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Abstract

Zaprionusindianus is a fly species native to the Afrotropical biogesphic region that invaded the
South American continent 20 years ago. Its southest record is 34°S in areas with temperate
climates with cold winters. To better understasdnt/asion biology, we investigated physiological
responses to winter-like abiotic conditions thayrha relevant irZ. indianus geographic

expansion. We characteriz€dindianus females reproductive traits (ovarian maturatiod an
fertility) and survival in response to cold treatrteewith summer-like and winter-like photoperiods.
We also compared these traits between native (Ymkad, Africa) and invasive (Yuto, South
America) range wild-derived flies. We showed tBaitndianus females have the ability to arrest
ovarian maturation and maintain fertility followimgcovery from cold stress. The critical
temperature for ovarian maturation of this spewias estimated at c. 13°C, an intermediate value
between those of tropical and temperate drosopéyleties. Wild-derived females from Yuto
responded to winter-like photoperiod by slowing daovarian maturation at low but permissive
temperatures of 14°C and 16°C and also delayest#neof oviposition after cold treatment. Yuto
flies also survived better and recovered 20 % fdsten chill coma than flies from Yokadouma.
These results are consistent with a scenario af ldaptations or phenotypic plasticity in the
invaded range, and suggest that photoperiod catildsamodulator of ovarian arrest. Conversely,
the fact that native range flies showed higheilfigrafter cold recovery than females from invaded
range is not indicative of local adaptation. Allalh, our findings report a set of physiological
responses that would enabllendianus expansion to temperate and cold areas, but atsidtsehat

are compatible with a limitation to the invasiogess.

Key words:Zaprionus indianus; Overwintering; Low Temperature Physiology; Invadahge;

Native Range.
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1. Introduction

Zaprionusindianus Gupta 1970 (Diptera: Drosophilidae) is an invaglyespecies native to the
Afrotropical region that invaded the American coetit 20 years ago (Commural., 2012). In
South America it was reported for the first timelB09 in S&o Paulo city area near the Atlantic
coast of Brazil (Vilela, 1999). Since this initi@port,Z. indianus has been found in five of the 12
countries of South America, with the southernmesbrd near 34°S (Castro and Valente, 2001;
Goiii et al., 2001; De Toni et al., 2001, Viletaal., 2001; Goiii et al., 2002; Tidon et al., 2003;
Santos et al., 2003; Kato et al., 2004, Oliveiralgt2009; Leao and Tidon, 2004; Soto et al., 2006
Chaves and Tidon, 2008; Lavagnino et al., 2008tdéaret al., 2009; Fernandes Rodrigues and
Araujo, 2011; Pasini and Link, 2012; Ribeiro Barbes al., 2012; Poppe et al., 2014; Benitez Diaz,
2015; Ferreira Mendes et al., 2017; Vasconcelas ,€2017). In North Americd. indianus has

been found at latitudes of 45 to 50°N (Renkemad.egP@13; Holle et al., 2019). Like many
drosophilids, this fly feeds primarily on yeastsldracteria on decomposing fruits (i.e., is a
secondary pest), and in a specific event it has begorted as a primary pest of fig plants in Brazi
(Vilela et al., 2001). Understanding the factors that promotasiweness of. indianus is therefore
of biological and also economic interest. Durirgintvasion into temperate regions of the
Americas,Z. indianus has likely faced cooler temperatures and shodgiehgths compared to its
native range in tropical Africa (see Comnetal., 2012 for a review of the invasion process).
Range expansion into high latitudes can imposetedepressures (e.g., due to cooler temperatures
and shorter days in winter) that promote evolubgmeans of local adaptations in key
physiological traits. For exampl2, indianus populations from cold environments in India have
enhanced cold stress tolerance in eggs and pupagaced to populations form warmer areas
(Ramniwas et al., 2012). Invasion processes canfal®r environmentally triggered phenotypic

changes (i.e., phenotypic plasticity) in physiobagitraits. For exampl&. indianus acclimated to
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low temperature and low humidity increase theiicbkzgion resistance and levels of cuticular lipids
(Kalra and Parkash, 2016; Girish et al., 2018) hBluical adaptation and phenotypic plasticity may
facilitate Z. indianus range expansion by promoting survival at low terapges and short
photoperiods during winter at high latitudes.

Several studies have shown that fly species resfmowihter cold thermal regimes by
increasing cold tolerance (Bergland et al., 20h&&er et al., 2016; Mensch et al., 2017; Everman
et al., 2018; Moghadam et a019) or by slowing down or stopping reproductivaturation
(Kimura, 1988; Saunders et al., 1989; Rossi-Stdatoal., 2016; Mensch et al., 2017; Everman et
al., 2018). Historical geographic origin and disition influences the extent of cold tolerance and
reproductive responses to winter abiotic conditionsmany drosophilid species. For example,
temperatddrosophila buzzatii females have a lower critical temperature (c. JIdCovarian
maturation than their tropical counterparts (c.Q)51 e., tropical species interrupt ovarian
development at higher temperatures (Mensch e2@L7). Moreover, long-term cold exposure
reduces reproductive capacity of tropical specfeéb@Drosophila buzzatii complex, while females
of temperate species enhance their fertility aftdd-induced reproductive arrest (Mensch et al.,
2017). Likewise, species originating from hightladies and altitudes show cold tolerance capacities
that allows them to survive at low temperatureddag periods, includin@rosophila
pseudoobscura (Crumpacker and Marinkovic, 196Drosophila montana (Vesala and Hoikkala,
2011),Drosophila suzukii (Toxopeus et al., 201dprosophila lutescens andDrosophila takahashii
(Fukatami, 1984)Zaprionusindianus is not the only drosophilid species that becammasive and
expanded its geographical range, others fly spdike®rosophila melanogaster, Drosophila
simulans (Lachaise and Silvain, 2004hdD. suzukii (Rossi-Stacconi et al., 2016; Toxopeus et al.,
2016; Stockton et al., 2018) have colonized difiesreas in the world. Given the characteristics of
low temperature physiology of drosophilids, whengaexpansion for these species goes from

tropical to temperate areas, key traits such asnontering survival and fertility after long-term
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cold exposure are particularly important. Thereftoe a species a& indianus that extended its
range from tropical to novel temperate environments cold winters, adaptation and plasticity in
such traits could be crucial to cope with advetsietat conditions and in the determination of its
geographic expansion.

Testing hypotheses about the underlying causemlaigical invasions of a given species
requires comparing organisms that are in diffestages of the invasion process (van Kleunen et
al., 2010). Comparison of native range and invagivadianus flies can inform our understanding
of patterns, processes and mechanisms relevadmstmvasion. To test physiological responses of
Z. indianus to winter-like conditions (low temperatures andrsldays) that could limit its
distribution (da Mata et al., 2010), we studiedddollerance, ovarian maturation and survival after
long-term exposure to cold and different photopsiof native (Africa) and invasive range (South
America) wild-derived flies. At the species lewsk hypothesized that indianus females would
show immature ovaries after long-term exposureitdges-like conditions, but would recover
fecundity following a shift to high temperaturedicating that induced reproductive arrest is
possible and that females will be fecund and &(tile., no fitness reduction as a consequence of
exposure to prolonged winter-like conditions) fleistspecies (similar to other drosophilids). At the
intraspecific level, we hypothesized that femalesweid from the native range (Africa) would be
more susceptible to low temperatures and winter{ikotoperiod than those derived from invaded
areas (South America). Specifically, we predicteat flies from the invasive range would show
larger fertility recovery after prolonged cold espoe than wild-derived females from native range.
In addition, as cold tolerance (measured in difieraetrics like chill coma temperature (CTmin),
lethal temperature (LTe50), chill coma recoveryei(@CRT)) strongly correlates with latitudinal
distribution (Kellermann et al., 2012; Ramniwasket 2012, Andersen et al., 2015) we predicted
that flies from the invaded range would show lagewival to chill coma and also display a faster

recovery time than flies from the native rangejaating higher thermal tolerance to low
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temperatures. Altogether these results would intipdy survival and reproductive output
maintenance after long-time exposure to challenghigtic conditions correlate with the

geographic expansion @f indianus to high latitudes.

2. Materials and Methods

2.1. Insect collection and rearing

Zaprionus indianus flies were collected from the invaded range intBdAdmerica and in the native
range in Africa. South American continent flies @epllected by authors in Yuto (Province of
Jujuy, Argentina, coordinates: 23° 35' 2.1" S, %®ll°1.6" W). African stock was obtained from the
NationalDrosophila Species Stock Center (blogs.cornell.edu/drosopb&SC stock number:
50001-1031.02) and were originally collected in ¥d&kuma (Cameroon, coordinates: 3° 31' 47.9"
N, 15° 3' 14.3" E). Both stocks were set up by imadsreeding using the offspring of sevezal
indianus single gravid female collected in the wild. Thusge stocks of wild-derived indianus

flies represent samples of similar genetic varmatill stocks were maintained by full-sib mating
for more than 10 generations in 300-ml bottlespttids per stock, with standard fly laboratory
medium of cornmeal-sugar-agar. Density was comadily maintaining stocks with ~50 adults per
bottle to avoid negative effects of high populateensity orZ. indianus developing larvae (David

et al., 2006). For each locality we obtained the minimtemperature of coldest month (BIO6) from
WorldClim (www.worldclim.org,14/11/2018), data iset average for the years 1970-2000. The
minimum temperature of the coldest month is 17 .#"&¥okadouma (Africa) and 8.3°C in Yuto
(South America). This climatic data shows that vdktived flies from Yuto (South America)
population in the invaded range went through calatevs while flies from Yokadouma (Africa) in

the native range are derived from a population @imerlow temperatures were experienced.
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2.2. Quantification of survival and ovarian maturation in long-term cold exposed females

The experimental procedure used was a simplifiesioe of the one described in detail in Mensch
et al. (2017). Briefly, groups of ~100 newly emerged (k post-emergence) indianus females
from both stocks were exposed to four differentidotatments (10, 12, 14 and 16°C) for 20 days,
combined with two alternative photoperiods simulgtshort winter days (10 h:14 h light:dark) and
long summer days (14 h:10 h light:dark). This des&gulted in 8 experimental treatments. Two
replicates were performed for each combinationapiytations and treatments. After 20 days of
cold exposure, all females were removed and surwiga scored as the percentage of live females
from the total number of females at the beginnihthe cold treatment. For each replicate 15
surviving females were dissected to evaluate tlgeeseof ovarian development. Based on ovarian
condition, we defined two types of females: repitkely arrested (RA) and mature females. RA
females were defined by the presence of only piedlegenic ovarioles in both ovaries (stages 1-7
according to King, 1970), while mature females haltkast one stage 8 (vitellogenic) oocyte in
either ovary. Statistical analysis of survival avarian arrest under different environmental
conditions were performed applying a logistic regren model with a binomial distribution to the
entire data-set using tlgem function oflme4 package (Bates et al., 2015) in R software, varsio
3.3.1 (R Core Team, 2016). The full model incluéagironmental temperature as a continuous
predictor, origin (Yokadouma from native range ifiiéa and Yuto from invaded range in South
America) and photoperiod (winter and summer) asdifactors. Model fit was evaluated using
DHARMa package (Hartig, 2019). For ovarian arrest analgsige the triple interaction was
significant (see supplementary table 1), separséysis by photoperiod were performed. Multiple

testing was corrected using a conservative Bonfiegaorrection.
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2.3. Fertility measurements

In order to quantify reproductive recovery in fegsathat went though cold treatment, we compared
fertility scored as the number of adults (and lajyaer female of RA females and control females
maintained at 25°C and 12 h:12 h light:dark photige Fertility of RA females was scored in flies
exposed to 20 days at 12°C and winter-like photoddil0 h:14 h light:dark). For these assays,
females were transferred to new vials at 25°CHoed days; after that, all females were
individually crossed with a pair of mature malesttivere reared at 25°C and 12 h:12 h (light.dark)
photoperiod. Once mating had taken place, indititeraales were allowed to lay eggs for 5 days
in 2 cm Petri dishes containing agar medium withsygaste placed at the end of vials.
Oviposiotion was performed each day on a diffexgalt Mating vials were kept at 25°C and 12
h:12 h (light:dark) photoperiod. The number of Eaand adult progeny was recorded by visual
inspection of vials daily. This procedure allowedstore fertility as the total number of larvae or
adult progeny per female and also to quantify plaisameter daily after cold treatment termination.
The treatment of 12°C and winter-like photopericabwehosen because such temperature is below
the thermal limit that induce ovarian maturatiorZinndianus (see Figure 1) and also had a high
survival (0.8 for Yokadouma and 0.84 for Yuto, Fg@), which allowed to have a suitable number
of RA females after cold treatment to score feytilStatistical analysis of the comparison of

fertility of RA females and control females wasfpemed applying a General Linear Model using
theglm function oflme4 package in R software (Bates et al., 2015). Thdehiocluded origin
(Yokadouma from native range and Yuto from invadete) and treatment (RA females vs
control females) as fixed factors. Statistical gs@l of mean number of larvae and adult progeny
per female over time was performed applying a Gdized Linear Mixed Model with origin and
time (day of quantification after cold treatmenttéation) as fixed factors and individual female

(replicate) as a random factor. This statisticalysis was performed using theer function of
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Imed package in R software was used (Bates et al.,)2815inomial distribution was used in both
analyses. Model fit was evaluated usiPiJARMapackage (Hartig, 2019). Pairwise Tukey's post-

hoc comparisons were performed usengneans package (Lenth, 2018).

2.4. Cold-tolerance assay

Flies of 10 days of age from each population reate2b6°C and 12 h:12 h (light:dark) photoperiod
were transferred without anesthesia in groups e2@@ies to vials set in boxes containing water at
0°C. After 12 h at 0°C flies were allowed to recoae25°C. Survival to chill coma was scored as
the proportion of live flies from the total numhsrflies at the beginning of the chill coma
treatment. Recovery from chill coma was individyaleasured as the time (in minutes) elapsed
until flies could stand up on their legs (Davicaét 1998). Statistical analysis of chill coma
recovery time was performed applying a GLM usinggim function oflme4 package in R

software (Bates et al., 2015). The model includegiro (Yokadouma from native range in Africa
and Yuto from invaded range in South America) ad(snale and female) as fixed factors. A

sigma distribution was used. Model fit was evaldatsingDHARMa package (Hartig, 2019).

3. Results

3.1. Critical temperature for ovarian maturation for Z. indianus females from native and invaded

ranges

Ovarian maturation as a function of temperature fittesl to a logistic curve (Figure 1), and from
this equation, we could infer that 50% of Allindianus females exposed to cold treatments attained

ovarian maturation at a critical temperature df®:3°C. Critical temperature for ovarian
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maturation is similar between different origins gibtoperiod (Figure 1). Nevertheless, statistical
analysis showed that there was a significant plestog x temperature x origin interaction
affecting ovarian maturation (Supplementary Tablerhus the combination of photoperiod and
temperature had impacts on ovarian maturation weat also dependent on the biogeographic
origin of females (Supplementary Table 1). In additfemales from both origins showed ovarian
maturation above the critical temperature, excepafsmall proportion of females from Yuto
(South America) that still arrested their ovarie44fC and 16°C under winter-like photoperiod

(Figure 1, Table 1).

3.2. Survival following cold treatments for Z. indianus females from native and invaded ranges

Temperature, photoperiod and the origin x photagkinteraction affected. indianus female
survival following 20 days at low temperatures ([Ea®). Females exposed to long-term cold
treatments showed high survival (>75%) in all tneaxtits except at 10°C (Table 2, Figure 2). The
lowest survival was found in Yokadouma (Africa) ised females when exposed to 10°C and
winter-like photoperiod (Figure 2). Females frombborigins that were exposed to 12°C and
winter-like photoperiod showed high survival (>75@kigure 2) and all arrested ovarian
development (Figure 1). These RA females were tsegtaluate fertility recovery after cold

treatment.

3.3. Fertility recovery of reproductively arrested females from native and invaded ranges

Reproductively arrested females from both origirsntained fertility following cold recovery,
although females from different origins showedeliét patterns (Figure 3A). Reproductively

arrested females from Yokadouma (Africa) showedhdidertility than control females not exposed

10
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to cold treatments (GLM;1 12= 8.54, P = 0.013) while fertility of females froviuto (South
America) did not differ significantly from contrélies (GLM, F; 9= 3.1, p = 0.077) (Figure 3A).
The mean number of offspring from RA females wa83@arvae and 23.00 adults per female from
Yokadouma (Africa) and 32.00 larvae and 16.17 adudtr female from Yuto (South America). The
number of offspring (estimated as larvae or adfittsjhese RA females varied over time following
mating and there also was an interaction with tigiroof RA females (Figure 3B, Table 3).
Females from Yokadouma (Africa) had significangirnumber of larvae (Tukey contrast,
estimatgp, o5= 20.54, P = 0.017) and adult progeny (Tukey @stirestimate ¢6= 9.74, P =

0.0082) than Yuto (South America) females 24 hraftating, but this difference disappeared at 48
h (Tukey contrasts, Larvae: estimgates= -6.67, P= 0.863; Adult: estimate ¢6= 1.64, P = 0.986)
and 72 h (Tukey contrast, Larvae: estimgatg= -4.75 P = 0.964; Adult: estimateys=-2.45, P =

0.926) after mating (Figure 3B).

3.4. Chill coma recovery time of Z. indianus flies from native and invaded ranges

The proportion of flies that survived following dlsoma (12 h at 0°C) was 0.31 for Yokadouma
(Africa) flies and 0.66 for flies from Yuto (Soukmerica). Chill coma recovery time @f

indianus flies was affected by the geographical origin bgdhe sex of flies (Table 4, Figure 4).
Wild-derived flies from Yuto (South America) recaed faster from chill coma than flies from
Yokadouma (Africa), with median recovery times 6fLiminutes and 126 minutes, respectively.
For both origins, females (median = 103 minutespvered faster than males (median = 129.5).
These results suggest that flies from the invadade had higher cold tolerance than flies from the

native range.

4. Discussion

11
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276 In the present study we report t@aindianus females are able to arrest ovarian developmenhwhe
277 exposed to long-term cold exposure, indicating tioéd-induced reproductive arrest is possible for
278 this species, similar to other drosophilids (Vesald Hoikkala, 2011; Kubrak et al., 2014;

279 Toxopeus et al., 2016; Mensch et al., 2017). We a@¢termined that the critical temperature to
280 induce ovarian maturation for this species is ¢33, a value for this physiological parameter that
281 is larger than the values for temperate drosogh(id °C) and slightly lower than the thermal limit
282 of tropical drosophilids (14-15°C) (Mensch et 2D17). We demonstrated thatindianus

283 reproductively arrested females maintained feytftilowing recovery from challenging abiotic

284 conditions, and therefore does not experience stidf@ness reduction as a consequence of low
285 temperature exposure. Thus, althodgimdianus originated in tropical areas, it can display

286 reproductive overwintering characteristics simitatemperate species. These characteristics may
287 facilitateZ. indianus invasion to high latitudes with temperate and ablchates, since the ability to
288 tolerate challenging abiotic conditions may detemrthe spread potential of any given species
289 (Ramniwas et al., 2012; Kalra and Parkash, 2016sl@et al., 2018).

290 In addition to species-level responses to winta-tionditions, wexpected to find

291 intraspecific differences betwe&nindianus from native and invaded range for overwintering

292 traits. Intraspecific differences in these trasild be indicative of adaptations or phenotypic

293 plasticity in invaded range populations. In effeet, found that wild-derived females from Yuto
294 (South America) responded to a winter (short déat@period by slowing down ovarian

295 maturation at low but permissive temperatures 6Cldnd 16°C; and also delayed the start of

296 oviposition after cold treatment (oviposition pedli8 hs). These results could be signs of a deeper
297 dormancy-like response only for Yuto females. ABgreater proportion of Yuto flies survived
298 chill coma than flies from Yokaouma and the formesrovered more quickly from chill coma as

299 well, indicating that flies from colder climatesegented larger survival to chill coma treatment and

12
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also faster chill coma recovery times, i. e. higt@d tolerance in the invasive population.
Enhanced cold tolerance in the South American @add be interpreted as local adaptation to
colder climate, in any case this results show ¢bét tolerance may be part of a physiological
responses that facilitate expansiorZoindianus into cold areas. However, we also found opposing
results regarding local adaptations in the invgatgallation in terms of fertility recovery after ipn
term cold exposure, since native range flies frookaouma (Africa) showed higher fertility
recovery than females from Yuto (South Americapdilfemales from native and invaded range
show very similar critical temperatures for ovarraaturation, which means that invaded range
females are not being less affected in ovarian raatun by challenging abiotic conditions of low
temperatures and winter-like photoperiod. Ovariaturation shows latitudinal cline variation
among natural populations of other drosophilid ggseandicating that this trait could be related to
adaptation to temperate environments (Schmidt e2@05). However, this has not been the case
for the pattern found i. indianus. We speculate that while enhanced cold tolerarene facilitate
invasion ofZ. indianus to southern areas of South America, limited adaptair plasticity of the
reproductive arrest response may limit this exgandi should be noted that differences in the
phenotypic values of traits among flies from diéfiet origins that have different environments are
indicative of the action of natural selection thedduces local adaptation; but as Reznick & Travis
(1996) points out, this evidence can only be tak®a first step for proving adaptation in the wild.
Also, this interpretation is based only on two plagions collected in the wild, therefore the
generality of the indications of adaptation musturéher confirmed by expanding the number of
samples of both origins, or by conducting reciprd@msplant experiments (e.g., Pelini et al.,
2009). Another possible caveat that should be roeed is the possibility that laboratory adaptation
or inbreeding could have impacted our traits esesmiaHowever, given that the populations
analyzed were maintained at large population sinelscontrolled environmental laboratory

conditions (standard laboratory medium, temperapietoperiod, humidity) the possibility that
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these laboratory processes have differentiallycégfidthe stocks is low. Also, several studies have
shown that for drosophilids these factors affetraspecific variation less than interspecific
variation (Andersen et al., 2015; Maclean et &18).

It has been widely shown that day length is ancgrdtory and reliable cue of seasonal
change, even more than environmental temperattmes, Physiological response to changes in day
length could be relevant in the biology of orgarsdiacing seasonal changes. In flies, the fact that
photoperiod has a role in the modulation of tragression could be indicative of flies adaptive
response to life at high latitudes (Bradshaw & Helel, 2010). We found that photoperiod
modulatedZ. indianus ovarian arrest, since invaded range females slalgach ovarian maturation
and delayed the start of oviposition after colétmeent only under the winter (short day)
photoperiod. ThusZ. indianus is similar to other drosophilid species, whosertradresistance and
life history traits are affected by photoperiod ficani et al., 1990; Lanciani et al., 1992; Hordan
Kimura, 1998; Sgrensen and Loeschcke, 2002; Hoffneal., 2005; Vesala and Hoikkala,
2011;Vesala et al., 2012; Bauerfeind et al., 20ddghadam et al., 2019). Photoperiod is also a
relevant abiotic factor that could have an impacZandianus overwintering survival and fertility,
especially considering the invasion process ofgpecies towards high latitudes to the south of the

South American continent where there are markesoseh fluctuations of day length.

5. Conclusions

We identified a set of overwintering traits thatiwbfacilitate geographical expansionbf

indianus to southern latitudes of South Ameri2Zaindianus likely does not experience a drastic
reduction in fitness in temperate climates withdoeinters, given that females show ovarian arrest
followed by a recovery in fertility when exposedctmallenging abiotic conditions. We found mixed

evidence both for and against scenarios of locaptadions or phenotypic plasticity in the invaded
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range; and also showed that photoperiod acted dslator of ovarian arrest. With respect to
overwintering mechanismg, indianus seems to have characteristics of both tropicaltamgerate
species. Overall, variation in reproductive andidolerance physiology may enable (and limit)

geographical expansion gf indianusto high latitudes of the American continent.
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567 Table 1 Logistic regression analysis of environmentatdes (temperature and photoperiod)

568 affecting reproductive arrest ih indianus flies from different biogeographic origin (natised

569 invaded range). The analysis for winter-like phetopd and summer-like photoperiod are shown
570 separately since the full model presented sigmfigateractions (see supplementary table 1).

571 Significance threshold factor using a Bonferronirection was P < 0.0015.

Winter Summer
Effect Estimate X) P Estimate X) P
Temperature 195.35 <0.0015 197.58 <0.0015
Origin 14.92 <0.0015 1.53 0.216

Temperature x

. 17.48 <0.0015 2.92 0.087
Origin

572

573

574 Table 2 Logistic regression analysis of environmentatdes (temperature and photoperiod)
575 affecting survival after cold treatments4nindianus populations from different biogeographic

576 origins (native and invaded range). Non-significaeractions are not shown.

Effect Estimate ) P
Temperature 186.91 <0.001
Origin 0.06 0.8
Photoperiod 12.27 <0.001

Origin x Photoperiot 6.56 0.01

S77

578

579 Table 3 Generalized Linear Mixed Model analysis of thenparison of fertility of cold induced
580 RA females o&. indianus from Yokadouma (Africa) in the native range andd/(South America)
581 in the invaded range (origin effect) at differames after mating (time effect). Fertility was

582 estimated as the number of larvae and adults pealée

Larvae per females  Adults per female
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Effect Estimate X) P Estimate ) P

Origin 0.81 0.3 1.64 0.2
Time 14.26 <0.001 26.99 <0.001
Origin x Time 13.5 0.0012 14.33 <0.001
583
584

585 Table 4.General Linear Model analysis of the comparisoohatf coma recovery time of females
586 and males (sex effect) flies from Yokadouma (Afyicathe native range (N=17) and Yuto (South

587 America) in the invaded range (N=59) (origin efject

588
Effect EstimateX?) P
Origin 11.62 <0.001
Sex 10.89 <0.001
Origin x Sex  0.003 0.95
589
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Fig. 1. Ovarian maturation faf. indianus females from Yokadouma (Africa) and Yuto (South
America) in winter (left panel) and summer (riglainel) photoperiods. Ovarian maturation was
scored as the presence of at least one stageeBdgénic) oocyte in either ovary. Error bars are
standard deviations. Vertical dashed lines inditdagethermal threshold for the induction of ovarian
maturation. Yokadouma (Africa) flies showed 50%uation of ovarian maturation at 13.34°C in
winter-like photoperiod and 13.01°C in summer-lgteotoperiod, whereas Yuto (South America)
flies reached 50% ovarian maturation at 13.58°@imter-like photoperiod and 13.34°C in

summer-like photoperiod.

Fig. 2. Survival following 20 day cold treatments tarindianus females from Yokadouma (Africa)
and Yuto (South America) in winter (left panel) awimmer (right panel) photoperiods. Survival
was measured as the percentage of live femalestfrertotal number of females that started cold

treatments. Error bars are standard deviations.

Fig. 3. Fertility recovery of reproductively arrestédindianus females from Yokadouma (Africa)
and Yuto (South America). (A) Number of adult ofisig obtained from reproductively-arrested
(RA) females exposed to cold treatment (dark gesyg) control mature females not exposed to cold
treatment (light gray) for Yokadouma (Africa) (N=a)d Yuto (South America) (N=8) populations
of Z. indianus. Data are the mean (£s.e.m.) number of adult prpgerived from single females.

(B) Fertility recovery of reproductively arrest&dindianus across days after mating. The mean
(xs.e.m.) number of larvae and adults per female dettermined from vials containing eggs laid
24, 48, and 72 h after mating. Left panel showslitgrmeasured as number of larvae per female

and right panel shows fertility measured as nunobadult offspring per female. **P<0.05.

Fig. 4. Chill coma recovery time (in minutes) of wild-dexd Z. indianus flies from Yokadouma

(Africa) and Yuto (South America). Sample sizesevd=17 for Yokadouma (Africa) and N=59
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616 for Yuto (South America). Boxplot lines represdm tmedian and box boundaries are the upper and
617 lower quartiles (e.g. 25th percentiles). Error bamesent the maximum and minimum values.

618 **P<0.05.
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619 Appendix A

620

621 Supplementary Table 1 Logistic regression analysis of environmentatdes (temperature and
622 photoperiod) affecting reproductive arresZinndianus populations from different biogeographic

623 origin (native and invaded range).

624
Effect Estimate X?) P-value
Temperature 392.03 <0.001
Origin 5.06 0.0244
Photoperiod 9.20 0.0024
Temperature x Origin 3.58 0.0584
Temperature x Photoperiod 1.21 0.271
Origin x Photoperiod 8.43 0.0037
Temperature x Origin x 16.83 <0.001
Photoperiod
625
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Highlights

We characterized physiological traits responses to winter like conditionsin Z. indianus.
Z. indianus femal es arrested ovarian maturation in response to cold treatments.

Flies recovered fertility after winter-like conditions.

Photoperiod acted as modulator of ovarian arrest only in invaded range flies.

Invaded range flies survived better and recovered faster from chill coma.



