionized water contain-
ing 0.01% of polysorbate (Tween 20; Sigma-Aldrich, Milan, Italy).
The suspension was shaken for 30 min using an orbital shaker
(Advanced 3500; VWR Avantor, Milan, Italy) and 15 serial dilutions
(1:10) were made. Then, 1 mL of the 1 × 10−11 to 1 × 10−15 dilu-
tions were plated on 9 mL potato dextrose agar (PDA; VWR Avan-
tor) containing 25 mg L−1 of streptomycin sulphate (VWR
Avantor). This step was conducted under a laminar flow chamber
(TC72 S; Gelaire, Sydney, Australia). Five plates per dilution were
made and incubated at room temperature (RT, 20–22 °C) for
≈60 h before conducting the plate count of the colonies as
described by Dhingra and Sinclair.22 The same protocol was
adopted for Serenade® ASO, except that 1 mL of the 1 × 10−6 to
1 × 10−10 dilutions were plated on 9 mL lysogeny broth
(LB) agar (Luria Bertani Broth; VWR Avantor).

2.1.2 Effect of liquid temperature and exposure time on the BCA
viability
In order to determine the effect of liquid temperature and expo-
sure time on the viability of the microorganisms, sterile deionized
water was heated in a climatic chamber (C.I.F.L.U.D.; Cavallo S.r.l.,
Milan, Italy) to 15, 20, 25, 30, 35 and 40 C°. Then, 5 g Trianum-P®
was suspended in 45 mL water of each temperature using the
orbital shaker (VWR Advanced 3500) and serial dilutions (1:10)
were made. The 10−13 to 10−15 dilutions were kept at the six dif-
ferent water temperatures. After 0, 10, 20, 30 and 60 min of expo-
sure, 1 mL of the 10−13 to 10−15 dilutions were plated by inclusion
in 9 mL PDA containing 25 mg L−1 streptomycin sulfate. Per
dilution–temperature–exposure time combination, five plates
were made and incubated at RT (20–22 °C) for ≈60 h before con-
ducting plate count analysis. For Serenade® ASO, the same proto-
col was adopted, except that the dilutions from 10−8 to 10−10

were prepared and plated on LB agar.

2.2 Static airblast sprayer trials
2.2.1 Technical sprayer characteristics
The combined effect of mechanical and thermal stress on the
microorganism viability by simulating vineyard spray applications
was tested using two airblast sprayers which differed in hydraulic
circuit and in level of technology, that is, basic versus high-tech.
The basic sprayer was the Virgola mounted airblast sprayer

(Dragone S.r.l., Castagnole Lanze, Italy). This sprayer represents a
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conventional sprayer as currently used by most winegrowers in
south Europe.23 The sprayer is equipped with a 300-L polyethylene
tank and six conventional nozzle holders on each sprayer side. Con-
ventional hollow cone nozzles ATR 80 yellow VK (Albuz® CoorsTek,
Monchengladbach, Germany) were mounted on the sprayer. The
hydraulic circuit of the Dragone Virgola sprayer was fed by an APS
51 membrane pump (Comet S.p.a., Reggio Emilia, Italy) character-
ized by maximum flow rates of 53.9 L min−1 at 0.0 MPa and
50.7 L min−1 at 4.0 MPa at 550 —rpm. The spray tank was not
equipped with a dedicated hydraulic agitation system [Fig. 1(a)]. A
by-pass pipeline at the spray control unit provided a liquid return
to the tank for the amount of liquid exceeding the total flow rate
of the activated nozzles.
As high-tech sprayer, the prototype developed in the frame-

work of the H2020 OPTIMA project, that is, Smart Synthesis
(Caffini S.p.a., Palù, Verona, Italy), was used. This trailed sprayer
with a 1000-L polyethylene tank and an innovative, electrically
driven axial fan24 was equipped with a DynaJet® Flex 7140 PWM
system (TeeJet Technologies/ Spraying Systems Co., Wheaton, IL,
USA). Each sprayer side contained a vertical boom with eight
single-nozzle holders coupled with a PWM solenoid valve. The
PWM valves allowed variation of the duty cycle of the pulse sig-
nals to change the nozzle flow rates at a frequency of 20 Hz.25

The sprayer was equipped with standard flat fan nozzles TeeJet
XR 80 02 VS (Spraying Systems Co.). The hydraulic circuit of the
Caffini Smart Synthesis sprayer was fed by an IM 312 membrane
pump (Imovilli pompe S.r.l., Mancasale, Italy) characterized by
maximum flow rates of 130.0 L min−1 at 0.0 MPa and
122.0 L min−1 at 4.0 MPa at 550 —rpm. The spray tank was

equipped with a dedicated hydraulic agitation system for the
spray mixture consisting of two pipelines directly connected
to the pump [Fig. 1(b)]. One pipeline fed eight venturi nozzles
(Ø 1.2 mm; Tecomec S.r.l., Reggio Emilia, Italy) ad hoc distributed
in the tank at different positions and orientations to maintain
the agitation of the mixture throughout the spray application,
irrespective of the amount of liquid inside the tank. The second
pipeline of the agitation system fed a single venturi nozzle (Ø
2.0 mm, Tecomec S.r.l.) installed at the bottom of the tank to guar-
antee a good level of agitation, even at low liquid levels. The by-
pass pipeline at the spray control unit guarantees the return of
the exceeding flow rate to the main tank.

2.2.2 Performance of the spray tank agitation systems
The capability of the hydraulic systems of both sprayers to keep
the liquid properly agitated was characterized following ISO
5682-226 before the viability trials. Briefly, the sprayer tank was
filled up to its nominal capacity with a suspension of water and
copper oxychloride (35% (w/w)) (Patrol 35 WP; Certis Europe
B.V., Varese, Italy) at 1 g L−1 concentration. The sprayer agitation
system was maintained as active throughout the whole tank-
filling duration and continued for 10 min after the tank was filled.
The Dragone Virgola sprayer was operated at 2.0 MPa and the
Caffini Smart Synthesis sprayer at 1.5 MPa for the agitation of
spray liquid. Then, three reference samples (100 mL each) were
simultaneously collected from the tank at 10%, 50%, and 90% of
nominal tank capacity using an ad hoc designed device which also
was used to transfer the liquid in different glass laboratory bottles.
Subsequently the sprayer agitation systemwas turned off to allow

Figure 1. Schematic of the hydraulic circuit (a) of the Dragone Virgola airblast sprayer and (b) of the Caffini Smart Synthesis airblast sprayer, including
liquid flow direction and rates, and position of the thermocouples in the tank and at the outlet of the activated nozzles.
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the liquid suspension to settle for 16 h. After the settlement
period, the sprayer agitation system was turned on for 10 min.
The re-agitated spray mixture was sampled from the tank follow-
ing the same procedure as described above for the collection of
reference samples. Immediately after the tank sampling, the noz-
zles were activated, and the spray mixture agitation was kept
active. Then samples were collected from two nozzles (the one
placed at the end of the pipeline/boom-section per sprayer side)
at the beginning of the trials and after every 50 or 100 L of tank
emptying for the 300- and 1000-L tank sprayer, respectively. The
last sample was taken just before the pump ran dry by checking
the spray pressure drop. In all cases, combination of nozzles and
tank emptying frequency, three samples were taken. The Dragone
Virgola sprayer was operated at 1.4 MPa. All 12 Albuz ATR 80 yel-
low VK nozzles were activated providing a total flow rate of
14.52 L min−1. Likewise, the Caffini Smart Synthesis sprayer was
operated at 1.0 MPa during spraying. All 16 TeeJet XR 80 02 VS
nozzles were activated resulting in a total flow rate of
23.36 L min−1. Both sprayers were set up to comply with the
requirements of ISO 5682-2.26

The copper oxychloride concentration of each sample was
determined by evaporating the liquid from the sample.27 Based
on the tank copper oxychloride concentration after initial agita-
tion (reference samples) the percentage deviation of tank and
spraying concentrations after spray mixture re-agitation was cal-
culated following the ISO 5682-226 methodology. According to
the ISO 16119-3 no deviations higher than ±15% from the refer-
ence concentration are allowed for the re-suspension of copper
oxychloride after 16 h of sedimentation in the sprayer tank with
the agitation system turned off.28 This ±15% deviation threshold
guarantees the capability of the agitation system to keep the
spray mixture in the main tank homogeneous.

2.2.3 Viability trial set-up
Before the viability trials, the hydraulic circuits of both sprayers
were sanitized using a solution of water and sodium hypochlorite
(PA-PUREX; Carlo Erba Reagents S.A.S., Val de Reuil, France) at
10 g L−1 concentration. For the Dragone and Caffini sprayer,
respectively 20 and 60 L solution was placed in the tank, in line
with the sprayer tank dimensions. Then, the tractor power take-
off (PTO) was turned on allowing the solution to pass through
the hydraulic circuit pipelines. Finally, the hydraulic circuit was
washed with pure water in three cleaning cycles. Based on
preliminary trials, this procedure was necessary to minimize
cross-contamination and to avoid the growth of unwanted micro-
organisms potentially affecting the results of the CFU counting of
the viability trials.
Once the sprayer tanks were sanitized, they were filled with

water taken directly from the public water supply pipeline. The
viability trials were performed at two different initial tempera-
tures of the spray liquid, that is, at 14 ± 1 °C (tap water) and at
25 ± 1 °C (heated tap water simulating rainwater stored in big
tanks during spring/summer conditions). The exact amount of
water used to fill the tanks was measured using an electronic
flow meter PRO-FLOW 12 V (Polmac S.r.l., Mirandola, Italy). To
heat the liquid to 25 °C, a customized heating system was
designed and constructed by Lorenzoni S.r.l. (Nove, Italy). The
device was composed of an ad hoc dimensioned submersible
electric heater (12 kW rated power) with a stainless-steel flange
for the connection to the sprayer tank opening. The heater
included a control device with a temperature probe used to stop
the heating once the required water temperature was achieved.

To homogenize the water temperature in the tank during the
heating process, the liquid return of the Dragone Virgola sprayer
was activated and manual agitation using an oar-shaped mast
was performed simultaneously. For the Caffini Smart Synthesis
sprayer the agitation system was activated every 10 min for
3 min. Starting from 14 °C, the heating process to reach 25 °C
took about 20 and 35 min for the tank water in the Dragone Vir-
gola and Caffini Smart Synthesis sprayers, respectively.
The formulations were added to the tanks at 2.5 g L−1 for

Trianum-P® and at 4 g L−1 for Serenade® ASO according to their
label indications. At 12 h before the trials, the formulations, which
were stored at 4 °C in a refrigerator, were brought to RT (between
16 and 18 °C) to avoid thermal shock of the microorganisms dur-
ing addition andmixing in the tank. During addition of the formu-
lation to the tank and for 5 min in total, the spray liquid wasmixed
through the by-pass line and the agitation system of the sprayer
(if present). After 5 min of agitation, the pipelines feeding the noz-
zles were activated for 1 min with all nozzles activated, that is,
12 and 16 nozzles for the Dragone Virgola and the Caffini Smart
Synthesis sprayers, respectively, filling the hydraulic circuit with
the actual tank mixture.

2.2.4 Combined effect of mechanical and thermal sprayer stress
on the BCA viability
Spray application simulations were performed indoor at the Crop
Protection Technology laboratory (DiSAFA, UNITO). The trials with
the Dragone Virgola sprayer were performed at 1.4 MPa spray
pressure, resulting in a nominal flow rate of the Albuz ATR 80 yel-
low hollow cone nozzles of 1.21 L min−1. The trials using the Caf-
fini Smart Synthesis sprayer were performed at 0.4 MPa and 100%
duty cycle, resulting in a nominal flow rate of 0.92 L min−1 of the
standard flat fan nozzles TeeJet XR 80 02. The spray setting was
defined based on the results obtained by Grella et al.29 To maxi-
mize the stress on the microorganisms in the spray mixture the
longest spray duration was simulated by activating only two noz-
zles per sprayer. This situation corresponds to a spray application
performed in trellised vineyards at the beginning of the growing
season. Total flow rates of 4.84 L min−1 with the Dragone Virgola
sprayer and of 3.68 L min−1 with the Caffini Smart Synthesis
sprayer were achieved. In both cases, the tractor PTO was kept
constant at 540 —rpm. This means that when operating with the
Dragone Virgola sprayer ≈9% of the pump flow rate was directed
to the nozzles, whereas 91% returned to the tank generating
some tank mixing [Fig. 1(a)]. When operating with the Caffini
Smart Synthesis sprayer, ≈3% of the pump flow rate was directed
to the nozzles, 30%was directed to the two pipelines dedicated to
the agitation system and 67% to the main tank through the by-
pass pipeline on the spray control unit [Fig. 1(b)].
At different time intervals, 15 mL spray liquid was collected at

the nozzle outlets and in the tank. The samples were taken
at three positions and with three replicates per position: the posi-
tions accounts for three depths in the residual spraymixture in the
tank and three nozzles. The sampling times were selected
in accordance with the capacity of the sprayer tank and the spray
settings. At the selected spray settings, the Dragone Virgola
sprayer took 63 min to empty the tank, whereas the Caffini Smart
Synthesis took 269 min. Specifically, samples were taken for the
Dragone Virgola sprayer after 0, 30 and 63 min, and for the Caffini
Smart Synthesis sprayer samples after 0, 30, 60, 120 and 269 min.
In addition to the spray mixture samples, a blank sample of pure
water was taken directly from the tank and nozzles before adding
the formulations. All samples were collected in laboratory tubes
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and kept in an ice box for transport to the Plant Pathology labora-
tory (DiSAFA, UNITO). Immediately after arrival at the laboratory,
serial dilutions and plating procedures were performed according
to the protocols described above (see Baseline CFU in the com-
mercial formulations section above). In total, 288 Dragone Virgola
samples were analyzed [2 BCA × 2 spray mixture initial tempera-
tures (14 and 25 °C) × 2 sampling locations (tank and nozzle) × 3
positions (different depth for the tank and different nozzles) × 4
exposure times (blank, 0, 30, and 63 min) × 3 replicates]. In addi-
tion, 432 Caffini Smart Synthesis samples were analyzed
[2 BCA × 2 spray mixture initial temperatures × 2 sampling
locations × 3 positions × 6 exposure times (blank, 0, 30, 60, 120,
and 269 min) × 3 replicates].
The temperature of the spray mixture was monitored continu-

ously during the trials in the tank and at the nozzle outlets. To this
end, a set of calibrated thermocouples was installed on a vertical
mast at different liquid levels inside the sprayer tanks from 5 L up
to the maximum level of the tank (i.e. 300 or 1000 L). The thermo-
couples in the Dragone Virgola sprayer were placed at intervals of
50 L, whereas those in the Caffini Smart Synthesis sprayer were
placed at intervals of 100 L (Fig. 1). Distance between thermocou-
ples depended on the size and shape of the tank and were deter-
mined based on progressive tank-filling at intervals of 50 and
100 L depending on the sprayer type, using the electronic flow
meter PRO-FLOW 12 V (Polmac S.r.l.). For both sprayers an addi-
tional set of four thermocouples was used to measure the spray
liquid temperature at the outlet of the activated nozzles (Fig. 1).
A membrane was installed on the nozzle to create a small cham-
ber at the outlet in which the thermocouple was placed. The small
chamber ensured the thermocouple to be immersed in the
sprayed liquid. All thermocouples were connected to a
HD32.8.16 datalogger (Delta OHM S.r.l., Caselle di Selvazzano,
Italy) and data were recorded at 0.5 Hz for the entire duration of
the trials.
Air temperature and relative humidity in the workshop were

recorded during the trials using a TESTO 625 thermo-hygrometer
(Testo S.p.a., Settimo Milanese, Italy).

2.3 Data analysis
Concerning the laboratory trials (see Laboratory trials
section above), two linear models were carried out to assess the
effects of liquid temperature and exposure time on the viability
of the two microorganisms (T. harzianum T-22 and B. amylolique-
faciens QST 713) contained in the two BCA commercial formula-
tions (Trianum-P® and Serenade® ASO). Liquid temperature,
exposure time and their interaction were considered as fixed fac-
tors. When the interaction was not significant, the model was run
without the interaction term.
Concerning the static airblast sprayer trials (see Static airblast

sprayer trials section above), for each combination of BCA formu-
lation, sprayer type (Dragone Virgola or Caffini Smart Synthesis),
and initial spray mixture temperature in the tank (14 or 25 °C),
the CFU measurements from the tank and at the nozzle outlet
were compared by Student's t-test or Wilcoxon test for indepen-
dent samples (depending on whether the requirements of the
assumptions of the parametric statistics were met or not).
The tests showed that the CFU values measured in the tank and
at the nozzle outlets were comparable. The values of both sam-
pling locations were therefore combined and considered as a
unique sample unit for the further data analysis. Separately for
the two BCAs formulations, the temperature inside the tank was
related to the duration of the experiment (63 min for Dragone

Virgola and 269 min for Caffini Smart Synthesis) to ascertain the
combined effect of mechanical and thermal stress caused by
spraying. A third-degree polynomial was used to mathematically
describe these relationships. Furthermore, the temperature–time
derivative (ΔT/Δt, °C min−1) was calculated to evaluate the tem-
perature increments rate over the trials. Then, the relationship
between the temperature–time derivative (°C min−1) and the
residual amount of spray mixture in the tank (l) was used to com-
pare the effect of the sprayer type and the initial spray mixture
temperature on the residual spray mixture temperature in the
tank. For each BCA, the effect of temperature measured during
the experiment, initial temperature (14 and 25 °C), and sprayer
type (Dragone Virgola and Caffini Smart Synthesis) on the number
of CFU was tested using a linear model. The three factors and their
two- and three-way interactions were considered as fixed factors.
The model was run to test how much the temperature variation,
resulting from combined mechanical and thermal stress, affects
the CFU throughout the duration of the experiment in addition
to the initial temperature and sprayer type.
In all cases, the linear models were carried out with the function

“lm” in the R environment.30 The assumptions of homogeneity of
variances, normality and independence of the residuals were
graphically checked. The assessment of the significance of the
fixed and interacting factors in linear models were carried out
with the “join_tests,” of the EMMEANS package.31 The significance
threshold was set to P < 0.05.

3 RESULTS AND DISCUSSION
3.1 Laboratory trials
3.1.1 Baseline CFU and viability in the commercial formulations
of the BCAs
In the commercial formulation, a concentration of 1 ×
1013 CFU g−1 of T. harzianum T-22 was found. This baseline was
1 × 104 CFU higher than the minimum stated on the formulation
label, that is, >1 × 109 CFU g−1. For B. amyloliquefaciens QST
713, a baseline concentration of 1 × 1012 CFU g−1 was found in
the formulation, corresponding well with the minimum concen-
tration reported on the label (>1 × 1012 CFU g−1). These results
show that in both cases the BCAs contained in the commercial for-
mulation tested were viable and suitable for the experimental tri-
als. The obtained information is essential when considering that
not all BCAs can survive the conditions imposed during the for-
mulation process at large-scale production, even if in most cases
protective substances are added to the formulation medium to
improve the stability.32 Additionally, the literature reported a
strong effect of packaging (flasks versus bags) and storage condi-
tions, especially temperature, on the shelf life of BCAs.33–36 To
exploit a BCA as a commercial product, important concentrations
of microorganism biomass should be produced, stabilized, pack-
aged and correctly stored/managed to be transported to its
end-user.32 This is one of the reasons why their use is still limited
and contains hurdles. Due to the above-mentioned constraints
the evaluation of baseline CFU in the commercial formulation is
essential before the evaluation of BCA viability under combined
mechanical and thermal stress in order to avoid misinterpretation
of results.

3.1.2 Effect of liquid temperature and exposure time on the BCA
viability
The viability of themicroorganisms T. harzianum T-22 and B. amy-
loliquefaciensQST 713 (expressed as log10 CFUmL−1) as a function
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of liquid temperature and exposure time under laboratory condi-
tions is presented in Fig. 2. Liquid temperature (P < 0.001) and
exposure time (P < 0.001) significantly affected the viability of
T. harzianum T-22. No significant interaction between liquid tem-
perature and exposure time (P < 0.057) was observed (Table 1). At
35 °C the viability was slightly reduced compared to the viability
at 15 °C, whereas at 40 °C a complete and immediate (T0) loss
of viability was observed. In general, increasing the exposure time
slightly decreased the viability. After 20 min of exposure to tem-
peratures >15 °C, the initial number of CFU mL−1 of both BCAs
decreased and tended to further diminish with exposure time.
The viability of B. amyloliquefaciens QST 713 was significantly
affected by liquid temperature (P < 0.001), exposure time
(P < 0.001) and their interaction (P < 0.001) (Table 1). Thus, the
effect of exposure time depended on the liquid temperature.
Indeed, after 60 min of exposure to temperatures of 35 and 40 °
C a considerable decrease in number of CFUs was observed (from
108 to 104 CFU mL−1 at 35 °C and from 107 to 102 CFU mL−1 at
40 °C), whereas no such drop was found at the other liquid tem-
peratures. At 15, 20, 25 and 30 °C the viability tended to decrease
slightly in relation to exposure time. At all exposure times, the
number of CFUs was considerably lower at 40 °C compared to
the other temperatures. The concentrations tended to decrease
with increasing temperature, except at 35 °C. These results sug-
gest a mixture temperature threshold for BCA viability at 35 °C.
Higher temperatures resulted in a considerable or complete
loss of BCA viability, especially when associated with the long
exposure time (60 min). The technical efficacy of BCAs depends
on several factors, such as the biology of the BCA, the pathogen,
the environment and the interactions with other

microorganisms.37–39 The BCA must remain viable through the
operation chain from production to application. The effect on via-
bility of temperatures during storage was studied for Trichoderma
viride, which lost viability after 3 months storage at 25 °C,40 but to
date no information is available in the literature on the effect of
temperature and exposure time on BCA viability during their field
application through airblast sprayers. Below 35 °C, irrespective of
exposure time, the CFU counts of both BCAs were not substan-
tially different even if factors resulted statistically significant.
Indeed, in this last case all the CFU mL−1 value variations were
≈1.5 log10 CFU mL−1 thus without potentially compromising the
biocontrol efficacy of BCAs as demonstrated by other
authors.41–43

3.2 Static airblast sprayer trials
3.2.1 Performance of the sprayer tank agitation systems
For both sprayers, the deviation of the initial concentration of
copper oxychloride in the sprayer tanks at different sampling
levels and sprayed amounts of liquid, as a measure for perfor-
mance of the agitation system, is shown in Fig. 3. According to
Badules et al.44 who investigated an alternative CFD-based
method for the evaluation of sprayer tank agitation systems,
the ISO 5682-226 is the most reliable method to date. For the Dra-
gone Virgola sprayer the deviation ranged from −64% at the top
of the sprayer tank to −18% at the bottom of the sprayer tank,
and from −21% for a full spray tank (0 L sprayed) to −3% for
the empty spray tank (300 L sprayed). With the Caffini Smart Syn-
thesis sprayer, the concentrations deviated −9% from the initial
concentration at the top of the sprayer tank to −7% at the bot-
tom, and −13% with the full spray tank (0 L sprayed) to −11%

Figure 2. Viability of biological control agent (BCA) (log10 CFU mL−1) for Trichoderma harzianum T-22 and Bacillus amyloliquefaciens QST 713 at different
liquid temperatures (C°) and exposure times (T0 = 0, T1 = 10, T2 = 20, T3 = 30, and T4 = 60 min) (mean ± standard error of mean).
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for the empty spray tank (1000 L sprayed). Not surprisingly, the
Dragone Virgola sprayer, which relies solely on a by-pass line
for agitation, resulted in poorer agitation when compared to
the Caffini Smart Synthesis sprayer. In addition, the Dragone Vir-
gola sprayer did not meet the criterion for adequate agitation set
by the ISO 16119-3 standard – that is, maximum 15% deviation
from the initial concentration of copper oxychloride after 16 h
of sedimentation in the sprayer tank with the agitation system
turned off.28 The Caffini Smart Synthesis sprayer fulfilled this
requirement. These results illustrate the capability of the tank agi-
tation system installed in the Caffini Smart Synthesis sprayer to
create enough turbulence in the tank to maintain a homoge-
neous spray mixture. A homogeneous spray mixture throughout
the spray application helps avoid under- and over-dosage which

is essential for an efficient and efficacious spray application.
Indeed, the proper number of venturi nozzles, their position
and orientation, together with the liquid circuit pressure were
demonstrated to play a key role in the proper agitation of the
spray mixture in the tank.45,46 However, the Dragone Virgola
sprayer without a dedicated tank agitation system was not able
to guarantee a homogeneous and constant copper oxychloride
dosage throughout the trials. It must be mentioned that the
chemical and physical properties of PPP formulations strongly
affect the performance of the agitation system. Hence, copper
oxychloride has been used for a long time as a standard test
material as, owing to its chemical and physical properties, it is
challenging to keep it suspended in the tank and to re-suspend
when sedimented. Therefore, it allows discrimination between

Table 1. Linear models describing the factors associated with the BCA viability (log10 CFUmL−1) for T. harzianum T-22 and B. amyloliquefaciensQST
713 as measured during the laboratory trials

T. harzianum T-22 B. amyloliquefaciens QST 713

Model term d.f.1 F-ratio P-value Significancea d.f. 1 F-ratio P-value Significancea

Main effects
BCA mixture temperature (T) 4 16.403 <0.0001 *** 4 14.216 <0.0001 ***
Exposure time (E) 5 6297.30 <0.0001 *** 5 20.011 <0.0001 ***
Interactions
T × E 20 1.711 0.0568 NS 20 3.727 <0.0001 ***

Abbreviation: BCA, biological control agent.
a Statistical significance level: NS, P > 0.05; *,P < 0.05; **,P < 0.01; ***,P < 0.001.

Figure 3. Deviation (%) from the initial concentration of copper oxychloride (dashed black line) for (a) the three sampling levels in the sprayer tank
(top = 90%, middle = 50%, and bottom = 10% of nominal tank capacity) and for (b) the sprayed amount of liquid (L) during emptying of the tank for
Dragone Virgola sprayer and Caffini Smart Synthesis sprayer (mean ± standard error of mean).
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tank agitation systems capable or not at effectively homogeniz-
ing the spray mixture in the tank. The Dragone Virgola sprayer
was not able to keep the copper oxychloride in suspension and
furthermore showed a large amount of sedimentation on the
bottom of the tank at the end of the trials. In case of the viability
trials with the BCA formulations a visual assessment of the bot-
tom of the tank was done at the end of the trials and in all cases
no BCA sedimentations were noticed. This suggests that the
tested BCA formulations were easier to maintain suspended than
the copper oxychloride and a good final BCA agitation can be
hypothesized. This hypothesis was confirmed by the laboratory
analysis that did not show anomalous CFU data. The adverse
effect of a well-functioning tank spray agitation system is that it

exposes the BCAs to more mechanical stress potentially affecting
their viability. To this extent, the high-tech sprayer Caffini Smart
Synthesis could be more harmful compared to the basic Dragone
Virgola sprayer.

3.2.2 Combined effect of mechanical and thermal sprayer stress
on BCA viability
The effect of workshop air temperature and relative humidity on
the spraymixture temperature variability among trials can be con-
sidered negligible as environmental conditions throughout the
experiments were quite steady ranging from 17.4 to 20.1 °C and
from 40.8% to 52.2%.

Figure 4. Third-degree polynomial relationships (dark solid line) between the spray mixture temperature (°C) and duration of the trials (min) for the
Dragone Virgola sprayer, per biological control agent (BCA) [Trichoderma harzianum T-22 (top) and Bacillus amyloliquefaciensQST 713 (bottom)] and initial
spray mixture temperature [14 °C (left) and 25 °C (right)]. Red dashed lines indicate the spray mixture sampling times. Colored dots indicate the tank
levels of the samples.
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3.2.2.1. Monitoring of spray mixture temperature throughout the
trials. The temperature of the spray mixture inside the tank
increased over the course of the viability trials, as shown in
Fig. 4 for the Dragone Virgola sprayer and in Fig. 5 for the Caffini
Smart Synthesis sprayer. After 63 min of spraying, the initial tem-
perature of 14 °C in the Dragone Virgola sprayer tank rose to 26.1
and 23.7 °C during the trials with T. harzianum T-22 and with B.
amyloliquefaciens QST 713, respectively. At an initial water tem-
perature of 25 °C, the spray liquid temperature reached 37.8 °C
during the experiments with T. harzianum T-22 and 35.8 °C with
B. amyloliquefaciens QST 713.

During the trials with the Caffini Smart Synthesis sprayer, the
recorded maximum temperatures were 24.7 and 27.9 °C starting
from an initial water temperature of 14, 32.1, and 31.9 °C at 25 °
C with the T. harzianum T-22 and B. amyloliquefaciens QST
713, respectively. Therefore, at an initial water temperature of
25 °C, the temperature of the spray liquid inside the tank almost
reached the critical point that was shown to affect the viability
of both microorganisms under laboratory conditions (i.e. c. 35 °
C). The increase in temperature (difference between initial and
final temperature) was similar to that found by Fife et al.47 using
a similar diaphragm pump as in this study.

Figure 5. Third-degree polynomial relationships (dark solid line) between the spray mixture temperature (°C) and duration of the trials (min) for the
Caffini Smart Synthesis sprayer, per biological control agent (BCA) [Trichoderma harzianum T-22 (top) and Bacillus amyloliquefaciens QST 713 (bottom)]
and initial spray mixture temperature [14 °C (left) and 25 °C (right)]. Red dashed lines indicate the spray mixture sampling times. Colored dots indicate
the tank levels of the samples.
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For both initial water temperatures, the Caffini Smart Synthesis
sprayer showed a more gradual temperature increase than the Dra-
gone Virgola sprayer (Figs 4 and 5) as a consequence of the bigger
amount of water in the tank. The larger the amount of water, the
greater the energy required to heat it (water specific heat capacity
is 4187 J kg−1 K−1). Temperature increases are most likely caused
by the extensive recirculation of the tank mixture through the
sprayer hydraulic circuits. Because the sprayer hydraulic circuit is a
closed circuit, friction in the pipes and the pump causes the temper-
ature of the water inside the sprayer to rise. The energy to heat the
spray mixture was mainly transferred by the pumps to the spray
mixture by recirculating action throughout the duration of the trials
(63 and 269 min for the Dragone Virgola and Caffini Smart Synthesis
sprayers, respectively). According to Fife et al.,47 different type of
pumps (i.e. centrifugal, diaphragm and roller pumps) exert different
effects on spray mixture temperature. In all cases (i.e. combination
of sprayer, BCA formulation and initial spray mixture temperature)
the increase of the spray liquid temperature in the tankwas success-
fully described by cubic functions showing adjusted r2 > 0.97 (Figs 4
and 5). Concurrently, the root mean square errors (RMSE) were cal-
culated and in the worst case they were equal to 0.37, underlining
the high capability of the model (third-degree polynomial) to accu-
rately predict the spray mixture temperature data (Figs 4 and 5).
The relationships between the ratio ΔT/Δt (°C min−1) and the

residual amount of spray mixture in the tank (l) are shown for T.
harzianum T-22 in Fig. 6(a) and for B. amyloliquefaciens QST
713 in Fig. 6(b). In general, the rate of temperature increase of
the spray mixture in the tank depended on the sprayer type and

especially on the residual amount of spray mixture in the tank
(Fig. 6). The temperature increase rate was higher for the Dragone
Virgola sprayer, equipped with the tank of lower capacity, than
that for the Caffini Smart Synthesis sprayer. Even if the two tested
sprayers were equipped with different pumps, the results show
that the residual amount of spray mixture predominantly deter-
mines the spray mixture temperature increase rate. Concurrently,
for both BCAs tested, the tank capacity does not substantially
affect the final temperature achieved by the spray mixture at
the end of the trials when the initial temperature was either
14 or 25 °C (3.2 and 0.2 °C difference between sprayers in the
worst and best case, respectively) (Figs 4 and 5). This indicates that
sprayers with a bigger tank capacity can be exposed to a certain
temperature level for a longer time because the rate of increase
is smooth (e.g. the spray mixture temperature stayed in the range
30–32 °C for nearly 10 and 30 min when the Dragone and Caffini
sprayers, respectively, were tested). Additionally, the rate of tem-
perature increase is slightly lower when the cold water (14 °C ini-
tial temperature) was used to prepare the spray mixture. Under
these conditions also the curves did not substantially differ for
the BCAs (Fig. 6).

3.2.2.2. Evaluation of CFUs of tested BCAs. The results of the pre-
liminary data analysis—which aimed to compare the CFU values
(log10 CFU mL−1) obtained from the spray mixture sampled
directly from the tank and from the nozzle outlet—is displayed
in Fig. 7. Significant differences in CFU were observed between
samples taken from the tank and at the nozzle outlets for BCA

Figure 6. Relationship between the ratio ΔT/Δt (°C min−1) and the residual amount of spray mixture in the tank (l) for (a) Trichoderma harzianum T-22
and (b) Bacillus amyloliquefaciens QST 713. Curves are displayed for the combination of initial spray mixture temperature (14 °C = solid lines, 25 °
C = dotdash lines) and sprayer (Dragone Virgola sprayer = light blue, Caffini Smart Synthesis sprayer = red).
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formulations containing T. harzianum T-22 when trials were car-
ried out with an initial spray mixture temperature of 25 °C, for
both sprayers, and when an initial spray mixture temperature of
14 °C was adopted in combination with the Dragone Virgola
sprayer [Fig. 7(a)]. Concerning the BCA formulation containing
B. amyloliquefaciens QST 713, significantly higher CFUs were
detected at nozzles outlet testing the Dragone Virgola sprayer in
combination with initial spray mixture temperature 25 °C [Fig. 7
(b)]. In general, data in Fig. 7 show no or very limited differences
between the two sampling positions for the CFU (<2.0 and 0.5%
in the worst cases, corresponding to a Δ CFU equal to 0.28 and
0.11 log10 CFU mL−1 for T. harzianum T-22 and B. amyloliquefa-
ciens QST 713, respectively). This is expected to have very few
practical implications from the biological point of view.16,48 Based
on this preliminary data analysis, the CFU values measured in the
tank and at the nozzle outlet can be considered fully comparable.
Therefore, these values are reported as a unique sample unit in
the following results showing the effect of the tested parameters
on the BCA viability. Results are in line with those of Fife et al.17

where entomopathogenic nematode (EPN) viability reduction
was observed only when nozzles characterized by ISO 01 orifice
size were tested. For bigger sized nozzles, like those used in these
experimental trials, no EPN viability reduction was observed.
Per sprayer type and initial water temperature, the concentration

of CFUs of T. harzianum T-22 and B. amyloliquefaciens QST 713 is
presented as a function of measured spray mixture temperature
in Figs 8 and 9, respectively. The viability of T. harzianum T-22
was significantly affected by the three-way interaction between

spray mixture temperature, initial water temperature and sprayer
type (Table 2). In general, both sprayers showed similar concentra-
tions at the start of the trials. For both sprayers, the concentration of
CFUs, and thus the viability of the BCAs, was lower at 25 °C when
compared to 14 °C initial water temperature. In addition, the con-
centrations decreased with increasing spray mixture temperature,
except for the Dragone Virgola sprayer at 25 °C initial water tem-
perature. The three-way interaction between spray mixture tem-
perature, initial water temperature and sprayer type also
significantly affected the viability of B. amyloliquefaciens QST
713 (Table 2). Similar to T. harzianum T-22, the concentration of
CFUs was lower at an initial water temperature of 25 °C than at
14 °C for both sprayers. However, the initial concentration at 25 °
C appeared to be lower for the Caffini Smart Synthesis sprayer than
with the Dragone Virgola sprayer. With increasing spray mixture
temperature, the concentration slightly reduced, except with the
Dragone Virgola sprayer at 25 °C initial water temperature, which
is the same as for T. harzianum T-22. When considering the optimal
and critical thresholds for efficient biological control against fungal
pathogens as defined by Montesinos and Bonaterra,48 the concen-
tration of T. harzianum T-22 never went below the optimal thresh-
old of 4 log10 CFU mL−1 with both sprayers at an initial temperature
of 14 °C (Fig. 8). Even at the initial temperature of 25 °C, the con-
centration stayed above the critical threshold of 3 log10
CFU mL−1 for fungus–fungus biocontrol systems. For what con-
cerns B. amyloliquefaciens QST 713, at an initial temperature of
14 °C, the CFU concentration also stayed in between the optimal
value of 6 log10 CFU mL−1 and the critical value of 5 log10 CFU

Figure 7. Average biological control agent (BCA) viability (log10 CFU mL−1) obtained from samples taken in the tank and at the nozzle outlet of Dragone
Virgola and Caffini Smart Synthesis sprayers for Trichoderma harzianum T-22 and for Bacillus amyloliquefaciens QST 713 during the trials carried out using
different initial spray mixture temperature (14and 25 °C). The differences are defined by Student's t-test or Wilcoxon test for independent sample (statis-
tical significance level: NS, P > 0.05; *,P < 0.05; **,P < 0.01; ***,P < 0.001) (mean ± standard error of mean).
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mL−1 for bacteria–fungus biocontrol systems according to the find-
ings of Tut et al.16 However, at the higher initial temperature of 25 °
C, the concentration dropped below this critical value posing risk
for the efficacy of the treatments (Fig. 9).
These trials permitted identification of some practical implications

related to the sprayer features and their use on the viability of BCA
during their spray application. In general, spray mixture tempera-
ture affects BCA viability. Good practice should therefore be to use
cold water from the public water supply pipelinewhenmixing BCAs
to guarantee their viability along the entire spray application pro-
cess irrespective of the sprayer used. Indeed, when warm water
(25 °C initial temperature) was used, suboptimal and/or critical

CFU values were noticed in all cases from the beginning of the trials,
although the laboratory trials did not show25 °C as being detrimen-
tal for the tested BCAs (Fig. 2). Comparison with the reference
thresholds for different microorganisms16,48 suggests that the effi-
cacy of the treatment cannot be guaranteed as the BCAs can exit
the sprayer nozzles with compromised viability. This is of particular
interest considering that, according to Johnson et al.49 the water
temperature in the storage tanks can reach temperatures that corre-
spond to air temperatures. In Mediterranean areas, during summer
period, water temperature used for preparing spray mixture can
potentially reach peaks of ≥35 °C. The temperature of water used
to prepare the spray mixture was indeed demonstrated to vary

Figure 8. Viability of Trichoderma harzianum T-22 (log10 CFU mL−1) at different spray mixture temperatures throughout the duration of the trials for the
two sprayers [Dragone Virgola sprayer (top) and Caffini Smart Synthesis (bottom)] and two initial spray mixture temperatures [14 °C (left) and 25 °C
(right)]. Solid blue lines show the mean viability predicted by the model, dashed blue lines display the 95% confidence intervals of the predictions. Back-
ground color changes from green (optimal) to red (critical) represent the colony forming units (CFU) thresholds considered for T. harzianum T-22 efficacy
according to Montesinos and Bonaterra.48
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widely according to the season, location and storage conditions,
and this variability can affect the PPP chemical-based formulation
performances.49 Thus, an inhospitable environment for BCAs is
likely to be created. In this latter scenario, the probability of spraying
inactive BCAs is realistic. Also, the exposure time is relevant, espe-
cially when associated with high temperatures.
The effect of exposure time was first demonstrated by the labo-

ratory trials (Fig. 2) and afterwards confirmed by the sprayer trials
(Figs 8 and 9) where in all cases a CFU decreasing trend along trial
duration was noticed. However, in general, the importance of
exposure time was not as great as shown by the slight slope
of the CFU linear models (Figs 8 and 9). In conclusion, based on

experimental data there was evidence about the mechanical
effect of pump recirculation on spray mixture temperature
increase and BCA viability even if the CFU critical biological viabil-
ity threshold was never reached. Furthermore, no actual effect on
the BCA viability was demonstrated for both sprayers featured by
different liquid circuits, even if the one installed on the Caffini
Smart Synthesis is supposed to be more stressful for BCAs by cre-
ating more liquid recirculation (Figs 1 and 3). Therefore, it can be
stated that the effect of mechanical sprayer stress on the tested
BCA viability is less important than the effect of thermal stress.
Results are in line with the findings of Fife et al.17,47 for EPNs.
Indeed, those authors demonstrated the detrimental mechanical

Figure 9. Viability of Bacillus amyloliquefaciensQST 713 (log10 CFU mL−1) at different spraymixture temperatures throughout the duration of the trials for
the two sprayers [Dragone Virgola sprayer (top) and Caffini Smart Synthesis (bottom)] and two initial spray mixture temperatures [14 °C (left) and 25 °C
(right)]. Solid blue lines show the mean viability predicted by the model, dashed blue lines display the 95% confidence intervals of the predictions. Back-
ground color changes from green (optimal) to red (critical) represent the colony forming units (CFU) thresholds considered for B. amyloliquefaciens QST
713 efficacy according to Tut et al.16
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effect of small-sized nozzles whereas pump did not substantially
affect EPNs viability.17,47 For this reason, the selection of a prop-
erly sized sprayer tank plays a key role for BCA viability during
spray application as the tank capacity indirectly influences the
increment of spray mixture temperature as residual tank volume
is the primary factor influencing the temperature increase.

4 CONCLUSIONS
Experimental trials permitted identification of the effect of factors
on the viability of tested BCAs (i.e. T. harzianum T-22 and B. amyloli-
quefaciens QST 713) through the CFU count method. Laboratory tri-
als underlined the effect of bothmixture temperature and exposure
time on the viability of both BCAs, thus, individuating the critical
thresholds. In general, temperatures <35 °C in combination with a
maximum exposure time of 30 min, are recommended. A spray
application was simulated using sprayers with a different liquid cir-
cuit and tank capacity (Dragone Virgola 300 L and Caffini Smart Syn-
thesis 1000 L) while spray mixture temperature was monitored. The
spray mixture temperature increased continuously during the trials
reaching in the worst case (25 °C initial spray mixture temperature)
values close to the individuated threshold, but the critical values
were not reached. For this reason, the BCA viability during the spray
simulation never dropped abruptly, and just a slight CFU decrement
was observed in all cases. However, with an initial water tempera-
ture of 25 °C, lower CFU values were detected at all sampling times
compared to an initial water temperature of 14 °C. Nevertheless, it
cannot be excluded that in real field conditions (e.g. summer
periods in Mediterranean areas) higher mixture temperatures can
be reached as a result of solar radiation, leading to an important
decrease in BCA viability or to full mortality. Furthermore, the analy-
sis of the temperature increase rate along the trials underlined that
the residual amount of spray mixture in the tank is the main factor
affecting the spray mixture temperature (increase). Even if the
experimental data show the combined effect of mechanical and
thermal stress on the BCA viability, there was only clear evidence
about themechanical effect of pump recirculation on spray mixture
temperature increase. In line with findings of other authors, the
mechanical stress by itself appears to be less relevant than the ther-
mal stress created by the consistent temperature increase of the
spray mixture during the spray application.

For this reason, the selection of properly sized spray tanks
plays a key role for BCA viability as the residual volume in the
tank is the primary factor influencing temperature increase. A
higher tank capacity can lead to a lower final temperature even
if the lower temperature-increase rate can cause a longer time
of exposure to critical temperatures especially toward the end
of spray application when the residual spray mixture in the tank
is limited. To control and/or modify the spray mixture temper-
ature increase rate, sprayer liquid circuits need to be improved.
Possible options consist of: (i) selecting adequate pump size
(currently oversized in commercial sprayers) according to the
sprayer tank capacity and the liquid circuit features to minimize
the pump recirculation while guaranteeing the requested flow
rate for the nozzles and for the spray agitation system;
(ii) installing active systems able to cool the spray mixture, to
maintain the ideal temperature according to the BCA charac-
teristics; and (iii) exploiting the current possibility of machinery
electrification. To this end, dedicated electrical pumps can be
installed on the sprayer so that a first pump provides the noz-
zles with the exact amount of spray mixture while a second
one would manage spray mixture agitation, thus limiting the
spray mixture over-recirculation.
This research provides the basis for further investigation about

the effect of spray application process on BCA viability and there-
fore about the actual chance to guarantee the biological efficacy
of BCA treatments using sprayers with different features and tech-
nology levels. In future, other BCAs as well as a wide range of
sprayer types and settings deserve to be investigated.
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Table 2. Linear models describing the factors associated with the BCA viability (log10 CFU ml−1) for T. harzianum T-22 and B. amyloliquefaciens QST
713 as measured during the sprayer trials

T. harzianum T-22 B. amyloliquefaciens QST 713

Model term d.f.1 F-ratio P-value Significancea d.f.1 F-ratio P-value Significancea

Main effects
BCA spray mixture temperature (T) 1 27.919 < 0.0001 *** 1 16.854 0.0001 ***
BCA initial spray mixture temperature (IT) 1 320.071 < 0.0001 *** 1 141.621 < 0.0001 ***
Sprayer (S) 1 2.801 0.0995 NS 1 0.149 0.6999 NS
Interactions
T × IT 1 2.072 0.1514 NS 1 0.132 0.7170 NS
T × S 1 6.502 0.0114 * 1 0.013 0.9085 NS
IT × S 1 2.303 0.1304 NS 1 8.918 0.0031 **
T × IT × S 1 7.470 0.0067 ** 1 7.125 0.0081 **

Abbreviation: BCA, biological control agent.
a Statistical significance level: NS, P > 0.05; *,P < 0.05; **,P < 0.01; ***,P < 0.001.
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