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Abstract

A worldwide decline in the number of managed honeybee Apis mellifera
Linnaeus (Hymenoptera: Apidae) colonies has increased our reliance on
alternative insects for crop pollination. Costs of large-scale rearing and
storage are among the major obstacles limiting the use of other insect
species for pollination services. Recently, the blowfly Lucilia sericata
(Meigen) (Diptera: Calliphoridae) has been identified as a potential
alternative to the honeybee; development of storage techniques for this
species would significantly improve its commercial viability as a managed
pollinator. In this study, we investigated the effects of diapause and cold
storage on L. sericata for mass rearing. We found that diapausing larvae
could be stored at 7.5 °C for several months with low mortality. The effects
of cold storage on adult emergence depended on the strain of the fly tested.
Adult survival was comparable between directly developing flies and flies
that underwent diapause and cold storage until day 15 post-emergence.
Adult locomotor activity (essential for effective pollination) was
comparable between direct development and cold storage treatments.
Based on these results, we propose the implementation of diapause and
cold storage in L. sericata mass production for pollination, although further

improvements are needed.
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Introduction

Animal pollination is an important ecosystem service (Ollerton et
al. 2011); insect pollination is particularly important in agriculture as a
means of increasing the yield and quality of many crops (Bartomeus et al.
2014; Klein et al. 2007). Globally, pollination has typically relied on the
European honeybee, Apis mellifera Linnaeus (Hymenoptera: Apidae)
(Calderone 2012; Delaplane and Mayer 2000; Hung et al. 2018). However, a
worldwide decline in the number of managed honeybee colonies has
increased our reliance on alternative pollinating insect species (Decourtye
et al. 2019; Goulson et al. 2015; Larson et al. 2001; Potts et al. 2010; Rader et
al. 2015).

The common green bottle fly Lucilia sericata (Meigen) (Diptera:
Calliphoridae), is a blowfly that plays an important role as a model insect
in both pure (Alqurashi et al. 2019; Komo et al. 2020; Podhorna et al. 2018;
Rhinesmith-Carranza et al. 2018) and applied sciences (Barroso et al. 2014;
Chophi et al. 2019; Lihou and Wall 2019; Parry et al. 2019; Stadler et al.
2020). This species has also emerged as a valuable managed pollinator of
commercial crops such as strawberry (Hanada et al. 2016; Herrmann et al.
2019; Yanagi et al. 2017), onion (Currah and Ockendon 1983, 1984), and
mango (Dag and Gazit 2000; Mohsen 2019) in some countries. In particular,

strawberry pollination efficiency of L. sericata is comparable to that of



honeybees (Hanada et al. 2016), while onion pollination by L. sericata is
even more effective than by honeybees in a colder climate (Currah and
Ockendon 1983, 1984).

Lucilia sericata is easily reared and commercially available for
various crop pollination services and medical use (maggot debridement
therapy) (Hanada et al. 2016; Inouye et al. 2015; Stadler 2020). However,
the cost and effort required to rear these flies in large numbers is a major
obstacle to their efficient and widespread adoption as pollinators. The
need to develop a technique enabling the storage of mass-reared insects
and control their developmental timing to meet demands is a vital issue in
the field of beneficial insect population management (Denlinger 2008).
Implementing diapause may be the most efficient means of solving this
problem.

For many insect species, reproductive or developmental processes
are suppressed at times of the year when resources are lacking or
environmental conditions are unfavorable (Danks 1987; Goto and Numata
2014; Tauber et al. 1986). Diapause, a hormonally-regulated developmental
arrest, mitigates physiological stresses during such conditions and
synchronizes active periods of insect life cycles with favorable conditions
(Denlinger et al. 2012; Goto and Numata 2014). For L. sericata, larval
diapause is initiated when short-day photoperiods are experienced by

both the mother (parental generation) and the larvae themselves (Cragg
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and Cole 1952; Tachibana and Numata 2004b, c). Tachibana and Numata
(2004a) showed that diapausing L. sericata larvae could withstand chilling
at 7.5 °C for 60 days; these larvae terminated diapause and pupated
synchronously after transfer to normal (warm) rearing conditions.
Additionally, larvae in diapause do not feed. Therefore, commercial fly
suppliers should be able to maintain low-cost refrigerated fly stocks that
will readily emerge as adults upon rewarming. However, successful
implementation of this storage technique requires refrigerated flies to have
adequate survival rates and normal adult locomotor activity; this is
currently undetermined.

In the present study, we investigated the effects of diapause and
cold storage on L. sericata performance to see their possible implications
for mass rearing. We could effectively store larvae in diapause at 7.5 °C for
4-5 months with little reduction in survival. The effects of cold storage on
adult emergence depended on the strain of fly tested. Adult survival was
comparable between flies developing directly (without diapause and cold
storage) and those that experienced diapause and cold storage. Adult
locomotor activity was nearly identical between direct development and
diapause and cold storage treatments. Based on these results, we propose
that diapause and cold storage are possible to be implemented in L.
sericata mass production for pollination, although further improvement of

the strategy is needed.



Materials and Methods

Insects

The Japan Maggot Company, Co., Ltd (Okayama, Japan) kindly
provided an L. sericata colony (JMC strain); a commercially available strain
used for maggot debridement therapy, basic research (Kawabata et al.
2010; Mitsui et al. 2005; Nishijima et al. 2017) and strawberry pollination
(Hanada et al. 2016; Yanagi et al. 2017). However, due to long-term
management, the physiology of this strain may now be adapted to
laboratory conditions and may not be fully representative of the species.
Thus, an additional colony was studied, comprising individuals captured
along the riverbank of the Yamato-gawa River (34.6 °N, 135.5 °E) near the
Osaka City University campus in 2017 (OCU strain).

Adults were reared at 25 + 1 °C under long-day conditions (LD
16:8 h) in plastic containers (15 cm diameter, 9 cm depth) covered with
nylon netting and containing a piece of chicken liver for reproduction, a
water bottle, and dry sugar cubes. Every 2-3 days, a fresh piece of liver
was provided. Any deposited eggs were transferred to a section of liver in
an aluminum dish placed on wood shavings; wandering larvae would

crawl to this substrate to pupariate and pupate.



Diapause induction

At emergence, adult flies were maintained at either 20 + 1 °C under
diapause-averting long-day conditions (control) or diapause-inducing
short-day conditions (LD 12:12 h) (Tachibana and Numata 2004a). New
eggs were transferred on a section of liver and maintained at 15+ 1 °C
under the same photoperiodic conditions as the parental generation as per
Tachibana and Numata (2004c). Individuals remaining in the larval stage
27 days after cessation of feeding were considered to be in diapause,
whereas those that pupariated were considered to be directly developing
(not in diapause), as per Tachibana and Numata (2004c). We did not

discriminate larval sexes.

Larval cold storage, survival, and adult emergence

Diapausing larvae were transferred to short-day conditions at 7.5 +
1 °C on the day of diapause assessment (day 27 post-feeding cessation) or
kept in short-day conditions at 15 + 1 °C. Larvae, pupariated larvae (those
that terminated diapause), and dead larvae were enumerated weekly.
Pupariated larvae and dead larvae were removed immediately upon
observation. Humidity was maintained in larval rearing containers by
spraying the wood shavings weekly (~0.5-1 mL of tap water).

Larvae stored at 7.5 + 1 °C under short-day conditions for 16 or 20

weeks were then transferred to long-day conditions at 25 +1 °C to allow
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them to resume development. All emerging adults were enumerated and
adult emergence (percentage) was calculated by dividing the number of
adults by the number of larvae. Adults emerged within 2-6 days

(Tachibana and Numata 2004a).

Adult survival and locomotor activity
Adult survival was compared between directly developing adults and
adults kept in diapause at 7.5 + 1 °C for 16 weeks. Newly emerged adults
were sexed; females and males were kept separately in plastic containers
under long-day conditions at 25 + 1 °C with water and sugar. A maximum
of fifteen adults were kept in each container. Surviving adults were
enumerated every 15 days for 60 days.

Adult locomotor activity was assessed by actograph measurement
7-10 days after emergence as per Hamasaka et al. (2001). In brief,
locomotor activity was recorded individually in a monitoring system
comprising two cylindrical chambers. The activity chamber was flanked
by a paired infrared emitter-detector (EESPW321, Omron, Kyoto, Japan).
The number of times that a fly interrupted the infrared beam was recorded
for 5 days. The first day of activity measurement was excluded due to fly

hyperactivity after handling.



Statistics

Survival on days 15 and 30, diapause incidence, and adult
emergence were analyzed using Tukey-type multiple comparison test for
proportions (Zar 2010). Locomotor activity data were analyzed using the

Steel-Dwass test (Zar 2010).

Results

Diapause induction

Both L. sericata strains showed a clear photoperiodic response.
Larvae averted diapause and developed directly to adults under long-day
conditions, whereas 82.5 % and 69.0 % of individuals in the JMC and OCU

strains, respectively, entered diapause under short-day conditions (Fig. 1).

Larval cold storage and survival and adult emergence

At 15 °C, larvae began to terminate diapause within one or two
weeks. All surviving larvae had terminated diapause and pupariated by
12 and 14 weeks for the JMC and OCU strains, respectively. At 7.5 °C,
93.3 % of individuals remained as larvae with a 6.7 % mortality rate by the
end of 21 weeks in both strains (Fig. 2).

In the JMC strain, adult emergence following diapause and

storage for 16 weeks (71.7%) was comparable with that of directly



developing adults (68.7 %) (Fig. 3 left; Tukey-type multiple comparison
test for proportions, P > 0.05). Emergence following diapause and storage
for 20 weeks (51.8 %) was significantly lower than that following diapause
and storage for 16 weeks (Tukey-type multiple comparison test for
proportions, P <0.05), but it was insignificantly different from that of
directly developing adults (Tukey-type multiple comparison test for
proportions, P > 0.05).

In the OCU strain, adult emergence was significantly different
among all three groups (Fig. 3 right; Tukey-type multiple comparison test
for proportions, P <0.05). Emergence was greatest in directly developing
larvae (83.4 %), followed by larvae subjected to diapause and storage for
16 weeks (56.8 %). The fewest emerging adults were observed for larvae

subjected to diapause and storage for 20 weeks (33.8%).

Adult survival and locomotor activity

Comparison of adult survival in directly developing flies and those
that had experienced diapause and cold storage for 16 weeks
demonstrated at least 90% adult survival at day 15 post-emergence
irrespective of strain, sex, or developmental history and storage (Fig. 4a).
After day 15, cumulative mortality increased for all groups such that fewer
than 10% had survived by day 60. For males on day 30, directly

developing flies had higher cumulative survival (50.0-63.3%) than cold-
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stored flies (26.7-37.5 %), however, these differences were insignificant
(Tukey-type multiple comparison test for proportions, P > 0.05). By day 45,
fewer than 5% of males had survived. The trend was similar in females;
directly developing JMC flies had significantly greater cumulative survival
at day 30 (80.0 %) compared to either strain of cold-stored flies (25.0-

30.8 %), with directly developing OCU flies exhibiting intermediate
survival (56.7 %). By day 45, directly developing JMC females were the
only surviving group, exhibiting 27.7 % survival that diminished to 6.7 %
by day 60.

Diapause and cold storage during the larval stage did not
negatively affect locomotor activity of adults (Fig. 4b). Locomotor activity
in males of both strains was equivalent among directly developing flies
and flies cold-stored for 16 or 20 weeks (Steel-Dwass test, P > 0.05). In
females, adult locomotor activity for cold-stored flies was either higher
than or comparable to activity in directly developing flies (Steel-Dwass

test).

Discussion
One of the greatest challenges facing the insect industry is to
develop a method for storing beneficial insects without significantly

decreasing their survival rate and performance (Colinet and Boivin 2011;



Denlinger 2008). Implementation of diapause to improve insect cold
storage has previously been proposed in the mass production of several
species (Chen et al. 2013; Colinet and Boivin 2011; Gosterit and Gurel 2009;
Tauber et al. 1993; Rinehart et al. 2013). This study shows that diapausing
L. sericata larvae can be stored at a low temperature for 16-20 weeks with
low larval mortality. This is substantially longer than previously
demonstrated (Tachibana and Numata 20044, c). Cold-stored L. sericata
larvae terminated diapause and emerged as adults after transfer to a warm
rearing temperature; these adults survived for at least 15 days with low
mortality and showed a level of activity comparable to that of directly
developing adults. These results highlight the potential for diapause and
cold storage to improve L. sericata mass rearing, although there are several
issues to be addressed prior to commercial implementation.

Although we adopted the most effective diapause-inducing
environmental conditions that were reported previously (Tachibana and
Numata 2004c), diapause incidence was not as high as 100%, meaning not
all individuals could be stored. It is therefore important to adopt shorter
photoperiods and lower temperatures to increase the incidence of
diapause. Other issues identified in this study were the negative effects of
diapause and cold storage on both adult emergence and survival. Similar
negative effects have also been observed in other species (Bradshaw et al.
1998; Ellers and van Alphen 2002; Matsuo 2006; Sadakiyo and Ishihara

p. 13



2012a, b). To mitigate this in L. sericata, optimal conditions should be
determined by testing not only a broader range of cold storage
temperatures and durations but also thermal acclimation in both
generations (Colinet and Boivin 2011; Tougeron 2019). Constant low
temperature (CLT) has long been used for cold storage for the sake of
simplicity in a wide variety of insects, however recent studies show that
exposing insects to fluctuating temperature (FT) significantly reduces
cold-induced mortality when compared with CLT (Colinet et al. 2015,

2018). Leopold et al. (1998) reported that survival of L. sericata pupae

exposed to FT (10 °C storage with a weekly 4-h recovery period at 25 °C)

was four times higher than that of pupae exposed to CLT. Furthermore,
Rinehart et al. (2013) reported that implementing an FT regime
dramatically increased the survival of cold-stored alfalfa leafcutting bee,
Megachile rotundata (Fabricius) (Hymenoptera: Megachilidae), effectively
extending their shelf life. Maternal thermal acclimation is also important
to address. Coleman et al. (2014) showed that diapausing larvae of the
blowfly Calliphora vicina Robineau-Desvoidy (Diptera: Calliphoridae)
produced by adults acclimated to 15 °C were more cold-tolerant than
those produced by adults acclimated to 20 °C.

In this study, we found intraspecific variation in the effects of cold
storage on adult emergence (the OCU strain was affected more than the

JMC strain), potentially due to variation in energy reserve accumulation
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between strains (Ohtsu et al. 1992; Costanzo et al. 2013). Therefore,
selection of the strain suitable for cold storage should be considered in
future research, along with optimal storage duration. In general, a longer
storage period lowers post-storage performance (Beekman et al. 1998;
Ellers and van Alphen 2002; Matsuo 2006; Sadakiyo and Ishihara 2012a, b).
Thus, it is important to determine precisely how much of reduction in
performance is acceptable in the commercial implementation of diapause
and cold storage.

The ability to store diapausing insects for weeks or months would
allow suppliers to accumulate stocks during periods of low demand
and/or in anticipation of high demand. As diapausing individuals are
typically non-feeding, cost and effort to maintain them are low. Insects
that enter quiescence during cold storage are ideal, as they readily resume
development when required for pollination. Lucilia sericata is therefore a
promising species for use in the pollination industry, and we invite further
studies to optimize the diapause and cold storage techniques necessary to

improve flexibility and efficiency in its mass production.
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Figure legends

Fig. 1 Incidence of diapause in two strains (JMC and OCU) of Lucilia
sericata larvae reared under long-day and short-day conditions. Directly
developing (Direct) individuals were those that pupariated, while
diapausing larvae (Diapause) were those remaining in the larval stage 27

days after cessation of feeding

Fig. 2 Cumulative proportions of two strains (JMC and OCU) of Lucilia
sericata larvae that remained as larvae, terminated diapause and thus
pupariated, or died as larvae during storage under short-day conditions at

15°Cor7.5°C

Fig. 3 Adult emergence of two strains (JMC and OCU) of Lucilia sericata
following diapause and storage for 16 (W16) or 20 weeks (W20) at 7.5 °C.
Directly developing (Direct) individuals were reared continuously at 25 °C
under long-day conditions as a control. The emergence percentages of the
two strains were analyzed separately by Tukey-type multiple comparison
test for proportions. There is no significant difference between the values

followed by the same lowercase letters (P > 0.05)



Fig. 4 Survival and locomotor activity of two strains (JMC and OCU) of
Lucilia sericata adults following diapause and storage at 7.5 °C. Directly
developing (Direct) individuals were reared continuously at 25 °C under
long-day conditions as a control. (a) Survival of adult males and females
over 60 days. Closed and open circles denote directly developing JMC and
OCU flies, respectively. Closed and open triangles respectively denote
JMC and OCU flies subjected to diapause and cold for 16 weeks. n = 12-30.
There is no significant difference between the values followed by the same
lowercase letters (Tukey-type multiple comparison test for proportions, P
>0.05); n.s. indicates no statistically significant difference. (b) Logo-
transformed locomotor activity of directly developing (Direct) adult flies,
along with those subjected to diapause and cold for 16 (W16) and 20 (W20)
weeks. 1 = 6-11. There is no significant difference between the values
followed by the same lowercase letters (Steel-Dwass test, P > 0.05); n.s.

indicates no statistically significant difference
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