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Abstract

The Mediterranean fruit fly, Ceratitis capitata (Diptera: Tephritidae), holds an impressive

record of successful invasions promoted by the growth and development of international

fruit trade. Hence, survival of immatures within infested fruit that are subjected to various

conditions during transportation seems to be a crucial feature that promotes invasion suc-

cess. Wolbachia pipientis is a common endosymbiont of insects and other arthropods gen-

erating several biological effects on its hosts. Existing information report the influence of

Wolbachia on the fitness traits of insect host species, including the Mediterranean fruit fly.

However, little is known regarding effects of Wolbachia infection on immature development

in different host fruits and temperatures. This study was conducted to determine the devel-

opment and survival of immature stages of four different Mediterranean fruit fly populations,

either infected or uninfected with Wolbachia, in two hosts (apples, bitter oranges) under

three constant temperatures (15, 25 and 30˚C), constant relative humidity (45–55 ± 5%),

and a photoperiod of 14L:10D. Our findings demonstrate both differential response of two

fruit fly lines to Wolbachia infection and differential effects of the two Wolbachia strains on

the same Mediterranean fruit fly line. Larva-to-pupa and larva-to-adult survival followed simi-

lar patterns and varied a lot among the four medfly populations, the two host fruits and the

different temperatures. Pupation rates and larval developmental time were higher for larvae

implanted in apples compared to bitter oranges. The survival rates of wildish medflies were

higher than those of the laboratory adapted ones, particularly in bitter oranges. The Wolba-

chia infected medflies, expressed lower survival rates and higher developmental times,

especially the wCer4 infected line. High temperatures constrained immature development

and were lethal for the Wolbachia infected wCer4 medfly line. Lower temperatures inferred

longer developmental times to immature stages of all medfly populations tested, in both host

fruits. Implications on the ecology and survival of the fly in nature are discussed.
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Introduction

The distribution and abundance of true fruit flies (Diptera: Tephritidae) depend on several abi-

otic (e.g., temperature, relative humidity, rainfall) and biotic factors (e.g., host plants, natural

enemies) [1]. The Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann) (Diptera:

Tephritidae) is considered one of the most devastating pests of fruit and vegetables worldwide

[2–4]. It is a highly polyphagous insect pest infesting more than 300 plant species [5,6]. More-

over, medfly is a remarkably invasive pest, currently holding an almost world-wide geographi-

cal distribution [7], and expressing an enormous ability to cope with diverse biotic and abiotic

factors. In the long list of hosts, some are highly favorable (citrus), while others are marginal

(apples) for immature development and adult performance. In temperate areas, high infesta-

tions of pome and stone fruit, as well as of lower economic value hosts such as figs and persim-

mons during summer, lead to the development of high medfly populations in autumn. These

populations threaten later maturing hosts such as apples. However, development in apples,

which are considered not favorable for medfly, may have a crucial role for the fly’s successful

overwintering as larva within the fruit, and hence it’s persistence in temperate areas [8–10].

Wolbachia pipientis is a gram-negative, obligate intracellular bacterium belonging to the

family of Rickettsiaceae (α-proteobacteria) that infects numerous species of arthropods and

nematodes [11]. It has been estimated that up to 66% of insect species are infected with Wolba-
chia [12]. It is maternally inherited and capable of manipulating host reproduction favoring its

own dispersion as a reproductive parasite [13]. Cytoplasmic incompatibility (CI) is the most

common Wolbachia induced phenotype in insects and mites, which leads to embryonic mor-

tality of fertilized eggs when an infected male mates with i) an uninfected female (unidirec-

tional CI), or ii) a female infected with a different Wolbachia strain (bidirectional CI) [14].

Furthermore, Wolbachia infection may also affect the olfactory response, life span, and immu-

nity of its hosts [15,16].

Wolbachia transmission is directly depended on the survival and reproduction of its host;

hence, it is rather expected that the Wolbachia-insect symbiosis would promote host’s fitness.

Indeed, several studies confirm this assumption demonstrating positive effects of Wolbachia
infection on the fitness traits of insect hosts, such as increased longevity and improved repro-

duction rates [17–21]. However, other studies report significant fitness costs on infected popu-

lations [22–25]. Differential fitness responses among Wolbachia infected insect hosts could be

attributed to the rate that a mutualistic relationship between the insect and the bacterium is

evolving. Such an example has been recorded in Drosophila simulans wild populations which

can be found either infected or not with Wolbachia. Although, uninfected females exhibited

higher egg-production rates than infected ones, this trend has shifted in less than 20 years of

bacterium-insect co-evolution [26], indicating the dynamic nature of the symbiotic relation-

ships, and possibly the neglected role of the abiotic factors that when interact with a given

biotic environment could differentiate specific fitness characters.

Environmental conditions, and especially temperature, affect the survival and fitness of

insects [27–31]. Tephritids can survive and develop within a range of temperatures with the

extreme ones functioning as tolerance thresholds [28,32]. The demographic response of

tephritids to different temperatures has been extensively studied under both constant and fluc-

tuating temperatures [33–40] with considerable attention given in the development of imma-

ture stages [41–43]. Effects of host fruits on immature survival and developmental duration

have been tested mainly under optimal environmental conditions (e.g. constant temperature

and humidity) [1,43–45]. Additional studies, focusing on quarantine treatments have deter-

mined mortality rates of immatures after being exposed within artificially infested fruit at low

storage temperatures for extended periods of time [46–48].
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In a list of interesting studies, Diamantidis et al. [49–51] demonstrated that medfly popula-

tions obtained from different geographic areas express different life history traits under the

same constant laboratory conditions. Other studies have confirmed that laboratory adapted

and wild or wildish populations (reared in artificial diet for up to 10–12 generations under lab-

oratory conditions) of the Mediterranean fruit fly may express different demographic profiles

[45,49]. Over long periods of laboratory rearing that induce rather directed selection pressures,

C. capitata populations go through bottlenecks that reduce the genetic variability, the diversity

and possible abundance of their microbiome. Although this process results in an increased fit-

ness under the artificial rearing conditions, laboratory adapted flies perform poorly under dif-

ferent rearing conditions or in the wild [52,53]. Laboratory adapted populations, therefore,

may be unable to develop in wild hosts and in variable environmental conditions. The interac-

tion of factors such as temperature, host fruit and different medfly populations may contribute

towards understanding the plastic and adaptive aspects of development and performance of

medflies.

Over the last decade a growing body of studies has explored the Wolbachia infection status

of many important species of Tephritidae [54]. Wild populations from a list of species such as

Bactocera dorsalis, Anastrepha suspensa, Rhagoletis cerasi, Zeugodacus cucurbitae have been

found to be infected with Wolbachia [55–58]. Nonetheless, and despite intense efforts all C.

capitata populations tested were found to be Wolbachia free [59]. Hence, trans-infection of

laboratory adapted populations offered an interesting opportunity to establish a CI tool to con-

trol this pest. The earlier studies of Boller et al. [60,61] that demonstrated CI in wild popula-

tions of the European cherry fruit fly, R. cerasi (L) have been considered in these new efforts.

In fact, the CI among R. cerasi populations that Boller and colleagues detected in 1970’s has

been attributed to different Wolbachia infections by Riegler et al. [55]. The Wolbachia strains

wCer2 and wCer4 originated from R. cerasi (donor) have been successfully transferred to labo-

ratory adapted C. capitata lines [62]. Crosses between Wolbachia infected males and non-

infected females of C. capitata, under controlled laboratory conditions, resulted in strong CI

(100% embryonic mortality) [62]. In addition, wCer2 and wCer4 expressed bidirectional CI in

C. capitata [62,63]. Establishment of a successful CI project against C. capitata based on Wol-
bachia infected laboratory adapted populations requires efficient rearing and sexing proce-

dures as well as the production of high-quality males that can outcompete wild males to mate

with wild females.

The first effort to address effects of Wolbachia infection on demographic traits of medfly

populations has been conducted by Sarakatsanou and co-workers [64]. The respective study

revealed the effects of a single Wolbachia strain (wCer2) on fitness components of two C. capi-
tata genotypes (i.e., Benakeio and Vienna 8 GSS laboratory lines), as well as the effects of two

different Wolbachia strains (wCer2 and wCer4) on a single medfly genotype (Benakeio). The

following general patterns emerged: a) Wolbachia causes high egg-to-larva mortality, b) Wol-
bachia causes high egg-to-adult mortality (exception: Vienna 8 GSS + wCer2) and c) Wolba-
chia shortens egg-to-adult developmental time, although it prolongs embryonic development

(exception: Benakeio + wCer2). Recent studies by Kyritsis [65,66] on the same system (Wolba-
chia–medfly) reported no effects of Wolbachia infection on adult lifespan and a reduced fecun-

dity in the case of wCer4 infection only. Even though wCer2 and wCer4 in general tended to

have consistent effects on medfly, the magnitude of their effects differed. Collectively, the

results from these studies indicate that the effect of Wolbachia infection on life history traits

depends both on the C. capitata genetic background and on the Wolbachia strain.

The aim of the current study was to explore the response of immature stages of different

medfly populations (laboratory adapted and wildish ones) to different host fruits (apples and

bitter oranges) and under different temperature regimes. Including Wolbachia infected lines
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in our experimentation we have been interested to address the effects of Wolbachia on the

immature development of medfly on wild fruit host. Moreover we explored whether the inter-

action between temperature and wild host fruits determines the performance of immature

medflies.

Materials and methods

Experiments were conducted in the laboratory of Entomology and Agricultural Zoology at the

University of Thessaly from September 2017 to April 2018. The conditions in the experimental

rooms were set at 25±1˚C, 45–55% relative humidity and 14:10 L:D photoperiod (photo phase

started at 07:00 h). Light was provided by fluorescent tubes adjusted on the top the shelves

where rearing cages were kept and experiments were performed. Light intensity on the shelves

ranged from 1500 to 2000 Lux.

We used four different Mediterranean fruit fly populations: (a) ‘Benakeio’, a Wolbachia free

(uninfected) laboratory population, (b) 88.6, a trans-infected Benakeio line carrying the wCer2

Wolbachia strain [62], (c) S10.3, a trans-infected Benakeio line carrying the wCer4 Wolbachia
strain [62] and (d) one wildish population originated from field infested apples collected in

Agia, Larissa that has been reared in laboratory conditions for 9–12 generations.

Apple (Golden Delicious) and bitter orange (local cultivar) fruits, collected from organic

orchards located in central Greece (Thessaly district), were used in our experiments. No

endangered or protected species were involved and no specific permission was required for

the location nor the activities carried out. The permissions of the organic orchards’ owners to

enter the properties and collect fruits were acquired before starting the experiments. Both host

fruits, stored at 6 ± 2˚C for 2 to 14 days, were thoroughly washed with tap water before being

used in our tests.

The rearing procedure of the four C. capitata populations was performed by caging approx-

imately 100 adults in wooden, (30 x 30 x 30 cm), wire-screened cages with ad libidum access to

water and standard adult diet (mixture of yeast hydrolysate, sugar and water at 1:4:5 ratio—

YS). Females deposited eggs on the inner surface of artificial oviposition substrates [5cm diam-

eter hollow, plastic, red-colored hemispheres (domes), pin-punctured with 40–50 evenly dis-

tributed holes (1mm diameter)]. Domes were fitted in the cover of a 5.5-cm diameter plastic

petri dish. Water was added in the base of the petri dish to maintain high humidity levels

within the dome. Also, 0.5 ml of orange juice was added in a small plastic cup placed in the

base of the petri dish to stimulate oviposition [67,68]. Domes were placed in rearing cages for

24h in order to collect enough eggs to continue the rearing or to use in experiments.

To investigate the effects of Wolbachia infection, fruit-host and temperature on the imma-

ture (larvae, pupae) survival and developmental duration, freshly laid eggs taken from the ovi-

position domes were spread using a soft paintbrush on a black filter paper, impregnated with

water and fitted in a Petri dish (4.5 cm in diameter). A small piece of apple (2x2 cm) was placed

on the center of the filter paper to attract newly hatched larvae and prevent them from scatter-

ing within the Petri dish. Filter papers with eggs were kept moist for 48h and subsequently first

instar larvae were hatched. Freshly hatched larvae were implanted in two artificial holes 1.5–

2.0 mm in diameter (5 individuals in each hole), drilled on opposite sides on the upper part of

each host fruit. Implanting first instar larvae instead of eggs assured that no infertile or dead

eggs were used. Subsequently, infested fruits were individually placed in plastic containers on

a layer of sterilized sand, were covered with organdie cloth and transferred in three different

rooms, adjusted to 45–55% RH and i) 15˚C, ii) 25˚C, and iii) 30˚C. On a daily basis, all artifi-

cially infested fruits were carefully inspected and newly formed pupae were collected. We per-

formed 20 replications for each host fruit (apples, bitter oranges), medfly population
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(Benakeio, 88.6, S10.3 and wildish) and temperature (15˚C, 25˚C, 30˚C). Hence, we used 240

apples and 240 bitter oranges, in total (20 for each of the 4 medfly populations and the 3 tem-

peratures). Also, the total number of first instar larvae implanted in fruit was 4800 (2400 in

apples and 2400 in bitter ornages).

Data analysis

The effects of Wolbachia infection, fruit-host, and temperature on survival during immature

development were tested with the binary logistic regression. Binary logistic tests the effect of

several factors and their interactions on a dichotomous depended variable (i.e. survival; dead-

alive). Wald t-test or z value was used to assess the significance of the tested predictors. We

also used the Cox proportional hazards model to assess the effects of the above factors and of

sex on the duration of larval, pupal and total immature development. This survival model is

commonly used in medical and demographic research to assess the association between time

to event (i.e. time to pupation/adult emergence) and one or more predictors. More specific,

the model allowed examining the effects of the Wolbachia infection, fruit-host, and tempera-

ture on larval, pupal and larva to adult developmental duration [69]. All data analyses were

conducted using the statistical software SPSS 25.0 (SPSS Inc., Chicago, IL, U.S.A.).

Results

Survival rates

The survival rates of the immature stages of all four medfly populations, in both fruit species

(apples, bitter oranges) held under three constant temperatures (15, 25, 30˚C) are given in Fig

1. Overall larva-to-pupa and larva-to-adult survival followed similar patterns and varied a lot

among the four medfly populations, the two host fruits and the different temperatures (Fig 1A

and 1C). Pupation rates were higher for larvae implanted in apples compared to bitter oranges

regardless of the C. capitata population and the temperature (Wald test t = 87.07, df = 1,

P< 0.001). Medfly population was also a significant predictor of larva-to-pupa survival (Wald

test t = 144.4, df = 3, P< 0.001). The performance of wildish (F9) medflies was higher than

that of the laboratory adapted ones, particularly in bitter oranges. The Wolbachia infected

medfly populations, expressed lower larva-to-pupa survival rates, especially the wCer4 infected

one (S10.3). Temperature differentially affected larva-to-pupa survival rates (Wald test

t = 47.24, df = 2, P< 0.001). Higher temperature decreased larva-to-pupa survival in wildish,

Benakeio and 88.6 populations when larvae developed in apples, but did not affect it when lar-

vae developed in bitter oranges (especially in wildish flies). Exposure to 30˚C was detrimental

for the laboratory adapted flies and lethal for the larvae of wCer4 Wolbachia infected popula-

tion S10.3.

The interaction between fruit type and medfly population was significant (Wald test

t = 63.32, df = 3, P< 0.001). Indeed, larva-to-pupa survival rates of Benakeio and the wCer2

infected population (88.6) were higher in apples compared to bitter oranges, while the wildish

and the S10.3 flies expressed similar survival rates in the two host fruits (Fig 1A). Likewise, the

interaction between fruit and temperature was significant (Wald test t = 31.16, df = 2,

P< 0.001) since survival rates varied a lot among different temperatures in apples while they

were more stable in bitter oranges. The significant interaction between medfly population and

temperature (Wald test t = 47.82, df = 6, P< 0.001) highlights the dramatic drop in survival

rates of the laboratory adapted flies (Benakeio, 88.6, S10.3) compared to wildish ones in higher

temperatures.

The survival rates at pupal stage for the four medfly populations, the two hosts (apple, bitter

orange) and the three temperatures is given in Fig 1B. Host fruit was a significant predictor of
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Fig 1. Survival rates of larva-to-pupa (A), pupa-to-adult (B) and larva-to-adult (C) of i) Wolbachia uninfected

laboratory medfly population “Benakeio”, ii) wCer2 infected medfly population “88.6”, iii) wCer4 infected medfly

population “S10.3” and iv) wildish (uninfected) medfly population collected in the region “Agia”, in two different hosts

(apples and bitter oranges).

https://doi.org/10.1371/journal.pone.0229727.g001
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pupae survival rates regardless of medfly population and temperature (Wald test t = 7.70,

df = 1, P = 0.006) with pupae obtained from apples surviving at higher rates compared to those

obtained from bitter oranges. Medfly population was a significant predictor as well (Wald test

t = 11.15, df = 3, P = 0.011), as pupae of the Benakeio population survived at higher rates com-

pared to the Wolbachia infected and the wildish ones, regardless of the host fruit and tempera-

ture. Lower temperatures tended to increase the pupae survival rates of all medfly populations

in both host-fruit (Wald test t = 17.78, df = 2, P< 0.001). The interaction between host-fruit

and medfly population was significant (Wald test t = 10.75, df = 3, P = 0.013) indicating differ-

ential performance of the four populations in the different fruits. Pupae of the Benakeio,

derived either from bitter oranges or apples, expressed similar survival rates. However, pupae

of the wildish and the 88.6 populations that derived from apples survived at higher rates com-

pared to those obtained from bitter oranges. On the contrary, wCer4 infected pupae (S10.3)

reared in bitter oranges survived at higher rates than those reared in apples.

Larva to adult survival rates (percentage of adult emergence) of all four medfly populations,

reared in both apples, and bitter oranges held under 15, 25, and 30˚C are given in Fig 1C. Simi-

lar to larva-to-pupa survival rates, the host had a significant effect on adult emergence rates

regardless of the population and the rearing temperature (Wald test t = 57.40, df = 1,

P< 0.001). The percentage of adults that survived in apples was much higher than in bitter

oranges, with the exception of S10.3. Medfly population also significantly affected adult sur-

vival rate (Wald test t = 103.46, df = 3, P< 0.001) as a higher percentage of adults emerged

from the Benakeio and wildish populations compared to 88.6 and S10.3. Likewise, rearing tem-

perature was a significant predictor of adult emergence rates regardless of the host and C. capi-
tata population (Wald test t = 30.44, df = 2, P< 0.001). Overall, fewer adults emerged in

higher temperatures as a proportion of the total larvae implanted into fruit.

The interaction between fruit type and medfly population was significant (Wald test

t = 42.04, df = 3, P< 0.001). In detail, adult survival rates of the Benakeio, the wCer2 infected

population (88.6) and the wildish flies were higher in apples compared to bitter oranges while

the S10.3 expressed almost similar survival rates in the two host fruits. The interaction between

fruit and temperature was significant as well (Wald test t = 12.69, df = 2, P = 0.002). Survival

rates were higher at low temperatures in apples, but did not reveal a clear trend at different

temperatures in bitter oranges. A significant interaction between medfly population and tem-

perature was also recorded (Wald test t = 32.15, df = 6, P< 0.001). The survival rates of the lab-

oratory adapted flies (Benakeio, 88.6, S10.3) were much lower compared to wildish ones in

higher temperatures.

Developmental duration

The immature stages developmental duration (days) of the four medfly populations, in both

apples, and bitter oranges, held under 15, 25 and 30˚C is given in Fig 2 and Table 1. The larval

development duration was longer in apples compared to bitter oranges regardless of the C.

capitata population and the rearing temperature (Wald test t = 17.29, df = 1, P< 0.001) (Fig

2A). Medfly population was also a significant predictor of larval developmental duration

regardless of the host-fruit and the rearing temperature (Wald test t = 40.48, df = 3, P< 0.001).

In particular, larval developmental duration of the S10.3 (wCer4 infected line) was the longest

among the four populations tested. As expected, the temperature affected significantly the lar-

val developmental duration regardless of the host-fruit and medfly population (Wald test

t = 847.20, df = 2, P< 0.001), with longer duration reported at 15˚C. The only significant inter-

action recorded was that between host-fruit and C. capitata population (Wald test t = 10.5,

df = 3, P = 0.015), indicating smaller differences in larval developmental duration between
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apples and bitter oranges in the Benakeio, the wildish and the 88.6 populations compared to

the S10.3.

Pupal developmental duration of the four medfly populations, in both apples and bitter

oranges held under 15, 25, and 30˚C are given in Fig 2B. Host-fruit was a significant predictor

of pupal developmental duration regardless of the medfly population and the temperature

(Wald test t = 4.25, df = 1, P = 0.039). Adults emerged later from pupae reared in apples than

in bitter oranges. The effect of C. capitata population on the developmental duration of pupae

was significant regardless of the host-fruit and the temperature (Wald test t = 82.59, df = 3,

P< 0.001). Temperature significantly affected the developmental duration of pupae as well

(Wald test t = 394.35, df = 2, P< 0.001). As in the case of larvae development, pupal develop-

mental rates were significantly slower in low temperatures (15˚C). Finally, the interaction

between host-fruit and temperature was significant (Wald test t = 118.03, df = 2, P< 0.001)

indicating the differential effect of temperature on pupal developmental duration that derived

from different host-fruits.

Host-fruit, medfly population and temperature were significant predictors of larva-to-

adult developmental duration (Wald test t = 260.98, 49.71 and 915.38; df = 1, 3 and 2

P< 0.001, respectively) (Fig 2C). Alike larval and pupal developmental duration, total

larva-to-adult developmental duration was longer in apples than in bitter oranges regardless

of the medfly population and the temperature. Total immature developmental time was sig-

nificantly shorter in high temperature, although the Wolbachia infected medfly population

88.6 and S10.3 largely failed to complete development at 30˚C. The wCer4 infected medfly

population (S10.3) exhibited the longest total developmental duration compared to the

three other medfly populations.

In a separate Cox regression analysis, testing whether the sex (male, female) is a signifi-

cant predictor of the i) pupa-to-adult, and ii) larva-to-adult developmental duration we

found no significant effects (Wald test t = 0.22 and 1,21; df = 1; P = 0.64 and 0,27 respec-

tively) (Fig 3).

Fig 2. Immature developmental duration of larva-to-pupa (A), pupa-to-adult (B) and larva-to-adult (C) of i)

Wolbachia uninfected laboratory medfly population “Benakeio”, ii) wCer2 infected medfly population “88.6”, iii)

wCer4 infected medfly population “S10.3” and iv) wildish (uninfected) medfly population collected in the region

“Agia”, in two different hosts (apples and bitter oranges).

https://doi.org/10.1371/journal.pone.0229727.g002

Table 1. Variables of Cox proportional hazards model for the developmental duration of C. capitata immature stages.

stage r B SE Exp (B) P

larva-to-pupa fruit 0.93 0.22 2.53 <0.001

population <0.001

temperature <0.001

fruit�population 0.015

pupa-to-adult fruit 0.27 0.13 1.31 0.039

population <0.001

temperature <0.001

sex -0.04 0.08 0.97 0.64

fruit�temperature 0.44 <0.001

larva-to-adult fruit 1.51 0.09 4.52 <0.001

population <0.001

temperature <0.001

sex -0.09 0.08 0.92 0.27

https://doi.org/10.1371/journal.pone.0229727.t001
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Discussion

Effect of laboratory adaptation and Wolbachia infection on survival

The results of the current study demonstrate that wildish flies perform better in different host

fruits and temperatures compared to laboratory adapted ones that are either trans-infected

(wCer2, wCer4) or not infected with Wolbachia. This is strongly supported by the small differ-

ences between the two hosts and among the three temperatures regarding survival rates of the

immatures of wildish flies compared to the other three populations tested. It is well docu-

mented that during domestication, fruit flies and other insects go through major bottlenecks

that reduce genetic variability. Adaptation to artificial diet and artificial oviposition devices are

the two main selection forces operating, with the first one being more important [70,71]. Loss

of genetic variability of captive populations of fruit flies (i.e. in mass rearing facilities) results

in commonly observed changes such as reduced developmental time, earlier reproduction,

increased fecundity, as well as reduced lifespan, dispersal ability and stress resistance [72–75].

Increased mortality of Wolbachia infected laboratory populations may indicate an additional

bottleneck effect during the trans-infection of the maternal line. Introduction of wild individu-

als or crosses of inbred lines are required to sustain behavioral integrity and competitive ability

of mass reared insect populations [76,77]. In our experiments, intensive artificial rearing in

laboratory conditions may have resulted in adaptive and plastic changes, such as loss of specific

alleles that contribute to successful and efficient development in wild hosts. This is strongly

supported by previous studies indicating that laboratory adapted populations of the Mediterra-

nean fruit fly perform better in artificial rearing medium (% of egg hatch, larval and pupal sur-

vival) than wild populations [78].

The Mediterranean fruit fly exhibits an impressive ability to conclude development in a

long list of hosts including fruit species containing secondary metabolites that are detrimental

in other insect species [79]. Medfly larvae can also successfully develop in fruit species that are

considered nutritionally poor such as cotton bolls [80]. Larvae of laboratory adapted popula-

tions are maintained at high nutritious diets that contain no secondary plant metabolites.

Adaptation to these diets may result in loss of the ability to efficiently acquire nutrients and to

cope with defense compounds of fruit hosts such as apples and bitter oranges. In general,

apples are considered not a preferable host for C. capitata larvae containing low amounts of

nitrogen and high of phenolic compounds [81–83]. On the other hand, many citrus fruits con-

tain high quantities of essential oils in the flavedo area that impede survival of young larvae

[44,84]. Although bitter oranges are among the favored hosts for the Mediterranean fruit fly

compared to apples, our results demonstrate higher survival rates of immatures in the latter,

especially for the laboratory adapted populations. Nash and Chapman [85] showed that each

developmental stage of medfly responded differently to alterations in specific dietary nutrients.

For example, the mortality and the developmental rates of medfly larvae increased when die-

tary protein quality and availability decreased, but mortality in pupal stage increased with

alteration of carbohydrate quality.

Laboratory insect populations live generally under more preferable conditions than wild

populations (optimal temperature, constant availability of mates and food, absence of preda-

tors). These relaxed conditions lead to lack of selection pressures that adverse environments

infer to wild populations and to low expression of the stress-related genes (such as heat shock

Fig 3. Developmental duration of pupa-to-adult (A) and larva-to-adult (B) for males and females obtained from i) Wolbachia uninfected laboratory

medfly population “Benakeio”, ii) wCer2 infected medfly population “88.6”, iii) wCer4 infected medfly population “S10.3” and iv) wildish (uninfected)

medfly population collected in the region “Agia”, in two different hosts (apples and bitter oranges).

https://doi.org/10.1371/journal.pone.0229727.g003
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proteins). As adaptation of organisms to new environments is driven by genes that control

generalized stress resistance, loss of stress resistance in laboratory rearing conditions has been

documented before [74,86,87]. The results of the current study are aligned with those men-

tioned earlier. Laboratory adapted flies reared under benign conditions for long periods

expressed lower performance compared to wildish flies when subjected to rather moderate

temperature and host fruit stressful conditions.

Besides generic factors, long-lasting artificial rearing using larval diets that often contain

preservatives and antibiotics results in alteration of both diversity and abundance of the fly’s

microbiome [66]. Gut bacteria are important determinants of tephritid (and other insect spe-

cies) fitness affecting a range of biological traits such as immatures development and survival,

adult reproduction and longevity, as well as sexual performance and chemosensory responses

[88–90]. Nitrogen fixation seems to contribute to adult performance while both bacterial regu-

lated nitrogen and carbon metabolism may affect larvae development and fitness [90,91]. Host

fruit is a central point of medfly–gut bacteria interaction that involves the spread of bacteria

through vertical transmission and the fruit metabolism that enhances nutrient acquisition by

larvae. Destruction of the bacterial community in laboratory adapted flies may be one of the

factors contributing to reduced larvae performance of the laboratory adapted flies to wild

hosts. Wildish flies may have also lost part of the symbiont fauna during rearing for 9 genera-

tions in laboratory conditions before being used in our experiments. However, the small num-

ber of generations in captivity may not be detrimental for important facultative and obligate

gut bacterial communities. Apparently, a comparative study of the structure and diversity of

the symbiont communities in populations tested is required to elucidate the above

explanation.

Effect of temperature on survival

Within the range of tested temperatures (15–30˚C) the lower the temperature the higher the

survival rates of medfly immatures, with laboratory adapted populations, especially the Wolba-
chia infected ones, being more sensitive to temperature rise. In general, lower temperatures

promote immature survival rates [38–41,92] and longer developmental duration, providing

additional time to acquire important nutrients from poor diets (such as apples), considering

also possible absence of important elements of the symbiotic fauna. Also, longer duration may

allow for detoxifying secondary metabolites that are detrimental under a “fast track” develop-

mental duration. Lower temperatures seem to be more beneficial for flies that are not well

adapted to wild hosts. Indeed, the wildish population performed much better in both host

fruits at 25 and 30˚C compared to infected and non-infected Benakeio flies. Loss of genetic

diversity and destruction of the symbiotic fauna may also account for the significant interac-

tion between medfly population and temperature. Temperatures higher than 25˚C result in

minimal survival of the Wolbachia infected flies compared to the non-infected ones, probably

indicating a microbiome deficiency and/or lack of genetic diversity. In fact, survival was below

1% for the immatures of the wCer4 infected line. In general, Wolbachia is sensitive to higher

temperatures and an increase in temperature is expected to result in lower titers [93,94], and

smaller effects on insect hosts in contrast to our findings. A genetic/genomic comparison to

test the genetic variability hypothesis could be addressed in future studies.

Effect of host fruit on survival

For all four medfly populations tested, the two host fruits and the three temperatures, survival

rates increased dramatically after pupation. It seems that pupation is a milestone in the devel-

opment of holometabolous insects and tephritids more specifically [41,45,95]. Pupae obtained
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from apples survive at higher rates compared to those from bitter oranges. Host fruit even

within plant genus and larval diets have been found to significantly affect pupal survival in

medflies [44,45,81,95]. Secondary metabolites and nutritional factors may account for the

reduced survival of pupae obtained from bitter oranges. Longer developmental duration of lar-

vae in apples compared to bitter oranges that promotes accumulation of nutritional com-

pounds may be related with the subsequent higher pupal survival rates. However, other studies

conducted under optimal temperature conditions have not demonstrated positive correlation

between larval developmental duration and survival with pupal performance [10,44,45]. The

physicochemical characteristics of host fruit (such as pH and soluble solid contents) may affect

the performance of C. capitata immature stages [96].

Effect of host fruit and temperature on developmental duration

Similar to other earlier studies, overall larval developmental duration was longer in apples

compared to bitter oranges [10,44]. Host fruit nutritional and physicochemical characteristics

exert strong effects in larval developmental duration of medfly [85,97]. Carey [98] reported

that larval development of C. capitata increased from 1 week in favorable hosts such as mango

and tomato to more than 3 weeks in quinces. Host fruit cultivar, and the rate of ripening can

also affect the developmental duration of C. capitata [10,99]. Kaspi et al. [100] reported that

medfly larval development in protein-rich diets was faster and that emerging adults were

larger. The protein levels in fruit hosts such as fig, peach and orange increase during ripening

favoring shorter larval development. Apart from nutritional elements, the host’s secondary

metabolites and the firmness of the mesocarp may affect the larval developmental time. In our

experiments, high larval mortality and long developmental period indicate that apple may not

be one of the favorable hosts for medfly, and this is supported by an older study suggesting

that the flesh density in apples inhibits the development of young larvae [101]. Larval develop-

mental duration longer than five months (from October to April) in field-maintained apples

has been recorded in the area of Thessaloniki northern, Greece.

As it was expected lower temperatures increased developmental duration of immatures

[102]. Extension of the larval stage under low temperatures in key hosts such as apples is

important for the overwintering of C. capitata in cooler marginal for its establishment areas

[8]. Our data reveal much larger extension of the duration of the immature stages in apples

compared to bitter oranges highlighting the importance of the host fruit for the overwintering

of medfly in cooler areas. Wildish flies exhibit higher plasticity in larval developmental dura-

tion compared to non-infected Benakeio flies. Factors such as loss of generic diversity and

symbionts during long periods of domestication may account for the observed difference (see

discussion above). Pupal developmental duration was affected by larvae food and medfly pop-

ulation as it has been demonstrated in other studies, as well [44,45,85].

Effect of Wolbachia on developmental duration

Our study demonstrates for very first time the demographic alterations imposed by Wolbachia
when medfly immature development takes place on natural host fruits. Wolbachia infected

medflies, expressed the lower survival rates and the higher developmental times. Moreover,

Wolbachia infection seems to exert differential responses on medfly survival and development

in different fruit hosts. The wCer4 infected medflies showed remarkably low survival rates in

both apples and bitter oranges, whereas the wCer2 infected ones were less vulnerable when

developed in apples compared to bitter oranges. Also, immature development seems to be

more prolonged in apples compared to bitter oranges. Despite the lack of previous data on the

effects of Wolbachia infection on medfly demography when immature rearing occurred in
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fruit hosts, a series of studies have recorded the symbiosis-imposed alterations in artificial lar-

val diet [62,64,103]. Wolbachia infection increases immature mortality in medfly, mainly dur-

ing the egg and larval stage [64]. Negative effects of Wolbachia infection on pupae are much

smaller. Differential effects of the two Wolbachia strains have also been reported earlier, with

more negative effects imposed by wCer4 strain. In addition, a female fertility advantage of

wCer2 over wCer4 has also been mentioned previously [62,64].

In general, the significant role of microbiota (Wolbachia, gut bacteria etc.) in tephritid biol-

ogy and behavior is widely accepted [65,104]. However, the interaction among the different bac-

terial communities and the way that these interactions affect insect’s biology and behavior are

not completely unraveled. Recently, Simhadri et al. [105] showed that Wolbachia could modify

the gut microbiome in Drosophila melanogaster. This finding points out the importance of

studying insects as a “holobiont” where the bacterial interactions determine important biologi-

cal traits. In addition, abiotic environment (e.g. fruit host, temperature) could also interact with

“holobionts” and largely determine their bacterial community (e.g. quantitative and qualitative

composition of gut microbiota, Wolbachia titer etc.) Hence, the biological traits exerted by a

specific Wolbachia strain in a given fruit host should be attributed more to the symbiotic “inter-

actions” than to the specific attributes recognized either for the fruit host or the Wolbachia
strain when studied separately. In fact, medfly-Wolbachia-fruit interactions could explain the

differential responses on medfly survival and development in different fruit hosts that were

observed in our study. Obviously, future research that would shed light on the insects’ bacterial

interactions is essential in order to understand the “holobiont’s” biological function.

Supporting information

S1 Dataset. Dataset.xls file with raw data.

(XLSX)

Author Contributions

Conceptualization: Nikos T. Papadopoulos.

Data curation: Niki K. Dionysopoulou.

Formal analysis: Niki K. Dionysopoulou, Stella A. Papanastasiou.

Funding acquisition: Nikos T. Papadopoulos.

Investigation: Niki K. Dionysopoulou.

Project administration: Nikos T. Papadopoulos.

Resources: Nikos T. Papadopoulos.

Supervision: Nikos T. Papadopoulos.

Validation: Stella A. Papanastasiou.

Writing – original draft: Niki K. Dionysopoulou, Nikos T. Papadopoulos.

Writing – review & editing: Stella A. Papanastasiou, Georgios A. Kyritsis, Nikos T.

Papadopoulos.

References
1. Vayssières JF, Carel Y, Coubes M, Duyck PF (2008) Development of immature stages and compara-

tive demography of two cucurbit-attacking fruit flies in Reunion Island: Bactrocera cucurbitae and

PLOS ONE Effect of host fruit, temperature and Wolbachia infection on immature development of Ceratitis capitata

PLOS ONE | https://doi.org/10.1371/journal.pone.0229727 March 19, 2020 14 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0229727.s001
https://doi.org/10.1371/journal.pone.0229727


Dacus ciliatus (Diptera: Tephritidae). Environmental Entomology 37: 307–314. https://doi.org/10.

1603/0046-225x(2008)37[307:doisac]2.0.co;2 PMID: 18419901

2. Roessler Y (1989) Insecticidal bait and cover sprays. In: Robinson AS, Hooper G, editors. Fruit flies

Their Biology, Natural Enemies and Control. Amsterdam: Elsevier. pp. 329–335.

3. Carey JR (1991) Establishment of the Mediterranean fruit fly in California. Science 253: 1369–1373.

https://doi.org/10.1126/science.1896848 PMID: 1896848

4. Papadopoulos NT, Katsoyannos BI, Kouloussis NA, Hendrichs J (2001) Effect of orange peel sub-

stances on mating competitiveness of male Ceratitis capitata. Entomologia Experimentalis et Appli-

cata 99: 253–261.

5. Liquido NJ, Cunningham RT, Nakagawa S (1990) Host plants of Mediterranean fruit fly (Diptera:

Tephritidae) on the island of Hawaii (1949–1985 survey). Journal of Economic Entomology 83: 1863–

1878.

6. Papadopoulos NT, Katsoyannos BI, Kouloussis NA, Hendrichs J, Carey JR, et al. (2001) Early detec-

tion and population monitoring of Ceratitis capitata (Diptera: Tephritidae) in a mixed-fruit orchard in

northern Greece. Journal of Economic Entomology 94: 971–978. https://doi.org/10.1603/0022-0493-

94.4.971 PMID: 11561860

7. Bonizzoni M, Zheng L, Guglielmino CR, Haymer DS, Gasperi G, et al. (2001) Microsatellite analysis of

medfly bioinfestations in California. Molecular Ecology 10: 2515–2524. https://doi.org/10.1046/j.0962-

1083.2001.01376.x PMID: 11742551

8. Papadopoulos NT, Carey JR, Katsoyannos BI, Kouloussis NA (1996) Overwintering of the Mediterra-

nean fruit fly (Diptera: Tephritidae) in northern Greece. Annals of the Entomological Society of America

89: 526–534.

9. Papadopoulos NT, Katsoyannos BI, Carey JR, Kouloussis NA (2001) Seasonal and annual occur-

rence of the Mediterranean fruit fly (Diptera: Tephritidae) in northern Greece. Annals of the Entomolog-

ical Society of America 94: 41–50.

10. Papadopoulos NT, Katsoyannos BI, Brian B. Development of Ceratitis capitata (Diptera: Tephritidae)

in three apple varieties in the laboratory; 2002. pp. 6–10.

11. Stouthamer R, Breeuwer JA, Hurst GD (1999) Wolbachia pipientis: microbial manipulator of arthropod

reproduction. Annual Reviews in Microbiology 53: 71–102.

12. Hilgenboecker K, Hammerstein P, Schlattmann P, Telschow A, Werren JH (2008) How many species

are infected with Wolbachia?–a statistical analysis of current data. Fems Microbiology Letters 281:

215–220. https://doi.org/10.1111/j.1574-6968.2008.01110.x PMID: 18312577

13. Bourtzis K, O’Neill S (1998) "Wolbachia" infections and arthropod reproduction. Bioscience 48: 287–

293.

14. Serbus LR, Sullivan W (2007) A cellular basis for Wolbachia recruitment to the host germline. PLoS

pathogens 3: e190. https://doi.org/10.1371/journal.ppat.0030190 PMID: 18085821

15. Peng Y, Nielsen JE, Cunningham JP, McGraw EA (2008) Wolbachia infection alters olfactory-cued

locomotion in Drosophila spp. Applied and Environmental Microbiology 74: 3943–3948. https://doi.

org/10.1128/AEM.02607-07 PMID: 18456851

16. Kambris Z, Cook PE, Phuc HK, Sinkins SP (2009) Immune activation by life-shortening Wolbachia

and reduced filarial competence in mosquitoes. Science 326: 134–136. https://doi.org/10.1126/

science.1177531 PMID: 19797660

17. Dobson SL, Rattanadechakul W, Marsland EJ (2004) Fitness advantage and cytoplasmic incompati-

bility in Wolbachia single- and superinfected Aedes albopictus. Heredity 93: 135–142. https://doi.org/

10.1038/sj.hdy.6800458 PMID: 15127087

18. Fry AJ, Rand DM (2002) Wolbachia interactions that determine Drosophila melanogaster survival.

Evolution 56: 1976–1981. https://doi.org/10.1111/j.0014-3820.2002.tb00123.x PMID: 12449484

19. Fry AJ, Palmer MR, Rand DM (2004) Variable fitness effects of Wolbachia infection in Drosophila mel-

anogaster. Heredity (Edinb) 93: 379–389.

20. Dean MD (2006) A Wolbachia-associated fitness benefit depends on genetic background in Drosoph-

ila simulans. Proceedings of the Royal Society B-Biological Sciences 273: 1415–1420.

21. Hedges LM, Brownlie JC, O’Neill SL, Johnson KN (2008) Wolbachia and virus protection in insects.

Science 322: 702–702. https://doi.org/10.1126/science.1162418 PMID: 18974344

22. Poinsot D, Mercot H (1997) Wolbachia infection in Drosophila simulans: Does the female host bear a

physiological cost? Evolution 51: 180–186. https://doi.org/10.1111/j.1558-5646.1997.tb02399.x

PMID: 28568785

PLOS ONE Effect of host fruit, temperature and Wolbachia infection on immature development of Ceratitis capitata

PLOS ONE | https://doi.org/10.1371/journal.pone.0229727 March 19, 2020 15 / 19

https://doi.org/10.1603/0046-225x(2008)37[307:doisac]2.0.co;2
https://doi.org/10.1603/0046-225x(2008)37[307:doisac]2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/18419901
https://doi.org/10.1126/science.1896848
http://www.ncbi.nlm.nih.gov/pubmed/1896848
https://doi.org/10.1603/0022-0493-94.4.971
https://doi.org/10.1603/0022-0493-94.4.971
http://www.ncbi.nlm.nih.gov/pubmed/11561860
https://doi.org/10.1046/j.0962-1083.2001.01376.x
https://doi.org/10.1046/j.0962-1083.2001.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/11742551
https://doi.org/10.1111/j.1574-6968.2008.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/18312577
https://doi.org/10.1371/journal.ppat.0030190
http://www.ncbi.nlm.nih.gov/pubmed/18085821
https://doi.org/10.1128/AEM.02607-07
https://doi.org/10.1128/AEM.02607-07
http://www.ncbi.nlm.nih.gov/pubmed/18456851
https://doi.org/10.1126/science.1177531
https://doi.org/10.1126/science.1177531
http://www.ncbi.nlm.nih.gov/pubmed/19797660
https://doi.org/10.1038/sj.hdy.6800458
https://doi.org/10.1038/sj.hdy.6800458
http://www.ncbi.nlm.nih.gov/pubmed/15127087
https://doi.org/10.1111/j.0014-3820.2002.tb00123.x
http://www.ncbi.nlm.nih.gov/pubmed/12449484
https://doi.org/10.1126/science.1162418
http://www.ncbi.nlm.nih.gov/pubmed/18974344
https://doi.org/10.1111/j.1558-5646.1997.tb02399.x
http://www.ncbi.nlm.nih.gov/pubmed/28568785
https://doi.org/10.1371/journal.pone.0229727


23. Perrot-Minnot MJ, Cheval B, Migeon A, Navajas M (2002) Contrasting effects of Wolbachia on cyto-

plasmic incompatibility and fecundity in the haplodiploid mite Tetranychus urticae. Journal of Evolu-

tionary Biology 15: 808–817.

24. McMeniman CJ, Lane RV, Cass BN, Fong AWC, Sidhu M, et al. (2009) Stable introduction of a life-

shortening Wolbachia infection into the mosquito Aedes aegypti. Science 323: 141–144. https://doi.

org/10.1126/science.1165326 PMID: 19119237

25. Min KT, Benzer S (1997) Wolbachia, normally a symbiont of Drosophila, can be virulent, causing

degeneration and early death. Proceedings of the National Academy of Sciences of the United States

of America 94: 10792–10796. https://doi.org/10.1073/pnas.94.20.10792 PMID: 9380712

26. Weeks AR, Turelli M, Harcombe WR, Reynolds KT, Hoffmann AA (2007) From parasite to mutualist:

Rapid evolution of Wolbachia in natural populations of Drosophila. Plos Biology 5: 997–1005.

27. Bateman MA (1972) The ecology of fruit flies. Annual Review of Entomology 17: 493–518.

28. Heinrich B (1981) Temperature regulation during locomotion in insects. Locomotion and Energetics in

Arthropods: Springer. pp. 391–417.

29. Wagner TL, Wu H-I, Sharpe PJ, Schoolfield RM, Coulson RN (1984) Modeling insect development

rates: a literature review and application of a biophysical model. Annals of the Entomological Society

of America 77: 208–220.

30. Gilbert N, Raworth D (1996) Insects and temperature—a general theory. The Canadian Entomologist

128: 1–13.

31. Thomas DB (1997) Degree-Day accumulations and seasonal duration of the pre-imaginal stages of

the Mexican fruit fly (Diptera: Tephritidae). Florida Entomologist: 71–79.

32. Rwomushana I, Ekesi S, Gordon I, Ogol CKPO (2008) Host plants and host plant preference studies

for Bactrocera invadens (Diptera: Tephritidae) in Kenya, a new invasive fruit fly species in Africa.

Annals of the Entomological Society of America 101: 331–340.

33. de Pedro L, Beitia F, Sabater-Muñoz B, Ası́s JD, Tormos J (2016) Effect of temperature on the devel-

opmental time, survival of immatures and adult longevity of Aganaspis daci (Hymenoptera: Figitidae),

a natural enemy of Ceratitis capitata (Diptera: Tephritidae). Crop Protection 85: 17–22.

34. Duyck PF, Quilicy S (2002) Survival and development of different life stages of three Ceratitis spp.

(Diptera: Tephritidae) reared at five constant temperatures. Bulletin of Entomological Research 92:

461–469. https://doi.org/10.1079/ber2002188 PMID: 17598297

35. Vargas RI, Walsh WA, Kanehisa D, Jang EB, Armstrong JW (1997) Demography of four Hawaiian fruit

flies (Diptera: Tephritidae) reared at five constant temperatures. Annals of the Entomological Society

of America 90: 162–168.

36. Terblanche JS, Nyamukondiwa C, Kleynhans E (2010) Thermal variability alters climatic stress resis-

tance and plastic responses in a globally invasive pest, the Mediterranean fruit fly (Ceratitis capitata).

Entomologia Experimentalis et Applicata 137: 304–315.

37. Nyamukondiwa C, Weldon CW, Chown SL, le Roux PC, Terblanche JS (2013) Thermal biology, popu-

lation fluctuations and implications of temperature extremes for the management of two globally signifi-

cant insect pests. Journal of Insect Physiology 59: 1199–1211. https://doi.org/10.1016/j.jinsphys.

2013.09.004 PMID: 24080125

38. Danjuma S, Thaochan N, Permkam S, Satasook C (2014) Effect of temperature on the development

and survival of immature stages of the carambola fruit fly, Bactrocera carambolae, and the Asian

papaya fruit fly, Bactrocera papayae, reared on guava diet. Journal of Insect Science 14: 126. https://

doi.org/10.1093/jis/14.1.126 PMID: 25368070

39. Samayoa AC, San Choi K, Wang Y-S, Hwang S-Y, Huang Y-B, et al. (2018) Thermal effects on the

development of Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) and model validation in Taiwan.

Phytoparasitica 46: 365–376.

40. Bolzan A, Nava DE, Smaniotto G, Valgas RA, Garcia FR (2017) Development of Anastrepha grandis

(Diptera: Tephritidae) under constant temperatures and field validation of a laboratory model for tem-

perature requirements. Crop Protection 100: 38–44.

41. Vargas RI, Walsh WA, Jang EB, Armstrong JW, Kanehisa DT (1996) Survival and development of

immature stages of four Hawaiian fruit flies (Diptera: Tephritidae) reared at five constant temperatures.

Annals of the Entomological Society of America 89: 64–69.

42. Messenger P, Flitters N (1958) Effect of constant temperature environments on the egg stage of three

species of Hawaiian fruit flies. Annals of the Entomological Society of America 51: 109–119.
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