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Abstract

Background: Aedes albopictus, a vector of numerous viruses and filarial worms, has already established in 20 coun-
tries in Europe, mainly colonising subtropical regions. Continuing adaptation to climatic conditions in temperate areas
would probably result in a spread to more northern European countries, producing an increasing risk of mosquito-
borne pathogen transmission over a much greater area. Based on previous studies showing that Ae. albopictus

is able to overwinter in Germany, this study aims to determine more exactly its ecological limits of enduring low
temperatures.

Methods: Non-diapausing and experimentally induced diapausing eggs of three different Ae. albopictus strains
(tropical, subtropical and temperate origins) were exposed to four different regimes with constant temperatures and
three different regimes with fluctuating temperatures in a course of a day for a minimum of 2 and a maximum of 30
days. The hatching rate of larvae after cold exposure of the eggs was taken as a measure of cold tolerance.

Results: The experiments showed that the tropical Ae. albopictus strain had a lower cold tolerance than the subtropi-
cal and the temperate strains. The eggs of all used strains were able to survive constant temperatures as low as —5 °C
for an exposure period of 30 days, while constant temperatures as low as —10 °C were endured for 2 days by the
tropical strain and for 10 and 20 days by the subtropical and temperate strains, respectively. At fluctuating tempera-
tures, both the subtropical and the temperate strains exhibited hatching under all temperature regimes, even with

a minimum temperature of —10 °C, whereas the tropical strain ceased hatching after an exposure period of 30 days
under the temperature regime with a minimum temperature of —10 °C. The analyses showed that the temperature
played the major role in interpreting the hatching rates of the eggs. The condition, whether the eggs were diapausing
or not, had no significant influence, although results indicated a slightly higher cold tolerance of diapausing eggs at
—10°C.

Conclusions: It must be expected that subtropical and temperate strains of Ae. albopictus are able to withstand com-
mon central European winters and are able to establish in considerable parts of the continent.
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Background

The Asian tiger mosquito, Aedes albopictus (Skuse, 1894),
is a thermophilic invasive mosquito species originat-
ing from tropical and temperate regions in southeastern
Asia [1]. It is active during the day and feeds on both
animals and humans, with a preference for human hosts
[2]. The species is a feared vector as it is able to trans-
mit more than 20 viruses and filarial worms pathogenic
to animals and humans [3-5]. Since the beginning of this
millennium, cases of autochthonous mosquito-borne
diseases like chikungunya and dengue have substantially
increased in southern Europe (e.g. in Italy, France and
Croatia), probably mediated by established Ae. albopic-
tus populations [6—11]. In 2018, the first autochthonous
cases of dengue occurred in Spain [12] which is not sur-
prising as infected Ae. albopictus had been collected in
the field already in 2015 [13].

Within the last 30 years, Ae. albopictus has managed to
spread from its native distribution area to all continents
except Antarctica [5]. The trade in used tyres and orna-
mental plants such as ‘lucky bamboo’ (Dracaena spp.)
has played an important role in its global dispersal [14].
In Europe, the species was first detected in 1979 in Alba-
nia [15], but only a further introduction event to Genoa,
Italy, in 1990 led to its rapid spread across southern
Europe, probably facilitated by favourable climatic condi-
tions [16]. At present, Ae. albopictus has been found in
28 European countries and is established in 20 of them
[17, 18]. The recent detections in Germany, England and
Portugal demonstrate its continuing spread throughout
Europe [19-21].

The first detection of Ae. albopictus in Germany
occurred in 2007 in the form of eggs [22], followed by
findings of adults in 2011 and 2012 [23-25]. For sev-
eral years, all females caught in Germany were assumed
to have been introduced via motorways from southern
Europe [22, 24], and local reproduction was regarded
highly unlikely due to unsuitable climatic conditions.
Only in 2014, larvae and pupae were collected in south-
ern Germany over several months, demonstrating repro-
ductive potential [26]. Repeated overwintering of Ae.
albopictus has later been demonstrated in Germany, and
several populations are now considered established [27-
29]. Modelling approaches based on climatic parameters
suggest that a spread to other regions of Germany is pos-
sible [30-33].

The ability of Ae. albopictus to survive winter tem-
peratures is crucial for its establishment in temperate
regions [34]. Aedes albopictus is known to overwinter
as a pharate larva in the egg stage via diapausing [35].
Diapause is a form of dormancy linked to a strongly
reduced metabolic activity as a result of seasonal adap-
tation, although diapause is not strictly linked to the
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winter season. In contrast to quiescence, diapause is
not reversible by flooding as a hatching stimulus once
initiated [36]. Pharate larvae will only get susceptible to
this stimulus as soon as diapause is terminated by an
increase in temperature and a prolongation of the daily
photoperiod [37]. Only Ae. albopictus from subtropi-
cal and temperate regions are able to overwinter by
producing diapausing eggs while tropical strains repro-
duce continuously during all seasons [38]. Naturally,
diapause is induced in the pupa or adult of the female
parent under autumnal conditions, characterized by a
progressive decrease in photoperiod length and tem-
perature [39]. Laboratory experiments demonstrated
that the photoperiod plays a more decisive role than the
temperature. In fact, temperatures as high as 25-27 °C
together with a short photoperiod were able to induce
a diapause response but this response almost or even
totally diminished in mosquitoes reared at 29 °C [40].
A temperature of 21 °C has proven most reliable for
inducing diapause [40].

It is well known that diapausing eggs have a higher tol-
erance against low temperatures than non-diapausing
eggs [41, 42]. Also, both laboratory and field experi-
ments have shown that tropical Ae. albopictus strains
have a lower tolerance against low temperatures than
temperate strains [42-44]. Furthermore, it could be
demonstrated that strains originating from subtropi-
cal regions exhibit a tolerance against low temperatures
that is intermediate between those of temperate and
tropical strains exposed to low temperatures for 6 days
[41]. Thomas et al. [42] examined the cold tolerance of a
tropical and a subtropical strain and could demonstrate
that non-diapausing eggs of the tropical strain withstand
—10 °C and diapausing eggs of the subtropical strain
even survive exposure to —12 °C for one hour. How-
ever, the authors only considered short-term exposure
to constant low temperatures with a maximum exposure
period of 24 h. Results indicate that hatching could be
possible for exposure periods longer than 24 h at tem-
peratures higher than —10 °C.

This study aimed at finding the limits of egg survivabil-
ity after long-term cold exposure of up to 30 days under
constant and fluctuating temperature scenarios. Thus,
the intention of the study was not to produce high exper-
imental hatching rates but to check whether hatching is
possible at all and to elucidate ecological limits.

Methods

Origin and keeping of mosquitoes

Three Ae. albopictus laboratory strains were used: one
originating from Mauritius, which will be called ‘tropi-
cal strain’ for the purpose of this paper; one from Rimini,
Italy, called ‘subtropical strain’; and one from Freiburg,
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Germany, called ‘temperate strain’ The first two strains
were long-maintained laboratory colonies with more
than 70 generations, whereas the temperate strain was
collected in the field in August 2015 and at the time of
the study had developed 20 generations in the laboratory.
All strains were reared according to a standard protocol
also used by Thomas et al. [42] under constant tempera-
ture (25+1 °C), relative humidity (RH) (70+5%) and
light regime (12 h light:12 h darkness). Experiments with
tropical Ae. albopictus strains are commonly conducted
at a temperature of 27 °C [45], whereas experiments with
strains of different origins, including temperate ones, are
mostly done at lower temperatures, such as 25 °C [39,
44]. In our experiments, we applied this lower rearing
temperature to provide better conditions for the subtrop-
ical and temperate strain.

Larvae were reared in basins filled with stale tap water
and fed with ground fish food (TetraMin; Tetra, Melle,
Germany). Pupae were transferred to beakers filled with
up to 250 ml of stale tap water, which were placed in
cages (30 x 30 x 30 cm® Watkins & Doncaster, Leom-
inster, UK) for adult emergence. Adults were provided
with a sugar solution (8% fructose) ad libitum. Once a
week, females were membrane-fed with bovine EDTA-
blood warmed to 37 °C via an artificial feeding system
(Hemotek, Blackburn, UK). Beakers filled with stale tap
water and equipped with standard filter paper that pro-
truded from the water were offered for oviposition. After
drying the filter papers with attached eggs in Petri dishes
for 3 to 4 days, the dishes with the still moist filter papers
were sealed with parafilm (Bemis Company, Neenah,
Wisconsin, USA) to minimise further desiccation. Dishes
were stored in the insectary until further processing.

For the experiments, non-diapausing eggs of the tropi-
cal, subtropical and temperate strain as well as diapausing
eggs of the subtropical and temperate strains were used.
Before starting the experiments, it was checked if labo-
ratory conditions had affected the diapause response of
the tropical strain. It could be confirmed that the tropical
strain was still not susceptible to diapausing conditions.
For producing diapausing eggs, larvae of the subtropical
and the temperate strains not older than L3 stage were
transferred in beakers to a climate chamber with a pho-
toperiod of 8 h light:16 h darkness, a constant air tem-
perature of 20 £ 1 °C and a relative humidity of 70+ 5%.
Procedures for larval feeding, blood-feeding, oviposition
and egg storage were not changed.

Preparation of eggs

To avoid age further influencing analyses as a covariate,
the non-diapausing eggs used in this study had a similar
age of about 3 (minimum 2.5, maximum 4) months. This
is the age at which the diapause state is terminated, and
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eggs are susceptible to hatching stimuli [41]. Around 60
(56—69) eggs from the same oviposition cycle were split
into two subsets of around 30 eggs transferred to sepa-
rate wooden spatulas with the aid of a brush, leading to
two treatments and controls each for the same strain and
the same rearing conditions (routine laboratory rearing
conditions and diapause-inducing conditions), tempera-
ture treatment and exposure period. Hence, two spatu-
las with ¢. 30 eggs each were exposed simultaneously to
exactly the same conditions. By means of a stereomicro-
scope, it was verified that no eggs showing signs of des-
iccation or empty egg-shells produced by spontaneous
hatching were used for the experiments. Each spatula
was placed into a separate Petri dish sealed with adhesive
tape. The Petri dishes were kept in an upright position
in open plastic boxes, which were transferred into a cli-
mate chamber (KBWF 720; Binder, Tuttlingen, Germany;
temperature variation: 0.5 °C) programmed to run the
desired temperature regime.

As the diapausing populations did not reproduce as
efficiently as the non-diapausing populations, diapausing
eggs were of limited availability, especially in the temper-
ate strain. Therefore, analysis of diapausing populations
was not possible for all exposure periods, and treatments
at higher temperatures had to be cut. By all means, at
least the minimum and the maximum exposure periods
of 2 and 30 days, respectively, were considered.

Cold exposure

Two experimental setups were followed, one with expo-
sure of eggs to constant temperatures and one with
exposure of eggs to fluctuating temperatures. The first
study was carried out using four different temperatures
(0, —5, —10 and —15 °C) and five different exposure
periods at each of these temperatures (2, 5, 10, 20 and
30 days). In the second setup, three different cooling-
warming cycles were applied, with a maximum temper-
ature of 5 °C in all treatments and different minimum
temperatures. The minimum temperatures were set to
0, —5 or —10 °C, respectively, leading to a temperature
difference of 5, 10 and 15 K. Accordingly, these differ-
ent treatments will be called ‘5K group, ‘10K group’
and ‘15K group’ hereafter. All fluctuating temperature
treatments underwent a standardised day-night tem-
perature cycle with an exposure period of 8 h at the
maximum temperature of 5 °C, an exposure period of 8
h at the minimum temperature (0, —5 or —10 °C) and 4
h, each, for reaching the respective minimum and max-
imum temperatures (Fig. 1). For the experiments, it was
important to choose a maximum temperature above,
but close to, 0 °C because of two reasons. First, a maxi-
mum temperature slightly above the freezing point is
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common in many areas in Germany during day time in
winter and was given in field studies with Ae. albopic-
tus in northeastern and central Germany [29, 46]. Sec-
ondly, the chosen temperature threshold allows testing
three different temperature amplitudes traversing the
freezing point twice in every temperature cycle.

Eggs were exposed to these fluctuating temperature
cycles for the same time periods as those exposed to
constant temperatures, i.e. 2 to 30 days. For compari-
son, two sets of controls of the same populations were
exposed to routine insectary temperature (25+1 °C) or
to a constant temperature of 5 °C, respectively. Tem-
perature was measured in the insectary or the climate
chamber, respectively. The first control was used as a
comparison to optimal developmental summer condi-
tions and is called ‘summer control. By contrast, the
second control, called ‘winter control, was only applied
for the fluctuating temperature scenario and should
demonstrate the hatching rate for the maximum tem-
perature of this temperature scenario. Hence, it serves
as an internal control to test if the maximum tempera-
ture itself, without any fluctuations, could influence
the hatching of the eggs. During all treatments (5 to
—10 °C), eggs were kept in the dark.

Procedure after cold treatment

After having passed the set temperature regimes, eggs
were counted again and flooded by transferring the
spatulas into beakers filled with 300 ml stale tap water,
according to previous studies [47, 48]. The number of
hatched larvae was recorded during the whole flood-
ing process, with larvae found dead treated just as liv-
ing ones since both obviously succeeded in hatching.
After two weeks of flooding, the spatulas were removed
from the beakers and dried for one week. By filtrating
the water of each beaker with the aid of common filter
paper, detached eggs were retained and re-attached onto
the spatulas using a brush. After drying for one week, the
spatulas were flooded for another week. Former experi-
ments with the same strains had shown that this proce-
dure will lead to hatching rates of 60—90% in the controls
of the tropical and subtropical strains kept at 25 °C [46].
Hatching was taken as a measure for the eggs to survive
treatment. Non-hatched eggs were not checked for larvae
being viable or not and were considered dead. According
to studies with other insects, low temperatures do not
only affect mortality of eggs but of later life stages as well,
denoted as delayed mortality [49, 50]. However, such a
phenomenon did not play a crucial role in Ae. albopictus
[41]. Therefore, this study only aimed for the egg stage,
i.e. the hatching rates, and did not track the impact of low
temperatures during the egg stage on later life stages.
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regimes

Statistical analysis

For statistical analysis, calculated hatching rates were
compared. The influence of five different factors on the
response variable, the hatching rate, was examined: (i)
strain: three levels (tropical, subtropical and temper-
ate strains); (ii) condition: two levels (no diapause and
diapause); (iii) temperature: six levels (25 °C, 5 °C, 0 °C,
—5°C, —10 °C and —15 °C). For the fluctuating tempera-
ture scenario, the minimum temperature was used in
the analyses. The factor ‘temperature’ is also suitable for
differentiating between treatments and controls as only
controls were exposed to 25 °C or 5 °C, respectively; (iv)
exposure: nine levels (16 h, 40 h, 48 h (2 days), 80 h, 120 h
(5 days), 160 h, 240 h (10 days), 480 h (20 days), 720 h (30
days)). For better comparing treatments with constant
and fluctuating temperatures, the exposure periods at the
minimum temperature were used for the analyses in the
case of the fluctuating temperature scenario, whereas the
whole exposure period was considered in the case of the
constant temperature scenario; (v) scenario: two levels
(constant and fluctuating)

Data were square root-transformed for reaching nor-
mality followed by multifactorial ANOVA. After con-
ducting an ANOVA, a Tukey’s honestly significant
different (HSD) post-hoc test was applied for identifying
the decisive levels of the significant factors. For examin-
ing the hatching pattern, the hatching results were split
into three categories, ‘normal hatching’ (without delay),
‘delayed hatching’ and ‘no hatching, followed by calcu-
lating Cramér’s V for estimating the effect size of each
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factor. For all statistical tests as well as for the preparation
of figures, the software R (version 3.5.2.) was employed,
supported by the packages Isr [51], ggplot2 [52], ggpubr
[53] and ved [54].

Results

Constant temperature scenario

All three mosquito strains showed hatching after expo-
sure to 0 °C and — 5 °C for up to 30 days (Fig. 2). The
— 10 °C temperature approach revealed great differences
between the strains (Fig. 2c) and produced hatching rates
with a maximum of about 25% (2-20 days exposure,
depending on the strain) and samples with no hatching
at all (5-30 days exposure, depending on the strain). No
hatching at all occurred after exposure to —15 °C for 2
and 5 days (Fig. 2d). Because of the latter, no treatments
with longer exposure periods were tested.

The hatching rates of the controls of the tropical strain
were generally very high and varied between 80-100%.
After exposure to 0 °C, no significant decrease of the
hatching rates was observed (all P>0.05, Fig. 2a). By
comparison, treatments showed a decrease in hatching
rates after exposure to temperatures of —5 and —10 °C,
and hatching finally ceased altogether after exposure
to —10 °C for longer than 2 days (Fig. 2¢). A significant
decrease of the hatching rate was observed after expo-
sure periods of 10 and 30 days at —5 °C (P<0.01), but not
after an exposure period of 20 days at the same tempera-
ture (P> 0.05, Fig. 2b).

The controls of the subtropical strain reached hatching
rates ranging from 43—-87%, which were generally lower
than those of the tropical strain. Treatments exhibited no
conspicuous decrease of hatching rates after exposure to
constant temperatures of 0 and —5 °C in both non-dia-
pausing and diapausing eggs (Fig. 2a, b). However, after
exposure to —10 °C, hatching rates strongly decreased,
and hatching ceased after exposure periods of 10 and 20
days, respectively (Fig. 2c). In this temperature regime,
hatching rates of the non-diapausing eggs greatly varied
from those of the diapausing ones, with the latter being
able to endure the temperature twice as long (10 vs 5
days). After an exposure to —10 °C for 20 days, neither
non-diapausing nor diapausing eggs showed hatching
(Fig. 2¢). As related to the controls, there was a signifi-
cant decrease in hatching rates of non-diapausing eggs
after an exposure to — 10 °C (all P<0.001) and in the dia-
pausing eggs after exposure periods longer than 2 days
(all P<0.05).

Of all examined strains, the controls of the temper-
ate strain were the ones with the lowest hatching rates
which rarely exceeded values of 50% in both non-dia-
pausing and diapausing eggs. Only three controls of the
diapausing eggs reached higher values (69 and 90% in the
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two-day-controls and 59% in one 30-day-control, respec-
tively). Like the subtropical strain, treatments of the tem-
perate strain showed no significant decrease of hatching
rates as temperatures went down to —5 °C, albeit gen-
erally presenting much lower hatching rates (Fig. 2a, b).
Hatching rates of the treatments of both non-diapausing
and diapausing eggs of the temperate strain also gener-
ally remained below 50%, but some exceptions occurred
in the diapausing eggs (Fig. 2a). At —10 °C, hatching
of non-diapausing and diapausing eggs still occurred
after 20 days representing the longest exposure period
with hatching of all tested strains and conditions (non-
diapausing and diapausing eggs). There were significant
decreases in hatching rates of the non-diapausing eggs
after exposure periods of 5, 20 and 30 days (all P<0.01)
but of the diapausing eggs only after an exposure period
of 30 days (P<0.01).

Fluctuating temperature scenario

Under fluctuating temperatures, hatching rates of
the controls were generally slightly lower than those
obtained under the constant temperature scenario
(when referring to controls in the fluctuating tempera-
ture scenario, summer controls are meant). The tropi-
cal strain had hatching rates between 47-100% in the
controls, whereas the treatments exhibited hatching
in almost all temperature regimes with a conspicuous
decrease in hatching in the 10K group (Fig. 3a, b).

Hatching rates in the 15K group did not exceed val-
ues of 10% after all exposure periods and had a com-
plete shortfall of hatching after an exposure period of
30 days (all P<0.001, Fig. 3c). Hence, the treatments
exposed for 20 days were the last ones with hatching.
Similar to the treatments at constant temperatures, the
ones at fluctuating temperatures showed no significant
decrease in hatching rates in the 5K group, while in the
10K group distinct decreases in hatching were observ-
able after exposure periods of 20 and 30 days, with sig-
nificance in the latter (P<0.01, Fig. 3b).

The hatching rates of the controls of the subtropical
strains varied between 47-85% in both non-diapausing
and diapausing eggs. Treatments showed hatching in
all three groups for both physiological egg conditions,
without any significant decreases at minimum tempera-
tures of 0, —5 and —10 °C (Fig. 3). This was also the case
for the maximum exposure period of 30 days (Fig. 3c).

As in the constant temperature scenario, the controls
of the temperate strain had the lowest hatching rates of
all controls, mostly exhibiting values below 50%, but in
two cases above 80%. Treatments of this strain showed
hatching in all groups and after all exposure peri-
ods without any significant decrease in hatching rates
(Fig. 3).



Tippelt et al. Parasites Vectors (2020) 13:587

Page 6 of 12

10013
751 0 4§ 4 § * t s s 2 t &
) g L ° e =) o
50 A 3 g 2 ° 0
25 ry 3 A 4
0 2 5 10 20 30
1007 . . strain
Zg ; 3 . : 2 s ® g 8° tropical
X 250 4% 8 A8 $1:2 iy $ B subtropical (NDP)
= 0 a A B subtropical (DP)
% 2 5 10 2 3 B temperate (NDP)
S
o 1007 S temperate (DP)
£ 75 o ° 8 2 o ¢ 4 § ©
= $ . o 3 hs o L4
. : N
©
T a2t 4 44 A a 4 A aa A 4 a4 .| ® controls (25°C)
2 5 10 20 3 O controls (5 °C)
100 A treatments
d .
750 e o LI
50| o 8¢ c e .
25 e
0 A A A A A A
2 5
Exposure [d]
Fig. 2 Hatching rates of the various Ae. albopictus strains after exposure to constant temperatures (NDP, no diapause; DP, diapause). a0 °C. b —5 °C.
c—10°C.d —15 °C. Control eggs were kept at a constant temperature of 25 °C (filled circles) or 5 °C (blank circles), respectively

Influencing factors

The statistical analysis demonstrated that the factor ‘tem-
perature’ had the greatest effect on the hatching rate (F5
368y = 164.86, P< 0.001), followed by the factors ‘strain’
(Fl, 368y =40.08, P<0.001), ‘scenario’ (F;, 355 =19.41,
P<0.001), ‘exposure’ (Fg 355y =10.48, P<0.001) and ‘con-
dition’ (F(L 368) =2.26, P= 0.134). Hence, all examined fac-
tors except ‘condition’ had a significant influence on the
hatching rate. The Tukey’s HSD post-hoc test could specify
that the significance of the factor ‘strain’ was related to
the temperate strain. Furthermore, there were significant
interactions between the temperatures 25 °C and —5, —10
and —15 °C (all P<0.001), leading to a significant, probably
cold-related, decrease in the hatching rates.

Hatching pattern
The eggs in the experiments were flooded for a total period
of three weeks with an intermediate break of one week. All
strains showed a hatching peak at the beginning of both
flooding periods. However, in the treatments exposed to
constant temperatures of —5 and —10 °C, strikingly many
treatments exhibited hatching only during the second flood-
ing period but not during the first. A mosaic plot depicts the
dependency of the temperature on the hatching pattern for
all treatments at the different temperatures (Fig. 4).
Hatching in both flooding periods (normal hatch-
ing) predominated after exposure to temperatures of
0 and —5 °C. Delayed and no hatching did not play any
role after exposure to 0 °C. However, delayed hatching

occurred more frequently after exposure to —5 and, par-
ticularly, —10 °C in comparison to 0 °C. After exposure
to a temperature of —5 °C, the tropical strain and non-
diapausing eggs of the temperate strain showed hatching
only in the second flooding period (delayed hatching),
whereas after exposure to —10 °C, treatments of dia-
pausing and non-diapausing eggs of all strains displayed
delayed hatching, most frequently in the previously men-
tioned strains. This translates to the conclusion that right
before the complete lack of hatching, i.e. after the preced-
ing exposure period, delayed hatching or single shortfalls
were present in all strains. After exposure to —15 °C,
exclusively ‘no hatching’ results occurred in all strains
(data not shown).

Statistical analyses resulted in highly significant P-val-
ues for each factor (P<0.05). The calculation of Cra-
mér’s V produced the largest value for ‘temperature’
(CV=0.60), followed by ‘scenario’ (CV =0.22). The other
factors had CVs between 0.19-0.12.

Discussion

The data obtained in this study clearly demonstrate that
the ability of hatching after cold exposure and, thus, the
tolerance against low temperatures is dependent on the
origin of the strain, the specific exposure temperature
and the duration of exposure to minimum tempera-
tures. In the present study, it could be shown that both
minimum temperature and exposure period to minimum
temperatures play significant roles for the outcome of the
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hatching results. The importance of temperature was also
stressed in other experiments [42, 43, 55]. In agreement
with the findings of Thomas et al. [42], our results further
suggest that the exposure period becomes highly impor-
tant at thermal limits of survival, i.e. at —10 °C.

The statistical analysis of the hatching rates of the
different Ae. albopictus strains used in this study also
indicate that their origins have an impact on their cold
hardiness. Despite the limited sample size, the results
allow a precise differentiation between the tropical Ae.
albopictus strain on the one side, and the subtropical
and the temperate strains on the other side due to the
remarkably high capability of resisting low temperatures
in the latter two. This finding is in agreement with other
laboratory and field studies with North American, Asian
and European Ae. albopictus strains [42-44, 46, 55, 56].

Interestingly, the subtropical and tropical strains did
not differ significantly regarding hatching rates, but
their hatching rates were quite different from those of
the temperate strain. However, if the longest exposure
periods with hatching are considered, the subtropical
and temperate strains were more similar and differed
tremendously from the tropical strain, which becomes
most obvious by the hatching results at a constant tem-
perature of —10 °C. The statistical significance between
the temperate strain on the one side and the tropical
and subtropical strains on the other might be caused
by the overall low hatching rates in both controls and
treatments of the temperate strain. This phenomenon

also occurred in previous field experiments with the
same strains and was thought to be attributed to incom-
plete adaptation to laboratory conditions [46]. Conse-
quently, a field vs laboratory effect cannot be ruled out
and can only be verified or falsified by testing the cold
tolerance of the temperate strain again when adapted to
laboratory conditions for a much longer time. In spite
of this, the temperate strain was the only strain exhib-
iting hatching after an exposure period of 20 days at
—10 °C. Thus, the temperate strain appears to be some-
what more cold-hardy, possibly caused by having gone
through a bottleneck during its first winters in Ger-
many, as has been described for populations in North
America [57]. It is assumed that the German Ae. albop-
ictus population (temperate strain) originates from
Italy [24, 25], the same country, where the subtropical
strain comes from. Genetic analyses in fact suggest that
the population of Freiburg is closely related to one from
northern Italy [27].

In addition to laboratory effects, several other factors,
not considered in the present study, might influence
the cold hardiness of Ae. albopictus such as maternal
effects [39], genetic drift [58] or rapid adaptation [59],
which occurred during adaptation to conditions in Ger-
many. Hence, these factors also have to be taken into
account when interpreting the different cold hardiness of
the temperate and subtropical strains.

The tropical and subtropical strains used in this
study were the same as examined by Thomas et al. [42],
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Fig. 4 Overview about the hatching patterns in relation to the temperature and the used strains (NDP, no diapause; DP, diapause). The width of
the rectangles corresponds to the relative proportion of the particular hatching pattern at the same temperature and the length of the rectangles
to the proportion of the particular hatching pattern within the same strain. Horizontal dashed lines indicate the absence of the respective pattern.
Vertical lines marked in the colour of a certain strain indicate the absence of the respective hatching pattern in this strain. The term 'normal’ stands
for hatching without delay, n'indicates the number of treatments per strain at the different temperatures

delay no hatching

allowing direct comparisons of the hatching results.
Based on these, tolerance of the tropical strain against
low temperatures is higher in the present study. Thomas
et al. [42] demonstrated that eggs exposed to a constant
temperature of —10 °C for longer than one hour did not
produce larvae. By contrast, the experiments conducted
in this study still demonstrated hatching after exposure
periods of 30 days at —5 °C and of 2 days at —10 °C. For
the subtropical strain, Thomas et al. [42] showed endur-
ance for four hours at —10 °C, as compared to 5 days for
non-diapausing eggs and 10 days for diapausing eggs of
the same strain in this study. One main reason for these
divergent results could be physiological adaptation to
the long rearing in the laboratory. Both strains used in
the present study have passed more generations in the
laboratory and therefore have a longer rearing history
than the ones used by Thomas et al. [42]. A well-known
problem in rearing insects and their adaptation to labo-
ratory conditions is the genetic selection due to artificial
and isolated keeping [60]. However, the hatching results
obtained after low temperature exposure in both the
tropical and subtropical strains demonstrated that rear-
ing conditions apparently had not substantially reduced
the capability of the laboratory strains to withstand low
temperatures.

In a former field study using the same tropical, sub-
tropical and temperate strains, eggs were able to hatch
after short-term exposure to a minimum temperature of

—6 °C. Furthermore, eggs of the subtropical strain were
able to hatch after an exposure period of two hours at
—10 °C [46]. Additionally, field data demonstrated that an
Ae. albopictus strain from Jena in central Germany can
withstand —10 to —11 °C for four hours [29]. The results
of the laboratory experiments carried out in this study
are in agreement with those findings as laboratory exper-
iments showed that hatching also occurred after expo-
sure to —10 °C. In contrast to the previously discussed
factors, the factor ‘condition; i.e. using non-diapausing or
diapausing eggs, did not significantly influence the hatch-
ing rates in the experiments. These findings fit very well
to those produced by Hanson & Craig [41] who described
diapause as having a lower effect on the tolerance against
low temperatures in Ae. albopictus than cold acclimation.
However, if the thermal limits are considered, especially
the treatments of eggs exposed to a constant temperature
of —10 °C, diapausing eggs seemed to have an advantage,
although this could be demonstrated for the subtropi-
cal strain only (Fig. 2c). The experiments conducted by
Thomas et al. [42] provided an equivalent indication,
thus supporting the findings of our study. Although
short-term exposure (up to four hours) of non-diapaus-
ing eggs could endure —12 °C for a longer time than
the diapausing ones in that study, diapausing eggs were
able to withstand —10 °C for a longer exposure period
than their non-diapausing counterparts. As in our study,
those experiments were not able to find a significant
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difference between survival temperatures of the different
‘conditions

As diapause is a complex process mainly influenced by
a gradual decrease of photoperiod and temperature, it
is questionable if larvae and pupae held under constant
conditions of low photoperiod and temperature instead
of a gradual decrease will give rise to females that behave
in a similar way as their natural populations.

In the experiments applying a fluctuating temperature
scenario, the hatching rates of the treatments were higher
than under a constant temperature scenario. This is quite
logical, as the net exposure time to sub-zero tempera-
tures under a fluctuating temperature scenario was only
one-third of that of the exposure time to the same tem-
perature under a constant temperature scenario. How-
ever, this difference is also present when comparing the
absolute exposure time to minimum temperatures. This
could be shown best for the hatching rates of the tropical
and subtropical strains under a constant temperature of
—10 °C as compared to a fluctuating temperature regime
with minimum temperatures of —10 °C. At a constant
temperature of —10 °C, no hatching occurred after expo-
sure periods of 5 days and more in the tropical strain.
However, under a fluctuating temperature regime with a
minimum temperature of —10 °C (15K group) hatching
even occurred after an exposure period of 20 days, which
corresponds to a total net exposure time of about 5 days
at —10 °C. A possible reason for this could be that cold
acclimation occurred. All eggs used for the treatments
had not been cold-acclimated prior to the experiments,
but treatments exposed to a fluctuating temperature sce-
nario had the chance of acclimation to low temperatures
during the experiment as they experienced a daily period
of 5 °C for eight hours. As mentioned before, Hanson &
Craig [41] demonstrated a significant influence of cold
acclimation on the tolerance of Ae. albopictus against low
temperatures by keeping eggs for 60 days at 10 °C prior to
the cold experiments. The authors conceded that an opti-
mal temperature for cold acclimation could not be found.
Therefore, it is not clear how long a duration at 5 °C
would be necessary to cause such an acclimation effect.

Interestingly, both the eggs of the subtropical and of
the tropical strains seemed to have undergone some
kind of cold acclimation. That came unexpected in the
case of the tropical strain, as cold acclimation could not
be shown in other studies using tropical non-diapausing
Ae. albopictus strains [41, 61]. However, in a field study
with the same tropical mosquito strain as in this study,
cold acclimation was supposed to have contributed to the
striking difference between the hatching rates of the trop-
ical strain in two consecutive winter seasons in Germany
[46]. Besides, cold acclimation could be demonstrated
for larvae of Ae. aegypti exposed to temperatures as low
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as —6 °C quite recently [62]. Therefore, it is feasible to
assume that cold acclimation also occurs in tropical Ae.
albopictus strains. Consequently, the distinct natural day-
night cycle of the temperature, which typically appears in
temperate geographical zones, might enhance the toler-
ance against low temperatures due to the occurrence of
cold acclimation on a small scale.

It can be stated that the controls exposed to a con-
stant temperature of 5 °C do not always exhibit a higher
hatching rate as the treatments. However, there was no
significant influence between the hatching rates of the
winter control and the ones of the treatments. There are
two possible explanations for this phenomenon. First,
the winter controls were not exposed to optimal devel-
opmental temperatures like the summer controls kept at
25 °C. Consequently, the hatching rates were lower than
in the summer controls, and in several cases even lower
than those of the respective treatments. Secondly, the
insignificant hatching rates of the winter control and the
treatments demonstrate that a minimum temperature
as low as —5 °C is not relevant for the resulting hatch-
ing rate. However, this is not the case for the tropical
strain for longer exposure periods, which perfectly cor-
responds to the lower tolerance of this strain against low
temperatures.

When considering hatching in Ae. albopictus, a vari-
ety of other factors than temperature and duration of
cold exposure like humidity, the age of the eggs or the
hatching medium play a role [44, 63]. The present study
primarily concentrates on hatching after egg exposure
to low temperature conditions depending on expo-
sure times. Furthermore, the artificial standardisa-
tion of freeze-thaw cycles to a constant time period of
eight hours caused differences in chilling, varying from
1.25 °C/h in the 5K group to 3.75 °C/h in the 15K group.
It cannot be excluded that different degrees of accli-
mation resulted and had an influence on the hatching
results. However, this factor has to be considered as a
cofactor in these experiments as it is linked to a certain
temperature regime and cannot be regarded or analysed
separately. Future experiments could show how impor-
tant the speed of chilling is for the hatching rate.

When analysing the hatching patterns, the factor ‘tem-
perature’ had the strongest impact of all examined fac-
tors, based on its Cramér’s value (CV). According to
benchmarks for the CV proposed by Cohen [64], the
temperature has a large effect, whereas the scenario has
a medium and the other factors have a small effect on the
hatching pattern. The occurrence of delayed hatching at
temperatures as low as —10 °C could be interpreted as a
warning signal that physiological limits of the strain are
approaching. Unfortunately, the analysis of such hatch-
ing patterns has not yet been addressed in ecological
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experiments with Ae. albopictus. Our results suggest that
this aspect, especially the consideration of delayed hatch-
ing, might be worthwhile in future examinations.

For a further spread of Ae. albopictus in temperate
climate zones, the mean January temperature is often
quoted as an important feature for its survival and, thus,
its ability of overwintering [16, 31]. For modelling cli-
matic suitability of certain areas for overwintering, a
mean January temperature of 0 °C is a common thresh-
old. However, Waldock et al. [65] argued for an adapta-
tion of this threshold to —4 °C as this value leads to a
better match of mean temperature with demonstrated
species occurrence. This is further supported by studies
demonstrating overwintering at temperatures lower than
0 °C. The mean January temperature can actually vary
between —2 °C for Japan [66], —3 °C for populations in
China and South Korea and even —5 °C for those in the
USA [1]. However, permanent populations are also found
at Chinese locations with a mean January temperature
of —5 °C [67]. Our study suggests that the mean tem-
perature at which survival is possible is lower than —2 °C,
which would be in agreement with findings linked to an
Ae. albopictus population established in central Ger-
many [29]. Mean temperatures give a good estimate for
the suitability of certain areas on larger scales for mos-
quito species in general but minimum temperatures are
more important on smaller scales as these define the sur-
vival with respect to microclimate [65]. The laboratory
experiments showed that exposure to —10 °C for longer
than 10 days resulted in survival of the subtropical and
the temperate strains which could similarly be shown
for a temperate strain in the USA [43]. Hence, our find-
ings confirm those of Thomas et al. [42] and emphasise
the importance of minimum temperatures, in addition to
mean temperatures, for estimating Ae. albopictus survival
during cold spells. Furthermore, as temperate regions
are affected by a daily temperature cycle, the tempera-
ture range also plays a role in interpreting the survival
potential in winter. However, this factor often remains
obscure as most laboratory experiments concentrated
on constant temperatures. Our experiments indicate that
fluctuating temperatures increase the hatching rate, pos-
sibly due to cold acclimation. The average temperature in
Germany was 0.6 °C in January 2019 and was only slightly
warmer than the long-term trend [68]. Thus, the 10K
group reflects the winter conditions in Germany best. It
has to be considered, however, that maximum and mini-
mum temperatures may vary considerably in different
areas of Germany. For instance, there are relatively warm
regions in western Germany that exhibit daily tempera-
ture ranges similar to the 5K group regime and relatively
cold regions in the eastern part of the country where daily
temperature variations resemble the 15K group regime.
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However, it is not clear, if daily temperature ranges larger
than 15K could lead to adverse results. Furthermore, it
has to be noted that winter temperatures do not define
the presence and absence of Ae. albopictus alone. Other
climatic factors such as summer temperature and pre-
cipitation, but also ecological ones like the availability of
breeding sites, have to be taken into account when mod-
eling the potential spread of this species on a regional or
even global scale [5, 16, 65]. Despite this, the ability to
survive the winter due to its physiological plasticity is one
of the main driving factors for the northward spread of
Ae. albopictus [5].

Correspondingly, another important aspect influenc-
ing the spread of Ae. albopictus is global warming. Rising
mean temperatures which can be observed globally will
also lead to an increase of mean temperatures in win-
ter seasons. Thus, the last five years (2015-2019), which
were the warmest ever recorded in Germany, were char-
acterised by exceptionally mild winters [69]. However,
climatic projections do not only predict that the annual
number of frost days will decrease in the future through-
out Europe, but also the persistence of extreme cold
weather events [70, 71]. Although these cold extremes
will be less frequent [71], they will have an influence on
the overwintering capability of Ae. albopictus in tem-
perate regions. Actually, models considering a variety of
factors, in addition to winter temperatures, suggest an
increased climatic suitability for Ae. albopictus in many
regions of Germany due to climate change. In particular,
western and southern Germany will be at high risk for
future establishment of this mosquito species [30-33].
In light of these studies, it can be assumed that suitable
areas for a successful overwintering and thus the distri-
bution range of Ae. albopictus will further increase rather
than decrease in the future. Since the tiger mosquito is an
efficient vector of numerous pathogens, including dengue
and chikungunya viruses, its spread and establishment
is in the long term assumed to be followed by mosquito-
borne disease cases or even outbreaks.

Conclusions

Our results reveal that the eggs of Ae. albopictus are able
to survive low temperatures for a much longer exposure
period than 24 hours. Low temperature tolerance in the
tropical and subtropical strains seems to be much higher
as previously indicated [42]. In contrast to field experi-
ments carried out formerly [46], much longer exposure
periods could be tested in the laboratory experiments
presented here. Therefore, this study could elucidate
physiological limits at which hatching is possible as
well as critical exposure periods much better than field
experiments. Recent models could show that there is
a high probability of spread of Ae. albopictus especially
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in western and southern parts of Germany usually char-
acterised by mild winters [30-33]. Our results strongly
attest the capability of Ae. albopictus to overwinter in
regions with winter minimum temperatures of —10 °C,
being in agreement with findings in the field [29, 46, 72].
These results together with the indication of short-term
tolerance of this species against temperatures as low as
—12 °C [42] should be considered in future projections
and justify comprehensive mosquito monitoring pro-
grammes, also including the public [19].
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