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Abstract — A considerable part of the knowledge about the honey bee parasite Varroa destructor emerged from
rearing protocols in semi-natural or laboratory conditions, yet a durable protocol over several generations of mites is
still lacking. The development of such multigenerational rearing relies on the emergence of a sufficient number of
new fertile females in the first generation of V. destructor . The optimization of the parasite’s reproductive success in
laboratory conditions thus represents an important prerequisite. The number of foundress mites in a cell is known to
impact the probability of male survival and thus the number of mated daughters. We therefore investigated the effect
of'the degree of bee larvae infestation under laboratory conditions. The results showed that the probability of finding
at least one foundress alive at the end of the rearing was significantly higher in doubly infested cells. This leads to the
improvement of the reproductive parameters and more specifically of the number of daughters per mite. In doubly
infested cells with one dead foundress, the presence of a surviving female would in fact allow both its descendants
and those of the dead mite to complete their development. The mated daughters from this system were used in a
subsequent experiment to test their ability to complete their reproductive cycle in laboratory conditions, from the
perspective of developing a multigenerational rearing. The reproduction and development of the offspring measured
were similar to those of the first generation. However, many of the females from the second generation died before
the completion of their first reproductive cycle. We suggest that these females are fertile but might lack the energy
necessary to survive throughout reproduction. The results from our bioassay could constitute a basis for the
development of a durable V. destructor laboratory rearing and for the improvement of our understanding of the
parasite’s reproductive cycle.
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Modern beekeeping suffers from a global col-
ony weakening which manifests itself through
winter losses and unexplained colony collapses
each year (Neumann and Carreck 2010). Many
causes are highlighted by the scientific communi-
ty, which includes pesticide use, predators, path-
ogens, and parasites (Oldroyd 2007; Le Conte
et al. 2010; Goulson et al. 2015). The main ecto-
parasite of the Western honey bee Apis mellifera
L is the acarian Varroa destructor (Anderson and
Trueman) (Nazzi and Le Conte 2015). This
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parasite switched host from the Asian to the West-
ern species of honey bee in the beginning of the
twentieth century and has now spread worldwide
(Solignac et al. 2005). Its close association with
many honey bee viruses makes V. destructor one
of the major causes of colony loss (Martin 2001;
Guzman-Novoa et al. 2010; Francis et al. 2013).

The cycle of V. destructor is divided into two
distinct phases: a parasitic phase on adults called
the phoretic phase and a parasitic phase on larvae
and pupae during which the females reproduce
(Rosenkranz et al. 2010). More precisely, the
reproduction of V. destructor starts 70 h after
the sealing of a larval cell infested by the parasite.
At this point, the females lay a first haploid male
egg (Rehm and Ritter 1989; Donz¢ and Guerin
1994; Martin 1994). Every 30 h, the mites then lay
a series of diploid female eggs. The eggs hatch
and the juveniles go through their larval develop-
ment, from protonymphs to deutonymphs that
molt to become adults (Martin 1994). Once the
male and the first female reach the adult stage,
mating occurs within the sealed cell. The male
mostly mates with the younger adult females,
and multiple mating events are frequent
(Ziegelmann et al. 2013). When the bee finally
emerges from the sealed cell, the newly mated
females and the foundress can infest adult hosts
to start a new parasitic cycle (Martin and Kemp
1997). An important part of the knowledge
concerning the parasitic mite emerged from the
study of V. destructor in laboratory or semi-
natural conditions (Le Conte et al. 1989; Donzé
and Guerin 1994; Rosenkranz et al. 2010; Frey
et al. 2013; Ziegelmann et al. 2013). These exper-
imental methods enable control over many param-
eters such as the temperature and hygrometry,
along with facilitated observation of the parasite
cycle.

The laboratory settings that allowed the precise
description of the parasite cycle are diverse. The
protocols actually range from the simple transfer
of frames under controlled conditions (Donz¢ and
Guerin 1994) to completely artificial feeding
chambers (Tabart et al. 2013), including the use
of gelatine capsules to simulate brood cells (Nazzi
and Milani 1994). This system developed by
Nazzi and Milani (1994) and used in recent stud-
ies (Piou et al. 2016; Annoscia et al. 2017;
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Mondet et al. 2018) is particularly promising.
Indeed, this protocol can benefit from the control
over many parameters and from the possibility to
follow the parasite cycle in a daily manner without
significantly impacting the physiology of mites
(Piou et al. 2016; Mondet et al. 2018). However,
to our knowledge, this method remains limited to
one generation of mites, and a multigenerational
rearing is still lacking. To develop a functional
second generation rearing, the first concern is to
optimize the reproductive success of the
foundresses from the first generation reared in
the laboratory to ensure the production of numer-
ous fertile daughters.

The aim of this study was thus to explore ways
to improve the efficacy of rearing protocols of
mites collected in bee colonies to then test for
the first time the rearing of their daughters born
under laboratory conditions. The parameter we
chose to enhance the reproductive success of
mites is the infestation level of cells. In most
cases, a single female foundress infests the cell.
However, multiple infestations can also happen,
especially in autumn when the parasite population
is high (Martin 1995; Donzé et al. 1996;
Beaurepaire et al. 2017). Even if several studies
showed that multiple infestations tend to decrease
the number of offspring per mite (Fuchs and
Langenbach 1989; Eguaras et al. 1994), the pro-
portion of cells with living males and thus the
number of mated females is expected to be higher
when double infestations occur (Martin 1995;
Donzé et al. 1996). Our aim was to investigate
the reproductive outcome of V. destructor reared
in singly and doubly infested cells in order to
understand if double infestation could indeed in-
crease the proportion of mated daughters per
foundress. The potentially mated daughters from
this first experiment were collected, and their re-
productive capacity was assessed in a second rear-
ing only using the females born under laboratory
conditions.

2. MATERIAL AND METHODS

Eight honey bee colonies derived from
Buckfast and Carniolan origins were used in this
study conducted between July and September
2018. The colonies were maintained on the
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University campus in Albi (France) and occasion-
ally fed sucrose syrup. The ethical recommenda-
tions currently in force in the European Union
were followed. The colonies were left untreated
so that the V. destructor population remained
high enough during our experiments.

2.1. General rearing procedure

In order to simulate a phoretic phase under
laboratory conditions, adult worker bees were
collected in colonies on an open brood frame,
kept in experimental cages (Pain 1966), and
fed ad libitum with a 50% sucrose syrup solu-
tion. On the same day, foundress mites ran-
domly sampled from sealed brood cells were
transferred onto the collected adult bees kept
in experimental cages. The cages were placed
in an incubator (34.5 °C, 60% RH) for 3 days
to simulate a phoretic phase. We chose a 3-day
duration based on its occurrence in natural
conditions and on a previous work that showed
that a longer phoretic phase did not improve
the outcome of the parasite’s reproduction
(Boot et al. 1993; Piou et al. 2016).

On the third day, the phoretic mites were trans-
ferred onto fifth instar larvae so that they could
start their reproduction. To do so, an open brood
frame, ideally containing a high proportion of
larvae, was taken to the laboratory. Bottom halves
of gelatine capsules (0.3 mL, LGA, La Seyne-sur-
Mer - France) were placed on the fifth instar larval
cells before their sealing. The frames were then
arranged horizontally, with the capsules pointing
down, in a 34.5 °C incubator for 2 to 5 h. The
transfer of larvae in the capsules thus only relied
on the spinning movements and did not involve
any handling. Once the larvae were transferred,
the capsules were removed from the frame, and
the parasitized adult worker bees kept in cages
were CO,-anesthetized for one minute. The fe-
male mites were collected from the anesthetized
adults and placed on the larvae in the capsules, as
described in Piou et al. (2016). The gelatine cap-
sules containing the parasites and the larvae were
closed and kept at 34.5 °C, 80% RH in an incu-
bator until the emergence of the bee around the
12th day.
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2.2. Impact of double infestation

The general procedure recreating the para-
site cycle was followed as described above.
For the laboratory phoretic phase of the infes-
tation level bioassay, 100 adult bees randomly
sampled on an open brood frame were artifi-
cially parasitized with randomly collected
V. destructor females. On the third day, before
being placed in gelatine capsules containing
larvae, the mites were marked on their dorsal
scutum using a thin paint pen (Posca™). The
effect of marking with a paint pen on the
survival and reproduction of the parasite was
assessed by including unmarked mites in our
rearing and then considering the marking in
the statistical analyses. To study the effect of
double infestation in laboratory conditions, the
capsules were separated into two treatments:
either infested with a single parasite or infested
with two parasites. This rearing was repeated
twice by colony on a total of 209 female mites
and 150 bee pupae, among which 59 were
doubly infested. The capsules in which the
larvae did not survive the prepupal stage were
discarded. This mortality seems to be a conse-
quence of the transfer process rather than par-
asitization, as shown by the similar mortality
rates obtained when larvae were transferred
without mites (Online resource 1). The 185
mites and 132 bees that started the pupal phase
were recovered at the end of the 12 days, and
the proportion of capsules with at least one
living foundress was noted. The proportion of
capsules in which reproduction was
initiated—i.e., with observable eggs,
protonymphs, deutonymphs, or freshly molted
adults—was also measured. In each cell, the
number of protonymphs, deutonymphs, and
daughters per foundress was assessed, along
with the presence and number of males. The
different parameters measured in the infesta-
tion level bioassay are summarized in Table 1.
When living males were observed in capsules
where the reproductive foundresses were
marked, the living mature daughters, easily
identifiable as they had no paint on their dorsal
scutum, were considered potentially mated and
collected for the second generation rearing.
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Final model
(comparison with the null model)

Bee
survival
(DF

Cell with at
least one

Marking
=1)

(DF

Colony ID
= 7)

(DF

Level of
infestation
(DF

Model

Table I (continued)
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2.3. Second generation rearing

In this rearing, only the adult female mites
born under laboratory conditions were used.
The potentially mated daughters from single
and double infestation treatments were col-
lected and pooled together. They were trans-
ferred onto 50 newly sampled adult bees kept
in experimental cages. In this experiment, the
sampling of adult bees for the phoretic phase
was more rigorous, and only worker bees on
which no parasitic mite was observed were
collected and placed in the cages. This was
necessary to not bias the second generation
rearing with mites from the colonies. The
general procedure was then followed, and
the reproductive phase was initiated 3 days
later when one mite was transferred into a
gelatine capsule containing a bee larva. This
second generation rearing was repeated six
times to reach the total of 48 daughter mites.
Again, the capsules in which the larva did not
survive the first 2 days after the transfer were
discarded (Online resource 1). On the 12th
day, the survival of mites and of bee pupae
was assessed. The reproductive rate of
foundresses, regarded as the proportion of
mites that initiated their reproduction, was
measured. The number of offspring
(protonymphs, deutonymphs, and daughters)
per foundress was also counted.

2.4. Statistical analysis
2.4.1. Dependent variable analyzed

The data were statistically analyzed using R
3.43 (R Core Team 2017). The graphs were
obtained using the ggplot2 package from the R
software (Wickham 2009). Generalized linear
models (GLMs) were conducted to analyze the
data. Survival and reproductive proportions
were analyzed as binary variables (with a
Yes/No response), whereas offspring were
numbered and treated as count data. The final
model retaining only the significant parameters
was finally compared with the null model
(Crawley 2013) (Tables I and II).
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2.4.2. Parameters included in the infestation
level analysis

When normality and homoscedasticity con-
ditions were confirmed, the mean number of
offspring per female was analyzed and includ-
ed in a Gaussian regression (Table I). As it
was not the case for the mean amounts of
deutonymphs, protonymphs, and males,
Poisson regressions were used on the raw
count data and the infestation level was includ-
ed as an offset variable. Along with the level
of infestation, the presence of a surviving
foundress at the end of the rearing and the
survival of bees were also tested to explain
part of the variability of the measured repro-
ductive and survival features. The colony ID
parameter—allowing the identification of the
colony from which bees and parasites were
collected—was included in the model as it
can be a source of variability. The paint mark-
ing was tested to make sure that it did not lead
to a significant bias in the results. Precisions
about the parameters fitted in each model are
brought in Table I.

Finally, in order to examine further the link
between infestation level and proportion of
potentially mated daughters, a GLM analysis
of the percentage of cells with living males
was performed on a subset of the data contain-
ing only the capsules in which living daughters
were observed.

2.4.3. Parameters included in the second
generation—rearing analysis

The data regarding the second generation
were compared with the observation of the
first generation from singly infested cells only.
The survival of the bee, the generation, and the
survival of the foundress were the parameters
tested to explain our response variables
(Table I). In the cells where foundress mites
produced daughters that had matured into
adults at the time of our observation, the num-
ber of surviving daughters was analyzed with
the generation and the survival of the mother
as explanatory factors.
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3. RESULTS
3.1. Impact of double infestation
3.1.1. Host and parasite mortality

The mortality rate of bees did not vary much
when a second mite was introduced into the cap-
sules. No significant difference was found in the
survival of bee pupae infested with two mites
(94.3% (CI 95, 84.3-98.8)) or one mite (94.9%
(CI 95, 87.5-98.6)) (GLM x*=2.2;DF=1;p =
0.13; Table I).

Regarding the parasite mortality, as expected in
a low competition context, the proportion of cap-
sules with at least one living foundress at the end
of the experiment was positively impacted by the
infestation level (GLM % =142; DF = 1;p <
0.001, Table I). More precisely, 98.1% (CI 95,
89.9-99.9) of the capsules contained at least one
survivor in the case of double infestation and
78.5% (CI 95, 67.8-86.9) when only one mite
infested the artificial cell (Figure 1). The differ-
ence between infestation levels is obviously due
to the fact that, in a context of low competition,
adding a mite in the cell increases the probability
of observing at least one survivor on the 12th day.
When individual mortality is considered, the sur-
vival rate in doubly infested cells actually de-
creases to 87.7% (CI 95, 79.9-93.3). On the other
hand, the survival of bees (GLM y 2=171:DF =
1;p =0.19), the marking (GLM y %> = 0.73; DF =
1; p = 0.39) or the colony ID (GLM X2 =6.25;
DF =7; p =0.51) did not significantly impact the
proportion of cells with one living foundress
(Table I).

3.1.2. Reproduction of the parasite

The proportion of capsules in which reproduc-
tion was initiated is significantly different be-
tween infestation treatments (two mites 94.34%;
one mite, 75.95%; GLM y*=4.36; DF = 1;p <
0.05; Figure 1, Table I). Adding one mite in the
capsules increases the probability of observing
reproduction in the cells at the end of the 12-day
cycle. The presence of a living foundress on the
12th day (GLM x 2 = 26.87; DF = 1; p < 0.001)
and the survival of the bee (GLM y * = 31.77; DF

@ Springer
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Figure 1. Proportion (and 95% confidence intervals) of capsules with at least one foundress alive (left) and
proportion of capsules in which reproduction was initiated (right) in double or single infestation. The differences
between infestation treatments are significant for both dependent variables (foundress alive, DF =1, x> = 142, p <
0.001; initiation of reproduction, DF =1, x2 =4.36,p <0.05).

= 1; p < 0.001) also significantly impact this
probability (Table I). Even when only the surviv-
ing foundresses are considered, reproduction oc-
curs slightly more often in doubly (94.23%) than
in singly infested cells (88.71%).

Regarding the total number of offspring per
foundress, differences are observable between sin-
gle and double infestations. More precisely, the
average number of offspring per foundress is
higher in capsules infested with two parasites
(2.74 £ 0.15) than in capsules infested with one
parasite only (2.23 + 0.21). Even though no sig-
nificance was detected between infestation treat-
ments (GLM X2 =1.05; DF = 1; p = 0.31), this
appears to be indirectly linked to the infestation
parameter. Indeed, the number of offspring de-
pends on the presence of at least one living
foundress on the 12th day (GLM X2 = 27.59;
DF =1; p <0.001, Table I) which is significantly
higher in the case of double infestation. A similar
situation was noted with the number of
deutonymphs, males, and in particular with the
number of daughters (Table I, Figure 2a). More
precisely, 1.41 & 0.10 daughters per foundress are
on average observed in doubly infested cells
against 0.99 + 0.13 in the case of single infestation

(among which 0.63 +0.12 were alive and mated at
the end of the experiment). However, the statistics
show again that the presence of a surviving
foundress rather than the infestation level signifi-
cantly impacts the number of daughters. The in-
festation level parameter was still retained in the
final model as it shows a tendency to significance
(GLM x? = 3.60; DF = 1; p = 0.06; Table I,
Figure 2a). The only reproductive feature not im-
pacted in the same way is the number of
protonymphs which is higher in the single infes-
tation treatment. However, the analysis showed
that the number of protonymphs only depends
significantly on the bee survival (GLM x? =
5.53; DF = 1; p < 0.05). Although it affects a
restricted number of cells (7/132), the bee pupa
survival factor is obviously important as it reduces
the probability of parasite reproduction. That is
why it was retained in the majority of final models
(Table I).

Finally, regarding the link between infestation
level and proportion of males in cells (and conse-
quently of mated adult daughters), the results
show that males are more frequently observed in
doubly (75.47% (CI 95, 61.72-86.25)) than in
singly infested capsules (46.38% (CI 95, 29.60—
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b) 1.5+

0.54

Number of mated daughters
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Figure 2. a For each category of offspring, mean number of individuals (+ standard error) observed per foundress in
the case of single or double infestation. The differences observed between infestation treatments are not directly due
to the infestation level but are significantly dependent on the proportion of capsules with one living foundress, which
is higher in the case of double infestation (Table I). b Mean number of potentially mated daughters per foundress (+
SE) in singly or doubly infested cells. The difference observed is related to the higher number of daughters per
foundress in doubly infested cells (DF = 1, x 2 = 3.60, p = 0.06) and to the presence of a living male, also more
frequent in doubly infested cells (DF = 1, x> = 18.84, p < 0.001; Table I).

52.15); p <0.001; Table I). This could lead to the
higher mean of mated daughters per foundress in
doubly infested cells (Figure 2b). However, when
the same analysis is run exclusively on the cells in
which living daughters were noticed, the differ-
ence between infestation treatments is reduced
(73.33% (CI 95, 67.95-91.99) and 75.76% (CI
95, 57.74-88.91)), and only a trend toward sig-
nificance is detected (GLM x 2=3.01;DF=1; p
=0.08).

3.2. Second generation rearing
3.2.1. Host and parasite mortality

In singly infested cells, the second generation
rearing resulted in a comparable bee survival rate
with 95.46% (84.53-99.44) surviving pupae
while the survival reached 94.94% (87.54—
98.60) in the first generation (GLM y * = 0.02;
DF = 1; p = 0.90, Table II). In contrast, the
survival rate of the parasite significantly dropped
in the second generation (GLM y > = 10.38; DF =
1; p <0.01). The laboratory-born females used in
the second generation died in 50% of the cells
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during their first reproductive cycle (Figure 3a,
Table II).

3.2.2. Reproductive parameters

Surprisingly, despite the 50% mortality of
foundresses in the second generation rearing, the
proportion of reproductive mites remained similar
to the values measured in singly infested cells
from the first generation (GLM x > = 2.75; DF =
1; p =0.10; Figure 3a, Table II). The reproduction
was only significantly impacted by the survival of
the foundress (GLM X2 =2399;DF =1;p <
0.001) and of the bee (GLM  * = 24.80; DF = I;
p < 0.001, Table II). When only the surviving
foundresses are considered, the difference is
slightly more pronounced and the reproduction
reached 81.82% in the second generation, com-
pared with 88.71% in the first.

The number of protonymphs (0.41 + 0.11),
deutonymphs (0.48 + 0.10), and adult daughters
(0.98 £ 0.10) per foundress were all similar and
not significantly affected by the generation factor
(Table II). Only the survival parameters of the
foundress and of the bee pupa had a significant
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Figure 3. a Survival or reproduction of the female mites in singly infested cells in relation to the generation reared
under laboratory conditions. The error bars represent the 95% confidence intervals. The differences between
generations are significant in the case of the survival (DF = 1, x? = 10.38, p < 0.01) and not significant when it
refers to oviposition (DF = 1, x > =2.75, p =0.10). b Survival of the daughters V. destructor that reached the adult
stage in relation to the generation of mites reared under laboratory conditions. The error bars represent the 95%
confidence intervals. The difference is significantly related to the generation (GLM, DF = 1, y* = 5.13, p < 0.05).

impact. Again, it should be noted that the bee
survival parameters only affected a limited num-
ber of replicates (six out of 124).

The total number of offspring was the sole
dependent variable significantly impacted by the
generation (GLM y ? = 4.09; DF = 1; p < 0.05),
although the difference between generations is

very low (2.23 £ 0.21 in the first generation and
2.36 £0.28 in the second). Most of the variation is
in fact due to the offspring count in the 39 cells in
which the foundress died before the 12th day
(with a mean of 0.65 = 0.33 offspring for the first
generation against 1.73 + 0.36 for the second).
This confirms that the dead foundresses in the
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second generation died at a more advanced stage
of their reproductive cycle. The parasite survival
parameter also significantly affected the offspring
counts (GLM X2 =35.87; DF = 1; p < 0.001;
Table II).

Finally, in the 68 cells where the foundresses
successfully reproduced and generated one or
several daughters, the survival of these daughters
was significantly dependent on the generation
and, more precisely, lower in the second genera-
tion (GLM x? = 5.13; DF = I; p < 0.05;
Figure 3b). The survival of the daughters also
had a tendency to be positively related to the
survival of the foundress (GLM y * = 3.37; DF
=1;p =0.07).

4. DISCUSSION

4.1. On the general laboratory rearing
protocol in singly infested cells

When compared with data from the litera-
ture, our rearing of mites in singly infested
gelatine cells leads to relatively similar repro-
ductive features. Even when the dead
foundresses are included in the analysis, the
reproduction rate obtained in this study
reached 75.95% which remains within the
range of values encountered in other studies
on European varieties of honey bee, from
around 60 (Nazzi and Milani 1994; Martin
et al. 1997) to 80 or 90% (Ifantidis 1984;
Fuchs and Langenbach 1989; Harris et al.
2010; Piou et al. 2016). The same conclusions
can be drawn from the number of mature
daughters (0.99) and mated daughters (0.75)
as Donzé et al. (1996) obtained respectively a
mean of 1.07 mature and 0.83 mated daughters
per foundress in controlled conditions. These
values, along with the average number of 0.63
living mated daughters per foundress found in
our study are a bit low but remain within the
range of in vivo studies. Indeed, if several
studies in natural conditions described higher
reproductive successes (Ifantidis 1984; Fuchs
and Langenbach 1989; Martin 1994; Odemer
2020), our results are close to the data obtain-
ed by Lin et al. (2018) and even higher than
many studies on Apis mellifera scutellata
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(Calderon et al. 2010, 2012; Nganso et al.
2018). One essential difference that could be
involved in the divergence between laboratory
and in vivo studies is the presence of adult
bees. In naturally resistant honey bees, the
presence of workers is indeed known to reduce
the proportion of fertile mites (Harbo and
Harris 2009; Oddie et al. 2018). However, in
susceptible colonies, the presence of workers
has a low effect on the reproductive rate
(Harris et al. 2010), and the removal of pupae
with abnormal development could even lead to
an overestimation of the number of offspring
(Lin et al. 2018). The number of mated daugh-
ters per female is also impacted by the low
survival of male offspring in our study which
is close to the male survival rate in Africanized
bees (Medina and Martin 1999). This high
mortality could be due to the fact that our
laboratory rearing enables measurements at
emergence rather than at a late pupal stage as
in many in vivo studies. Emergence involves
many mortality risks to the males and imma-
ture stages especially because of the frequent
movements of the bee. Besides this methodo-
logical difference, resistance mechanisms of
the bee pupae could also lead to such reduced
mite reproduction, resulting in low amounts of
mated daughters per foundress, as suggested in
A. mellifera scutellata (Calderén et al. 2012;
Nganso et al. 2018). Even in European colo-
nies, the genetic and geographic origins of
bees can have an important impact on the
parasite’s reproduction, and local resistance
mechanisms can lead to a reduced reproduc-
tive outcome (Locke et al. 2012; Oddie et al.
2018). Altogether, despite diverse designs and
many sources of variation between studies, it
seems that laboratory rearing using gelatine
capsules is an appropriate method to mimic
the natural reproduction conditions of
V. destructor (Nazzi and Milani 1994; Piou
et al. 2016; Egekwu et al. 2018). Until now,
these protocols in controlled conditions only
focused on a single generation of mites. The
development of a multigenerational rearing de-
pends on the optimization of the reproduction
in these rearing systems. The presence and
fertility of daughter mites born under
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laboratory conditions are indeed a prerequisite
for the development of such a rearing protocol
over several generations.

4.2. Impact of double infestation and
optimization of the reproductive
success

Multiple infestation events of A. mellifera lar-
val cells by V. destructor are common, and up to
five or six foundress mites can be found in one
worker cell (Eguaras et al. 1994; Martin 1995;
Donzé et al. 1996). Double and single infestations
remain the most frequent cases and the effect of a
supplementary mite in a cell has drawn the atten-
tion from scientists. Both reductions (Fuchs and
Langenbach 1989; Boot et al. 1997) and increases
(Donzé et al. 1996) of the number of daughters per
female were observed in the presence of a second
mite. In the study of Donzé et al. (1996), the
number of mated daughters was higher in doubly
(1.07) than in singly infested cells (0.83). The
hypothesis was that the presence of a second
foundress could improve the reproductive success
through the higher chance of male survival and
mating probability of the daughters. To our
knowledge, this hypothesis was never confirmed
in controlled conditions, although it could have a
great impact on the development of a laboratory
rearing over several generations. The results ob-
tained in our study using artificial gelatine cells
seem close to the findings of Donz¢ et al. (1996).
We similarly found that the reproductive features
and the general reproductive success had a
tendency to increase under laboratory conditions
in the case of double infestation. Both our results
and those of Donzé et al. (1996) were obtained
outside of the colony in laboratory conditions.
The differences between our experiments and the
in vivo measurements showing a reduction of the
fecundity could again be related to the presence of
adult bees. In natural conditions, worker bees
could express hygienic or recapping behavior
more efficiently towards the multiply infested
and highly reproductive cells (Spivak 1996;
Harbo and Harris 2009; Harris et al. 2010), which
would lead to fewer daughters per foundress. Fur-
ther studies on hygienic behaviors on singly and
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multiply infested cells would shed light on this
possibility.

Nonetheless, the percentage of cells with males
on the 12th day was as hypothesized higher in the
case of double infestation than single infestation,
which could lead to a higher proportion of mated
daughters in doubly infested cells. It should be
noted that the difference is reduced when only
cells with living daughters are considered. Fur-
thermore, this difference does not explain the
greater number of offspring (deutonymphs and
daughters) in doubly infested cells found in our
study. This finding could be due to the foundress
mortality parameter.

In many studies of V. destructor reproduction,
the frames were frozen so the difference between
dead and living females might not have been
made with certainty (Ifantidis 1984; Martin
1994; Ifantidis et al. 1999). Our study shows that
the mortality of foundresses in doubly and singly
infested cells could be an important factor
impacting the number of offspring. Indeed, the
differences in the number of daughters and more
generally of offspring between single and double
infestations could rely on the higher chance for a
cell to contain a living foundress in the case of
double infestation. The presence of a living moth-
er is essential for the development and survival of
offspring since the foundress is the only one able
to pierce the cuticle to maintain an available feed-
ing site, at least for the first 4 days of the juvenile
mites’ life (Donzé and Guerin 1994; Martin 1994;
Kanbar and Engels 2005). When the foundress is
absent, the feeding site heals so the immature
parasite stages cannot feed and thus die. We hy-
pothesized that in doubly infested cells, if one of
the foundresses dies after initiating its own repro-
duction, the second one allows the progeny of the
dead mother to pursue its development further.
This is supported by the fact that the number of
offspring in doubly infested cells with only one
surviving foundress is on average higher (3.54 +
0.67) than that observed in singly infested cells
(2.66 + 0.23). This would result in an overall
higher number of females and deutonymphs per
foundress in the case of double infestation. On the
other hand, we suggest that the number of
protonymphs is higher in the single infestation
treatment because they cannot feed once the
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mother dies, which would lead to a death at an
early stage. This hypothesis on the count of
protonymphs should however be considered cau-
tiously as it is not significantly dependent on the
foundress survival. Furthermore, at the end of the
rearing, some early stages (eggs or protonymphs)
are difficult to detect because they can be dam-
aged or covered in waste from the bee molt. These
observations require further investigation to con-
firm that the presence of one living foundress at
the end of the rearing is at the origin of the
improved reproductive parameters.

To summarize, when only two mites infest
the cell, the intra-specific competition between
parasites seems low and reduces neither the
survival nor the number of offspring per female.
The addition of a second mite in our artificial
design even seems to improve the reproductive
parameters through the development of the
progeny which relies on survival of the
foundress. If this result is confirmed in nature,
it could be interesting to investigate the age of
the mites in doubly infested cells. Indeed, one
can hypothesize that older mites with a higher
mortality risk could be strategically more en-
ticed to double infestation as it would increase
the probability of reproductive success even if
this old female dies. Despite this reproduction
improvement in case of double infestation, the
effect of competition on the reproduction of the
mite could still appear at higher densities of
foundresses (Donzé et al. 1996) or even in dou-
bly infested cells on more subtle aspects of the
parasite cycle. The size and fertility of the prog-
eny may be impacted by the competition expe-
rienced early in their life, as in the case of
parasitoids (Cusumano et al. 2015). The analy-
sis of the mites’ daughters in relation to the
infestation treatment during their larval devel-
opment could thus be an interesting path to
investigate.

4.3. Second generation rearing

Our results revealed that mortality is the main
issue when daughters obtained under laboratory
conditions are used in a second rearing. None-
theless, the death of the young adults during
their cycle appears to occur after the initiation
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of reproduction. Indeed, the percentage of re-
productive mites (77.3%) and the average num-
ber of mature daughters per foundress (0.98) are
both comparable with the reproductive parame-
ters of the first generation and are within the
range of the values from the literature (Martin
1994; Nazzi and Milani 1994; Donzé et al.
1996; Martin et al. 1997; Locke et al. 2012).
This is in line with the study of Haufermann
et al. (2016) that found that the reproductive
parameters in mated daughters artificially
reintroduced into larval cells were similar to
the reproductive success of phoretic mites. In
our rearing, the difference between generations
emerges from the death of the laboratory-born
mother from the second generation along with
their daughters. One hypothesis could be that
the increased amount of energy consumed by
the reproductive process would weaken the
young inexperienced mites. Reproduction is a
very energy-consuming process for arthropods
such as V. destructor (Cabrera et al. 2013;
McAfee et al. 2017; Mondet et al. 2018), and
insufficiently matured young females could ex-
perience trouble going through their first repro-
duction. A previous study did reveal that the
expression of vitellogenin genes, involved in
the energy metabolism during reproduction
(Cabrera Cordon et al. 2013), is lower in young
females than in their mother at any time of their
cycle (Piou et al. 2016). However, this hypoth-
esis was not tested in our study and implies that
the initiation of reproduction is more related to a
series of signals independent from the female
mite and much less related to the energy stocks
of the parasite. Although surprising, this is con-
cordant with other observations about the initi-
ation of reproduction (Frey et al. 2013) and with
the fact that the fourth (and to a lesser extent the
third) egg laid by the female in a worker cell are
often observed even though they have no
chance of developing into adults (Martin 1994;
Donzé et al. 1996; Ifantidis et al. 1999). A
second hypothesis would be that the loss of
daughters is not related to the energy but to
external factors. The low vitellogenin expres-
sion could in fact be a sign that the laboratory-
born mites need to mature. In artificial gelatine
cells, these young inexperienced females may
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be more fragile and more sensitive to the move-
ments of the emerging bee or to the modifica-
tions caused by the bee imaginal molt. They
could also be more sensitive to the artificial
environment of the laboratory rearing. These
hypotheses are not mutually exclusive, and the
high amount of energy spent during reproduc-
tion could make the young laboratory-born
foundresses more sensitive to external stress,
which could lead to their death in the most
extreme cases. In any case, elucidating the
causes of mortality of the laboratory-born fe-
males is the next challenge to overcome in order
to develop a multigenerational rearing. The ar-
tificial introduction of these mites into sealed
larval cells of bee colonies (as in Hauermann
et al. (2016)) could shed light on the factors
leading to the death of young foundresses. Fur-
thermore, in our study, the foundresses from the
first generation were not tested in a second
laboratory rearing. This should be further inves-
tigated as the rearing could also affect the
foundress’ physiology and disturb their ability
to reproduce in a following reproductive cycle.

In conclusion, the experiments described
here will help in the development of a laboratory
rearing to obtain test mites more easily, espe-
cially during periods when they are difficult to
find. Based on this study, it appears that artifi-
cially infesting the capsules with two mites
would increase the number of mated females
per foundress only because of the higher prob-
ability of having at least one foundress alive to
keep the progeny fed. However, when these
mated daughters are used in a second rearing,
the overall reproductive success decreases even
though oviposition and development of the off-
spring are frequently observed. The fact that the
daughters are able to reproduce to levels com-
parable with those of feral mites is promising.
The survival of the second generation, along
with the survival and reproduction of
foundresses in several successive laboratory cy-
cles, is the next challenge that needs to be ad-
dressed. Altogether, our results constitute a first
step towards the development of a durable mul-
tigenerational laboratory rearing of
V. destructor .
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