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Abstract— Research and development of new natural and safe veterinary medicaments to treat honey bee varroosis
caused by Varroa destructor Anderson and Trueman is an important step on the path to embarking on organic
beekeeping. In the present research, field experiments were conducted to evaluate the efficacy of a new plant-based
formulation against varroa mite and its safety for the honey bees during the summer and autumn of 2018 in Shirvan,
North Khorasan, Iran. It was found that the corrected efficacy of this formulation in the summer (48.70%) was
significantly higher than that in the autumn (29.08%). These results proved the importance of ambient temperature
on the varroacidal effectiveness of the formulation. An acceptable safety margin for eggs, larvae, adult workers, and
queen bees was observed after employing the formulation over a 4-week treatment period in the summer experiment.
The effects of the formulation on the enzyme activities and the amounts of energy reserves of the treated bees are also

discussed.

varroacidal efficacy / ambient temperature / safety margin / energy reserves / enzyme activities

1. INTRODUCTION

Beekeepers throughout the world face ongoing
challenges due to varroosis, a devastating parasitic
disease of the European honey bee Apis mellifera
L., caused by Varroa destructor (Anderson and
Trueman 2000). In 2017, a number of local pro-
fessional beekeepers in North Khorasan, Iran were
asked to fill out a questionnaire on the strategies
employed for protecting their colonies against
varroa mite. The results revealed that many of
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them rely on formic acid (FA) and oxalic acid
(OA) for the treatment of varroosis in honey bee
colonies. Despite the acceptable efficacy and rel-
atively satisfactory results, the need for research
and development of new, safer alternatives to
these organic acids is stressed.

To date, extensive effort has been put in glob-
ally to discover a possible application of plant
derivatives including essential oils and extracts
for varroosis treatment (Imdorf et al. 1999a, b;
Schenk et al. 2001; Ariana et al. 2002; Imdorf
et al. 2006; Gashout and Guzman-Novoa 2009;
Maggi et al. 2011; DeGrandi-Hoffman et al. 2012;
Islam et al. 2016; Ramzia et al. 2017) which has
resulted, in some cases, in introducing some ef-
fective products to the global market. For
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example, Apilife VAR®, a commercial product
composed of a vermiculite tablet impregnated
with a mixture of thymol (76%), eucalyptol
(16.4%), menthol (3.8%), and camphor (3.8%),
provides suppression of varroa mites in honey bee
colonies (Imdorf et al. 1995). A similar product
called Thymovar®, based exclusively on thymol,
was introduced by Bollhalder (1998) with a very
high efficacy rate in the various apiaries. In an-
other study, Tananaki et al. (2014) compared the
varroacidal efficacy of Exomite Pro™ (a thymol-
based powder) with Apiguard® (a thymol-based
gel) in varroa-infected colonies. Recently,
HopGuard®, containing natural plant compounds
(hop acids) as active ingredients (Rademacher
et al. 2015), and Argus Ras, a mixture of extracts
of Sophora flavescens , Ginkgo biloba , Gleditsia
chinensis, and Teucrium chamaedrys
(Stanimirovi¢ et al. 2017), were reported as the
newest veterinary medicinal products for control-
ling varroa mite in apiaries.

In 2010, an Iranian research team launched a
comprehensive project on the possibility of using
essential oils from Iran’s medicinal plant flora to
control varroa mite. Many species belonging to
different plant families were screened in terms of
oil yield percentage, varroacidal efficacy as well
as safety for the honey bee. The test results
showed that some oils such as Thymus
kotschyanus Bioss & Hohen. (containing
47.99% carvacrol and 30.61% thymol), Mentha
longifolia L. (containing 36.86% piperitenone,
27.53% piperitenone oxide, 22.21% cis -
piperitone epoxide, and 8.38% pulegone), Euca-
lyptus camaldulensis Dehnh. (containing 74.7%
1,8-cineol and 8.35% o-pinene) have potential
acaricidal efficacy against varroa mite with less
toxic effects on honey bee under laboratory con-
ditions (Ghasemi et al. 2011, 2016). In continua-
tion of the project and to achieve a field-suitable
compound, the screened oils were formulated by
Daya Nanotechnologists Company.

So, in the current research, we intended to
evaluate the varroacidal efficacy of this plant-
based formulation (hereinafter PbF) in varroa-
infected honey bee colonies taking the season of
the year into consideration. The side effects of the
PbF on bee population growth and colony
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production as well as the enzyme activities and
the amounts of energy reserves were also
assessed.

2. MATERIALS AND METHODS
2.1. Treatments

The test PbF namely Tinavar was
manufactured as a water-soluble emulsion by
Daya Nanotechnologists Company in Iran. FA
(99%, Merck, Germany) was purchased from
Zistazma Company, Ferdowsi University of
Mashhad, Iran.

2.2. Identification of active ingredients of
the PbF

GC analysis was conducted on an Agilent
Technology model 7890A gas chromatograph
equipped with an FID and a BP-5 (non-polar)
capillary column (30 mx 0.25 mm x 0.25 pum
film thickness). The oven temperature was main-
tained at 60 °C for 4 min and programmed to
increase at 3 °C/min to 100 °C for 2 min and then
4 °C/min to 250 °C for 5 min. Other operating
conditions were as follows: carrier gas He, at a
flow rate of 1 mL/min; injector temperature
260 °C; detector temperature 245 °C; and split
50.1, column flow ratio, 1:8 mL/min. GC/MS
analysis was conducted on an Agilent Technology
model 7890A coupled with a mass spectroscopy
model EI 5975C. The operating conditions of the
mass system were identical to those described
previously. The mass spectra were obtained at
70 eV. The mass range was from m/z 50—
500 amu. Quantitative data were obtained from
the electronic integration of the FID peak areas.
The active ingredients of the PbF were identified
via comparison of their mass spectra and retention
indices with those published in the literature
(Adams 1995), and presented in the MS computer

library.
2.3. Season and location of study

The summer field experiment was performed
from 29 June to 9 August 2018 in a private apiary
located in Alashlou, a village near Shirvan, North
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Khorasan, Iran (geographical coordi-
nates—37°33'10"N, 58°14'04"E;
altitude—1882 m a.s.l.). The average ambient
temperature and the mean percentages of relative
humidity recorded during this period were
24.52 °C (minimum 19.65 °C and maximum
28.10 °C) and 33.38% (minimum 22% and max-
imum 52.50%), respectively. The autumn field
experiment was carried out from 2 October to 12
November 2018 in the research apiary of Higher
Education Complex of Shirvan, North Khorasan,
Iran (geographical coordinates—37°26'04"N,
57°45'14"E; altitude—1067 m a.s.l.). The average
ambient temperature and the mean percentages of
relative humidity recorded during this period were
11.63 °C (minimum 5.35 °C and maximum
18.55 °C) and 54.91% (minimum 35.50% and
maximum 83.50%), respectively.

2.4. Setting up the colonies

In the present study, the colonies of Iranian
honey bees (Apis mellefera meda Skorikov)
housed in Langstroth hives, manually equipped
with mesh floors and mobile bottom sticky
boards, were used. Each colony consisted of seven
combs of worker bees naturally infected by
V. destructor and a 1l-year-old queen. None of
the colonies had received any acaricide at least
9 months before the start of the experiments. Prior
to applying the treatments, the colonies were
equalized in terms of brood and adult worker
bee population (Delaplane et al. 2013). The initial
varroa infection rate of the colonies was deter-
mined via adult and brood honey bee examination
(De Jong et al. 1982; Dietemann et al. 2013;
Zemene et al. 2015). To estimate the infestation
rate of the adult bees, three samples of approxi-
mately 100 bees each were separately collected
from each colony by brushing them from brood
combs into a glass jar containing 150 mL soapy
water. The jar was shaken for 20 s. After 1 min,
most of the bees remained floating on the surface
of the solution and the mites had dislodged from
the bees’ body and fallen to the bottom of the jar.
The bees were taken out of the jar with the aid of a
pair of forceps and examined individually for
remaining mites. The number of bees and mites
was counted and the proportion of infested
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individuals was calculated from dividing the num-
ber of mites by the number of bees in the sample.
To measure the infestation rate of the brood, ap-
proximately 100 worker pupae from different
brood combs of the colony were removed from
their cells and checked for the presence of varroa
mites. The number of mites observed was divided
by the number of cells opened to obtain the brood
mite infestation rate in mites per 100 cells. Even-
tually, the infection rate of the whole colony was
estimated from the mean of the infection percent-
age of the adult and brood bee samples. The
average initial infection rate of the colonies in
the summer experiment was 4.94% with a range
from 2 to 10%, and in the autumn experiment, the
average was 6.87% with a range from 4.28 to
14.51%. Moreover, the mean daily natural mite
fall per colony over a 3-day pre-treatment period
before the beginning of the summer and autumn
experiments were 10.81 +0.50 mites (no signifi-
cant difference between the test groups; F' =
0.952, df ;. =4,15, P <0.462) and 19.48+1.28
mites (no significant difference between the test
groups; I/ =0.406, df,, =4,15, P < 0.801),
respectively.

2.5. Assessment of varroacidal efficacy

Based on the average initial infection rate, the
colonies were randomly arranged in four treat-
ment groups and one control group as follows:

Group PbF60 (n =4): treatment consisted of
15 mL 10% solution applied four times at 1-week
intervals so that a total of 60 mL was applied over
4 weeks,

Group PbF80 (n =4): treatment consisted of
20 mL 10% solution applied four times at 1-week
intervals so that a total of 80 mL was applied over
4 weeks,

Group PbF100 (n =4): treatment consisted of
25 mL 10% solution applied four times at 1-week
intervals so that a total of 100 mL was applied
over 4 weeks,

Group FAS80 (n =4): treatment consisted of
20 mL 65% solution applied four times at 1-
week intervals so that a total of 80 mL was applied
over 4 weeks,

Group control (n =4): treatment consisted of
25 mL tap water applied four times at 1-week
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intervals so that a total of 100 mL was applied
over 4 weeks.

The values and concentration of the PbF were
determined based on our preliminary field exper-
iments in different apiaries of Shirvan during 2016
and 2017. PbF and FA were diluted in tap water to
obtain a desirable concentration. The experiments
were conducted using a completely randomized
design with four replications for each treatment
and control group. To treat the colonies, a piece of
an absorbent pad (5 x 5 % 0.5 cm) was placed on
top of the brood combs in the center of the hive
and the aforementioned values of the treatments
were then poured on to it using a syringe. The pad
was replaced weekly with a fresh impregnated pad
and total treatment period was 4 weeks. Dead
mites and debris fell between the frames, through
the mesh floor, and on to the board below. To
assess the efficacy of the treatments, the boards
were removed from the bottom of the hives twice
a week and the number of mites fallen on them
were counted. After each count, all mites and
debris were cleaned from the boards. Then after,
the boards were coated with fresh grease and
reinstalled in the bottom of the hives. For easy
counting, the boards were divided into squares
(Dietemann et al. 2013). After 4 weeks of exper-
iments, the colonies were post-treated for a further
2 weeks with OA + Apistan® and the number of
remaining mites in each colony was estimated as
described previously. The percentage efficacy of
the treatments was determined as follows:

%oefficacy

No.of fallen mites during treatment

A
No.of fallen mites during treatment + OA and Apistan”

x 100

Due to considerable natural mite fall in the
control colonies, the efficacy of the treatments
were corrected using Abbott’s formula (Abbott
1925):

Eo-E
% Corrected efficacy = ore

100—£¢ < 100
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where E,=observed efficacy (%) and E .=
control mortality (%).

2.6. Assessment of safety for the honey bees

The effects of the treatments on population
growth rate, colony production, and biochemical
features of the bees were concurrently evaluated
with varroacidal efficacy experiments during the
summer.

2.6.1. Effects on brood and adult bee
population

Changes in population growth rate of the treat-
ed and control groups were estimated by record-
ing the brood (eggs, larvae, and pupae) and adult
bee population at the beginning and the end of the
4-week treatment period (Delaplane et al. 2013).

2.6.2. Mortality effects on eggs, larvae, adult
workers, and queen bees

To carry out the procedure, 100 cells of the
colonies in brood area containing eggs or 1- to
2-day-old larvae were marked by colored pins
before the administration of the treatments. After
7 days, the cells were checked. The sealed cells or
those with larvae at last larval instar were consid-
ered alive, while in case of the empty cells or ones
replaced with a new egg, the brood was consid-
ered dead (Giusti et al. 2017). Also, the number of
dead bees found in pollen traps or inside the hives
as well as the presence of an egg-laying queen in
each colony were checked weekly over the entire
treatment period.

2.6.3. Effects on colony production

Changes in honey production of the treated and
control groups were estimated by recording the
number of cells containing honey or nectar at the
beginning and the end of the treatment period.
Moreover, to evaluate the impact of the treatments
on pollen collection capacity of forager bees, a
plastic trap was installed at the front of the en-
trance of the hives during the last 2 weeks of the
treatment period and the amount of pollen
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collected in the treated groups was weighed and
compared with that of the control.

2.6.4. Effects on biochemical features

One day before starting the summer experi-
ment, the sealed brood combs were taken from
the test colonies and put in a cage with mesh
walls. The cage was kept in an incubator set at
32+2 °C, 65+5% R.H. in darkness for 24 h.
Then, newly emerged worker bees were marked
on the dorsal surface of the thorax with a queen
marker. On the first day of the treatment period,
marked bees were returned to the test colonies and
remained for 4 weeks. Subsequently, 20 treated
bees were collected from each treatment and con-
trol group and maintained at —20 °C until re-
quired. The frozen bees were homogenized in
200 pl phosphate buffer pH 7.0 containing Triton
X-100. The homogenates were centrifuged
(12,000xg for 10 min at 4 °C) and the superna-
tants were used for the biochemical tests.

The specific activity of AChE was determined
according to the method of Ellman et al. (1961)
using acetylthiocholine iodide as substrate. In-
crease in absorbance was recorded at 415 nm
using a microplate reader (Awareness Technology
Stat Fax 3200®). Glutathione S -transferase
(GST) specific activity was determined based on
the method of Habig et al. (1974) slightly modi-
fied by Mahdavi Moghadam et al. (2012). In-
crease in absorbance was recorded at 360 nm
using the same microplate reader. For general
esterases (EST) assay, alpha-naphthyl acetate (oc-
NA) and beta-naphthyl acetate (3-NA) were used
as substrate and the naphthol production was
monitored by measuring absorbance at 450 and
540 nm, respectively, for x-NA and (3-NA using
the same microplate reader as a kinetic mode (Van
Asperen 1962).

The amounts of carbohydrate, glycogen, and
lipid were measured by the method of Yuval et al.
(1998). Total protein was determined according to
Bradford (1976) method with BSA as standard.

2.7. Meteorological data

In both experiments, maximum, minimum, and
average temperature and relative humidity were
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obtained from the nearest weather station to the
locations of study.

2.8. Statistics

Data were analyzed using SPSS 24.0 software
for ANOVA and means separated with Tukey’s
test (P< 0.05). All data were expressed as mean
+SEM. In case of necessity, statistical compari-
son between two treatments was performed using
Student’s ¢ test. The data were tested for normal-
ity using Kolmogorov—Smirnov test and if need-
ed, they were transformed to meet statistical as-
sumptions. The charts were prepared in Microsoft
Excel 2013.

3. RESULTS
3.1. Active ingredients of the PbF

The results of the chemical analysis of the PbF
are provided in Table 1. 1,8-Cineole (22.25%),
camphor (15.70%), carvacrol (11.97%), 3-
thujone (10.76%), thymol (7.76%), o«-thujone
(7.53%), and cymene (4.87%) were the major
active ingredients.

3.2. Varroacidal efficacy

The efficacy of the treatments against varroa
mite during the summer experiment is presented
in Table II. All treatments indicated significantly
higher levels of efficacy than the control (F =
46.87, df . =4,15, P <0.001). The percentage of
efficacy significantly increased as value of the
PbF was increased from 60 to 100 ml. However,
the differences between the efficacy of PbF80
(53.17%) and PbF100 (59.32%) were not statisti-
cally significant. Lack of any significant differ-
ence between the efficacy of PbF100 (59.32%)
and FA80 (66.27%) was noticed. We also ob-
served 20.73% mite mortality in the control group
which shows that natural mite fall occurred during
the treatment period. After applying Abbott’s for-
mula, the efficacy of PbF60, PbF80, PbF100, and
FA80 were corrected to 26.90, 40.93, 48.70, and
57.45%, respectively.

Table III shows the varroacidal efficacy of the
treatments during the autumn experiment. Similar



Evaluation of a new plant-based formulation for the treatment of...

1079

Table I.. Active ingredients of the plant-based formulation (Tinavar)

Compounds

Retention index Composition (%)

Tricyclene

«-Pinene

Camphene

Verbenene

Sabinene

[3-Pinene

[3-Myrcene

Phellandrene

o-Terpinene

Cymene

1,8-Cineole

y-Terpinene

o-Terpinolene

Linalool

3-Thujone

o-Thujone

Chrysanthenone

Trans -pinocarveol
Camphor
p-Mentha-1,5-dien-8-ol
Trans -p-menth-2-en-1,8-diol
3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-
[3-Fenchyl alcohol

Myrtenol

Verbenone
2-Isopropyl-5-methyl-1-methoxybenzene
Carvacrol methyl ether
Bicyclo[3.1.1]hept-2-en-4-ol, 2,6,6-trimethyl-, acetate
Bornyl acetate

Thymol

Carvacrol

Carvacryl acetate

Trans -caryophyllene

Total identified

5957 0.13
6332 1.57
683 227
7026 0.22
7724 0.70
7832 0.35
8412 0.54
891 0.17
9403 0.64
9742 4.87
9989 22.25
11,195 1.39
12,495 0.16
1308 1.27
13,244 10.76
13,732 753
14,112 0.25
14,718 0.89
14,939 15.70
15,201 0.17
16,069 0.26
16,495 0.62
17,142 0.21
17,384 0.50
17,943 0.17
19,361 0.28
19,848 0.84
20,716 1.08
21,897 0.27
22,524 7.76
22,935 11.97
25,764 0.32
27,433 0.56
96.68

Bold values indicate the major components of the plant-based formulation

to the previous experiment, there were statistically
significant differences between the efficacy of the
test treatments and control (F =303.79, df,. =
4,15, P < 0.001). Our results indicated that the
varroacidal efficacy significantly increased as val-
ue of the PbF was increased. However, the

difference between the efficacy of PbF80
(43.35%) and PbF100 (41.27%) was not signifi-
cant. Unlike the summer experiment results, a
statistically significant difference was found be-
tween the efficacy of PbF100 (41.27%) and FA80
(59.74%). Regarding 17.20% natural mite fall in
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Table II.. Varroacidal efficacy of the treatments during the summer experiment

Treatments Number of fallen mites Efficacy (%) Corrected efficacy (%)
Treatment period  Post-treatment period Total

PbF60 683.25 £227.25  903.25 +221.45 1586.5 £442.75  42.03 £3.17° 26.90 +£3.99°

PbF80 471.50 £57.92 42525 £71.27 896.75 £12691  53.17 £2.15>  40.93+2.71°

PbF100 510.25 £55.18 344.00 £15.20 854.25 £65.23 59.32 £2.19%  48.70 +2.76%

FA80 316.00 £18.37 161.25 £12.97 47725 £28.65 66.27 £1.28% 57.45+1.61%

Control 120.25 +14.40 50425 £1123 624.50 £109.10  20.73 £3.57¢

Means marked with the same letter in each column are not statistically different (Tukey’s test, P < 0.05)

the control group, the efficacy of PbF60, PbF80,
PbF100, and FA80 were corrected to 24.38,
31.58, 29.08, and 51.38%, respectively.

Moreover, Fig. 1 shows the comparative effi-
cacy of the test treatments during the summer and
autumn experiments. Findings indicate that
PbF80, PbF100, and FA80 have significantly
higher varroacidal efficacy in the summer than
in the autumn.

3.3. Safety for the honey bee

3.3.1. Changes in brood and adult bee
population

The mean population of brood and adult bees
in all test groups at the beginning of the summer
experiment were 21,396.15 + 80.20 brood (no sig-
nificant difference between the groups; F' =1.72,
df,e =4,15, P =0.197) and 8294.5 +28.14 bees
(no significant difference between the groups;
F =147, df,. =4,15, P =0.260), respectively.

Results presented in Table IV indicate that brood
area in both treated and control groups declined
by over 50%, showing a great reduction in the
number of eggs laid by the queens. The lowest
decline was attributed to the group treated with
PbF60 (—56.4%), and no significant difference
was found among the rest of the groups (F =
291, df,. =4,15, P =0.058). In contrast, the
overall increase in adult bee population of the
treated groups was significantly higher than that
of'the control (F =19.51, df,. =4,15, P <0.001)
(Table IV). The highest increase was related to the
colonies treated with PbF60 (+ 98.71%), FA80 (+
80.98%), and PbF80 (+ 73.05%).

3.3.2. Mortality effects on eggs, larvae, adult
workers, and queen bees

Despite significant differences between some
of the treatments (F =4.87, df,. =4,15, P =
0.01), none showed any significant toxic effects
on eggs and larvae of the honey bees when

Table I11.. Varroacidal efficacy of the treatments during the autumn experiment

Treatments Number of fallen mites Efficacy (%)  Corrected efficacy (%)
Treatment period ~ Post-treatment period Total

PbF60 178.25+£47.26 296.25+76.88 474.50+124.1 37.38+£0.5¢ 24.38 £0.60°

PbF80 251.50+108.49 318.25+125.86 569.75+234.08 43.35+094° 31.58+1.13°

PbF100 277.25+158.59 375.25+200.63 652.50+359.19 41.27+0.86° 29.08+1.03°

FA80 366.25+61.19 243.50+£32.23 609.75+£92.62 59.74+1.18"  51.38+1.42°

Control 102.00£26.00 505.50+151.93 607.50+£177.6 17.20+0.74¢

Means marked with the same letter in each column are not statistically different (Tukey’s test, P < 0.05)
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Figure 1. Comparative varroacidal efficacy of the treatments during the summer and autumn experiments. Bars
were compared pairwise by Student’s t test. Statistically significant differences are denoted with * (P < 0.05), ** (P

< 0.01), and ns (non-significant).

compared with the control. The number of dead
worker bees in pollen traps or on the floor of the
hives was negligible. Furthermore, all the queen
bees showed normal activity during and after the
treatment period and no winter colony loss was
observed (Table V).

3.3.3. Effects on colony production

The effects of the test treatments on honey
and pollen yield of the colonies are given in
Table VI. An increase in the amount of hon-
ey production in the treated groups was not
significantly different from that of the control

(F =0.36, df,. =4,15, P =0.827). Interest-
ingly, the amount of collected pollen in all
treated groups except PbF100 was signifi-
cantly higher than that in the control (F =
6.76, df .. =4,15, P =0.003).

3.3.4. Effects on the engyme activities

The effect of the treatments on the specific
activity of AChE is shown in Fig. 2a. The highest
activity was attributed to the bees treated with
PbF60 (0.41 pmol/min/mg protein) (F = 12.56,
df,. =4,15, P =0.001) and no significant differ-
ences were found between the rest of the treatment

Table IV.. Changes in brood and adult bee population during the summer application of the treatments

Treatments Number of brood bees Number of adult worker bees

Initial Final Changes (%) Initial Final Changes (%)
PbF60 21,688 +20.25 9457 £511.62"" —56.40 £2.35% 8376 +88.72 16,652 +751.18"™ 98.71 +8.06
PbF80 21,404 +196.68 8363 +775.08" —60.92 +3.62°° 8238 +65.27 14,248 +507.52"" 73.05 +6.86™
PbF100 21,343 £210.44 7735 +285.42"" —63.77 +1.19® 8262 +26.61 12,328 £510.51° 49.20 £6.07%
FA80 21,465 +104.57 7695 £476.92"" —64.15 £223% 8226 +55.05 14,883 +£241.54™ 80.98 +3.84°
Control 21,080 £212.71 5832 £1145.99™ —72.21 £5.69° 8370 £46.35 10,698 +441.12" 27.89 £5.81°

Means were compared pairwise for each parameter between initial and final status by Student’s ¢ test. Statistically significant
differences are denoted with — (P <0.05), ** (P <0.01), and ns (no significant difference). Also, means marked with the same
letter in each column are not statistically different (Tukey’s test, P < 0.05)
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Table V.. Mortality effects of the treatments on eggs, larvae, adult workers, and queen bees during the summer

experiment

Treatments Egg and larval mortality (%) Number of dead worker bees Number of lost queen bees
PbF60 23.75 £2.06% 28 0?

PbF80 23.00 +1.08% 0* 0?

PbF100 27.25 +1.60° 28 0?

FAS0 16.00 +2.74° 1# 0?

Control 18.50 £2.22% 0? 0?

Means marked with the same letter in each column are not statistically different (Tukey’s test, P < 0.05)

groups and the control. Different values of the test
PbF significantly reduced GST specific activity in
comparison to FA80 (1.33 wmol/min/mg protein)
and the control (1.51 pumol/min/mg protein) (/' =
57.17, df,. =4,15, P =0.001) (Fig. 2b). The
lowest GST activity was observed in the group
treated with PbF100 (0.24 pwmol/min/mg protein).
Also, compared with the control, the groups treat-
ed with the test PbF generally showed lower o-
EST (F =45.05, df ;. =4.15, P <0.001) (Fig. 2c)
and (3-EST specific activities (& =6.37, df,, =
4,15, P =0.008) (Fig. 2d).

3.3.5. Effects on the amounts of energy
reserves

The amounts of energy storage macromolecules
were significantly reduced in the treated groups
when compared with the control (Fig. 3). The
carbohydrate amounts in the groups treated with
PbF60 (0.11 mg/bee), PbF80 (0.69 mg/bee),
PbF100 (0.15 mg/bee), and FA80 (0.18 mg/bee)
were significantly lower than that in control
(0.26 mg/bee) (F =31.46, df,. =4,15,

P <0.001) (Fig. 3a). In the case of glycogen, the
lowest amounts were attributed to the groups treat-
ed with PbF80 (0.02 mg/bee), PbF60 (0.03 mg/
bee), and FA80 (0.17 mg/bee). However, the
amount of this macromolecule in the group treated
with PbF100 (0.23 mg/bee) was not significantly
different from that in the control (0.27 mg/bee)
(F =12.28, df,. =4,15, P =0.001) (Fig. 3b).
Compared with the control, the lipid amounts in
all treated groups declined by over 50% (F =
63.90, df,. =4,15, P < 0.001) (Fig. 3c). It was
also found that the total amounts of protein in the
groups treated with the PbF were significantly low-
er than that in FA80-treated and the control groups
(F =447.16, df,. =4,15, P <0.001) (Fig. 3d).

4. DISCUSSION

The present study focused on the possibility of
applying a new essential oil-containing formula-
tion for the control of varroa mite in the honey bee
colonies.

The GC and GC/MS results proved that seven
monoterpenoids including 1,8-cineole, camphor,

Table VI.. Effects of the treatments on colony production during the summer experiment

Treatments Honey production increase (%) Collected pollen (g)
PbF60 282.48 +86.57* 164.78 +£8.53*
PbF80 357.81 £84.43* 157.05 £8.05%
PbF100 290.80 +43.84* 141.23 £6.97%
FA80 277.63 +68.06* 166.83 +£3.98%
Control 227.31 £90.90* 123.70 +6.43°

Means marked with the same letter in each column are not statistically different (Tukey’s test, P < 0.05)

@ Springer



Evaluation of a new plant-based formulation for the treatment of...

0.6 a

(umol/min/mg protein)

Enzyme specific activity

PbF60  PbFS0 PbF100 FA80  Control

1.4 4

1.2

C

1.0 4 ab
0.8
0.6
0.4
0.2
0.0 =

Enzyme specific activity
(numol/min/mg protein)

PbF60  PbF80  PbF100

Treatments

FA80  Control

a
| b b b

a
b
| l
c l
T . T T T

1083

1.8

084 2 b

0.6

04 c

0.2 4 -
0.0 - r r :

PbF60  PbF80  PbF100

FA80 ‘C ontrol
0.30 -
0.25
0.20 - b b
0.15 A
0.10 -
0.05 -

0.00 -

PbF60  PbF80 PLFI00 FA80  Control

Treatments

Figure 2. Effects of the treatments on a acetylcholinesterase, b glutathione S-transferase, ¢ «-esterase, and d f3-
esterase specific activities of the treated bees during the summer experiment. Bars marked with the same letters are

not statistically different (Tukey’s test, P < 0.05).

carvacrol, {3-thujone, thymol, «-thujone, and
cymene comprise 80.84% of the components in-
volved in the test PbF. Imdorf et al. (1999a, b)
reviewed the efficacy and safety of these compo-
nents for the treatment of honey bee varroosis.
1,8-Cineole, the most abundant active ingredient
of the PbF, or essential oils rich in this component
have already been proven to be effective against
varroa mite (Imdorf et al. 2006; Damiani et al.
2009; Maggi et al. 2011; Ghasemi et al. 2016).
Camphor, carvacrol, (3-thujone, «-thujone, and
thymol, whether pure or in a form of commer-
cial product, offered promising varroacidal ef-
fects (Calderone and Spivak 1995; Imdorf
et al. 1995; Bollhalder 1998; Imdorf et al.
1999a, b; Ruffinengo et al. 2005; Damiani
et al. 2009; Tananaki et al. 2014; Gracia
et al. 2017). Therefore, the efficacy of our test
PbF could be attributed to the high potential of
its major components.

A comparison of our trial results with previous
studies is not always possible since in several

studies the natural mite mortality was omitted.
Nevertheless, the varroacidal efficacy of PbF100
is comparable with that of FA80 (57.45%) report-
ed in the present research, Apiguard® (46%)
(Gregorc and Planinc 2005), Apilife VAR®
(53.8%) (Coffey and Breen 2013), Exomite
Pro™ (39.4%), and Apiguard® (40.09%)
(Tananaki et al. 2014). However, our tested for-
mulation showed a lower varroacidal efficacy in
comparison with Apilife VAR® (81.3%) and
Apiguard® (95.5%) (Floris et al. 2004),
Thymovar® (84.7%) (Coffey and Breen 2013),
HopGuard® (88%) (Rademacher et al. 2015),
Apiguard® (76.1%) (Giacomelli et al. 2016), Ar-
gus Ras (80.89%) (Stanimirovi¢ et al. 2017), and
oregano oil (97.4%) (Sabahi et al. 2017).

Despite many advantages, a major criticism of
essential oil-based varroacides is their inconsis-
tent efficacy and great variability between studies,
the seasons of the year, and localities (Calderone
and Spivak 1995; Imdorf et al. 1999a, b;
Rosenkranz et al. 2010). Since most fumigant
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Figure 3. Effects of the treatments on a carbohydrate, b glycogen, ¢ lipid, and d total protein content of the treated
bees during the summer experiment. Bars marked with the same letters are not statistically different (Tukey’s test, P

< 0.05).

varroacides act via the evaporation of the active
ingredients which is temperature dependent, the
season of the year or the ambient and colony
temperature during treatment period can signifi-
cantly influence their effectiveness. For example,
the efficacy of Apilife VAR® as an autumn treat-
ment in a cool climate of Ireland was 53.8%
(Coffey and Breen 2013), whereas this product
showed 81.3% efficacy in Italy during the sum-
mer (Floris et al. 2004). In a 3-year study in Karaj,
Iran, Bahreini et al. (2004) found a significant
positive correlation between FA mite mortality
and temperature. They stated that the efficacy of
this acid during 25 Nov—13 Dec 1998 (mean
temperature 11.09 °C) and 20 Oct—8 Nov 1999
(mean temperature 13.72 °C) was significantly
lower than that during 26 Sep—18 Oct 2000 (mean
temperature 19.44 °C). As it was expected, the
efficacy of our test PbF, as a volatile compound,
during the summer (mean temperature 24.52 °C)
was significantly higher than that in the autumn
(mean temperature 11.63 °C). It is noteworthy

@ Springer

that, on some days when there were low temper-
atures, neither PbF nor FA were sufficiently evap-
orated even 1 week after their administration to
the colonies. Thus, the greater efficacy of the PbF
in the summer experiment could be mainly linked
to its higher evaporation rate, thereby releasing
more active ingredients within the colony. Despite
all these facts, the lower efficacy of FA80 in our
experiments compared with the same previous
studies remains controversial.

It was assumed that employing the right deliv-
ery method would ensure the continuous release
of the active ingredients for a relatively prolonged
period of time, thereby enhancing the varroacidal
efficacy of the treatments. In our preliminary ex-
periments, 60-mL single-use plastic containers
with some small holes on the sides and a piece
of cotton inside were used for administering the
PbF and FA to the colonies, as most beekeepers in
Iran do. We observed that this administration
method has a main drawback in that bees plug
the holes using propolis and do not allow the
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vapors to escape from the container, especially
during the nectar flow in spring and summer. In
order to overcome this problem and provide an
easy-to-apply application method which is capa-
ble of slow release of the vapors, a piece of an
absorbent pad was used for administering the test
treatments. Some researchers reported that absor-
bent pads are a simple and effective means of
administering fumigant varroacides such as FA
and essential oil-based compounds to the
varroa-infected colonies (Amrine and Noel 2006;
Amrine et al. 2007; Gashout 2008). In contrast,
Sababhi et al. (2017) compared three different mi-
ticide delivery systems and showed that using
absorbent pads as a vehicle to deliver a 7% solu-
tion of a mixture of oregano and clove oils diluted
in ethanol yielded the lowest rate of mite control.
However, these authors noted that a quick evapo-
ration of the ethanol from the solution possibly
decreased the release rate of the oils, thereby
reducing varroacidal efficacy. In the present re-
search, the evaporation slope of the treatments for
each week of the treatment period was not calcu-
lated. Nevertheless, it seems that the estimation of
correlation between daily evaporation rate of the
treatments from the pad and daily mite fall could
facilitate making some adjustments to our deliv-
ery method.

The place for fumigant treatment inside the
hive would also affect the distribution pattern of
its toxic vapors (Amrine and Noel 2006; Imdorf
et al. 1999a, b; Imdorf and Bogdanov 1999). The
major reason that we applied the PbF over the
brood combs was due to the higher molar mass
(M) and density (p ) of its major components (1,8-
cineole, M = 154.24 g/mol, p= 922 kg/m3; cam-
phor, M =152.23 g/mol, p= 990 kg/m®; carva-
crol, M =150.21 g/mol, p= 977 kg/m3; thujone,
M =152.23 g/mol, p= 920 kg/m’; and thymol,
M =150.22 g/mol, p= 960 kg/m?) than those of
dry air (M =28.97 g/mol, p= 1.22 kg/m®). Also,
regarding the low boiling point and the high vapor
pressure of the monoterpenoids (Li and Perdue
1998; Badawy et al. 2016; Dhifi et al. 2016), the
warm air rising up from the space between the
brood frames activates the PbF in the absorbent
pad leading to emission rate increase. Similarly,
Apilife VAR® tablets and Thymovar® wafers are
recommended by the manufacturers to be placed
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on the brood combs because application from the
bottom reduces their efficiency considerably
(Imdorf et al. 1995; Bollhalder 1998; Coffey and
Breen 2013). We speculate that placing the PbF in
the four corners of the hive on top of the frames
would lead to a more uniform distribution of the
vapors in the hive atmosphere, thereby achieving
a higher varroacidal efficacy.

The controversial point of the study is that the
PbF is probably effective only against phoretic
mites present on the adult bees body, and its
vapors are unlikely to penetrate through wax cap-
pings and kill the mites in reproductive phase
because no noticeable mortality was observed in
mites inside the sealed brood cells over the treat-
ment periods. Since the absence of brood in colo-
ny would result in most of the mites being trans-
ferred to adult bees body and more exposed to
treatments (Dietemann et al. 2013), the integration
of the PbF with artificial broodless colony condi-
tions achieved by queen caging technique may
lead to a greater varroacidal efficacy. In this con-
text, Giacomelli et al. (2016) reported that the
concurrent application of Apiguard® and queen
caging resulted in higher varroacide performance.
In a recent study, Gregorc et al. (2017) recom-
mended combining oxalic acid application with
caging the queen as an effective management
program for varroa mite control.

The effectiveness of any anti-varroa drug is not
only restricted to the power of killing the mites, as
its safety for the honey bee colonies, beekeepers,
and consumers of bee products should also be
considered. The current knowledge of the delete-
rious effects of conventional acaricides on honey
bee health was summarized by Tihelka (2018).
This author noted that even plant-based sub-
stances and organic acids at recommended doses
can lead to high bee mortality and interruption of
colony growth and performance. For example,
applying 40 g thymol-based powder for 4 weeks
caused a great reduction of brood population and
high mortality of adult bees (Tananaki et al.
2014). In another study, it was indicated that
Varterminator, a new medicine made of a gel
containing formic acid, causes a high mortality
of the honey bee eggs (Giusti et al. 2017).

In a previous study by our colleagues (Ghasemi
et al. 2016), it was observed that the honey bee
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foragers are highly attracted to 7. kotschyanus,
M. longifolia, and E. camaldulensis flowers as
sources of nectar and pollen. They reported that
essential oils from these plant species, which the
major components of the PbF are derived from,
cause the least toxic effects on the honey bees in
laboratory conditions. In confirmation with this
report, our test results proved the safety of the
PbF for different developmental stages of the
worker bees as well as for the queens’ health.
These findings agree with those of previous re-
searchers who found menthol (Gashout and
Guzman-Novoa 2009), thymol (Charpentier
et al. 2014), HopGuard® (Rademacher et al.
2015), neem (Azadirachta indica) oil (Gonzalez-
Gomez et al. 2016), and oregano oil (Sabahi et al.
2017) to be safe compounds for the honey bees.

Being free of disease and proper nutritional
status are evidently among the most important
factors contributing to colony strength and
growth. Hence, it is thought likely that the signif-
icant increase of the adult bee population in the
treated groups is linked to the noticeable reduction
of varroa infection level as well as more pollen
provided by the forager bees. Albeit, given the
high initial amounts of brood, a more adult bee
population was expected at the end of the treat-
ment period. It seems that great reduction in the
rate of oviposition of the queens, due in part to the
shortage of nectar flow over the last 2 weeks of the
treatment period, is the main reason why the col-
onies did not grow well. In addition, it should not
be neglected that the inability of the PbF to kill the
mites within the sealed brood cells would lead to
the emergence of varroa-parasitized bees that have
a significantly reduced lifespan (Amdam et al.
2004).

Being aware of the changes of enzyme activi-
ties and energy reserves amounts after exposure to
xenobiotics allows for a better understanding of
how varroacides affect the biochemical features of
honey bees, and how honey bees detoxify the
toxic molecules and rid themselves of the stress
conditions.

ACHE is one of the main sites of action for toxic
vapors of essential oils and monoterpenoids in dif-
ferent insect species (Kostyukovsky et al. 2002;
Shaaya and Rafaeli 2007; Rajendran and Sriranjini
2008). Our enzyme assays revealed that the PbF80

@ Springer

B. Rashid et al.

and PbF100 had no significant effect on the bee
brain AChE activity. Similar results were obtained
in case of coumaphos (Weick and Thorn 2002) as
well as amitraz, flumethrin, thymol, and thymol
blended with essential oils (Loucif-Ayad et al.
2008). It is possible that the active ingredients of
the PbF interfere with other target sites in the CNS
of the honey bees including octopamine and
GABA-gated chloride channels. GST and ESTs
are the main enzymes responsible for the metabo-
lism and detoxification of xenobiotics (Grant and
Matsumura 1989; Li et al. 2007). In a research by
Loucif-Ayad et al. (2008), it was found that amitraz
and flumethrin significantly increased GST specific
activity in the larval instars, pupae, and newly
emerged worker bees in comparison with thymol,
thymol blended with essential oils, and control. Low
doses of acetamiprid, pymetrozine, and pyridalyl
caused a significant increase in the GST activity of
the honey bee, while this enzyme was significantly
inhibited at higher doses (Badawy et al. 2015). Zhu
et al. (2017) proved that acephate (Bracket®) and
the mixture of imidaclopride (Advise®) + Bracket®
suppressed esterase activity in the honey bees. Al-
though we expected a significant increase in the
specific activities of the detoxifying enzymes,
long-term exposure of the bees to the PbF, thereby
receiving high doses of its toxic vapors, possibly led
to inhibition of GST and ESTs activities.
Carbohydrate, lipid, and protein are the main
molecules stored in the fat body that are used as
energy sources for life activities in insects (Van
der Horst et al. 1997). Some varroacides have
been shown to impose metabolic costs of detoxi-
fication to the honey bees. In this context, Loucif-
Ayad et al. (2010) studying the effects of four
acaricides on the metabolism of the worker bees
proved that application of Bayvarol® and
Apivar® led to a significant reduction in the
amounts of protein, carbohydrate, and lipid of
the hemolymph, and to a lower extent in the
protein and lipid amounts in the body tissues. In
contrast, Apiguard® and Apilife VAR® had no
considerable negative effects on the main bio-
chemical compounds of the hemolymph and the
whole body extract of the bees. Despite the con-
siderable toxicity of the PbF against phoretic
varroa mites, adult bees could successfully toler-
ate its toxic vapors. Since stress tolerance and
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detoxification of xenobiotics are among the most
energy-demanding physiological activities in in-
sects (Cresswell et al. 1992; Guedes et al. 2006),
depletion of carbohydrate, glycogen, lipid, and
protein amounts could be attributed to the in-
volvement and utilization of these macromole-
cules in detoxifying the toxic ingredients of the
PbF.

5. CONCLUSION

Low costs (less than US $1.00 per colony for a
4-week treatment period), easy to use, and safety
for the honey bees are the main advantages of our
test PbF. Despite the fact that the efficacy of the
PbF is not comparable with that of the conven-
tional anti-varroa drugs on the market, the results
of the present research are a promising step for-
ward for the future studies on this product.

Depending on whether funding is available, we
intend to conduct more experiments in order to
take a closer look at this new formulation and
modify its efficacy and safety.
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