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Olive flies (Bactrocera oleae) are intimately associated with bacteria throughout their life cycle, and both

larvae and adults are morphologically adapted for housing bacteria in the digestive tract. We tested the

hypothesis that these bacteria contribute to the adult fly’s fitness in a diet-dependent fashion. We pre-

dicted that when dietary protein is superabundant, bacterial contribution will be minimal. Conversely, in

the absence of protein, or when only non-essential amino acids are present (as in the fly’s natural diet),

we predicted that bacterial contribution to fitness will be significant. Accordingly, we manipulated diet

and the presence of bacteria in female olive flies, and monitored fecundity—an indirect measure of fitness.

Bacteria did not affect fecundity when females were fed a nutritionally poor diet of sucrose, or a protein-

rich, nutritionally complete diet. However, when females were fed a diet containing non-essential amino

acids as the sole source of amino nitrogen, egg production was significantly enhanced in the presence of

bacteria. These results suggest that bacteria were able to compensate for the skewed amino acid compo-

sition of the diet and may be indispensable for wild adult olive flies that subsist mainly on nitrogen-poor

resources such as honeydew.
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1. INTRODUCTION
Insects are the dominant multicellular animals in terres-

trial habitats, and maintain intricate and complex

interactions with other organisms. Chief among these

are the intimate symbioses that have evolved with bacteria

and other micro-organisms. These interactions are wide-

spread and range from casual associations to complete

co-dependence (Ishikawa 2003; Dillon & Dillon 2004;

Baumann et al. 2006). Bacteria may contribute to host

immunity, thermoregulation and communication

(reviews in Bourtzis & Miller 2003, 2009). However,

the major interface whereby mutualistic, beneficial associ-

ations have evolved is nutritional (e.g. Buchner 1965;

Douglas 2009). In these associations, insects harness

the unique metabolic pathways of bacteria to gain

access to resources that are otherwise inadequate for

supporting development and reproduction. The most

developed of these associations are found in insects

that specialize in feeding on nutritionally poor, monoto-

nous diets (e.g. sap-feeding homopterans and some

blood feeders). In these cases, the physiology and life

cycle of the host and symbiont are so intimately inter-

twined that the elimination of the latter completely

impairs the ability of the insect to subsist on its natural

food source (Baumann et al. 2006; Douglas 2009).

Insects that are less restricted to feeding on one par-

ticular diet may also derive nutritional benefits from

microbial symbionts (Dasch et al. 1984; Baumann et al.
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2006; Douglas 2009). However, owing to the varied

choice of nutrients available in complex diets, a sym-

biont’s contribution may only be apparent when the

host is nutritionally compromised. For example, Carpen-

ter ants (Camponotus) are opportunistic feeders that carry

the intracellular symbiont Blochmania (reviewed by Zientz

et al. 2005). These bacteria compensate for dietary

deficiencies in essential amino acids and sustain the fit-

ness of the colony in their absence (Feldhaar et al.

2007). Other ants harbour extracellular bacteria in their

hindguts, which are assumed to recycle nitrogenous

waste and thus nutritionally upgrade the diet of their

host (reviewed by Cook & Davidson 2006). By associat-

ing with bacteria, these ants, although capable of

occasionally obtaining protein through scavenging or pre-

dation, gain an important advantage by having the ability

to subsist on nitrogen-poor diets such as plant exudates

and honeydew without experiencing protein deficiencies

(Davidson et al. 2003; Stoll et al. 2007; Russell et al.

2010). Similarly, many cockroaches, which are also typical

omnivores, harbour intracellular bacteria (Blattabacterium

sp.; Bandi et al. 1994). These bacteria apparently recycle

uric acid reserves, providing the insect with usable

nitrogenous compounds during times of nitrogen famine

(Dasch et al. 1984; Ishikawa 1989; Lopez-Sanchez et al.

2009). Thus, when feeding on complex diets, symbiotic

bacteria may act as a buffering agent—filling up the nutri-

ent voids in the varied landscape of their host’s diet and

consequently optimizing fitness.

Fruit flies (Diptera: Tephritidae) are well known for

their association with bacteria (reviewed by Drew &
This journal is q 2010 The Royal Society
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Lloyd 1991; Lauzon 2003; Behar et al. 2009), and many

species evince morphological adaptations for housing

bacteria in the digestive tract (Stammer 1929; Girolami

1973; Mazzon et al. 2008). The olive fly, Bactrocera

oleae (Gmelin), was the first member of this family in

which an association with bacterial symbionts was described

(Petri 1910; see also Buchner 1965; Manousis & Ellar

1988), and may be the most specialized in this regard

among fruit-infesting members of the Dacinae and

Trypetinae (Stammer 1929; Girolami 1973). In adult

olive flies, a diverticulum of the oesophagus

accommodates a large and proliferating population of

extracellular bacteria (Petri 1910; Stammer 1929;

Girolami 1973). This organ periodically releases bacteria

into the oesophagus, which inoculate and densely colo-

nize the anterior midgut (Petri 1910; Girolami 1973;

Capuzzo et al. 2005). The association extends via the

egg and continues in the larval stage where bacteria heav-

ily populate the four midgut caeca during the entire larval

development within the olive fruit (Petri 1910; Stammer

1929; Mazzini & Vita 1981). Although recent studies

have identified several species of bacteria in the digestive

tract of wild olive flies (Kounatidis et al. 2009), the

most common and widespread of these is Candidatus

Erwinia dacicola (Capuzzo et al. 2005; Estes 2009; Estes

et al. 2009).

Adult olive flies are opportunistic feeders that are not

restricted to feeding on one particular diet and exploit

various substrates such as honeydew, nectar, fruit and

plant exudates, and occasionally bird droppings and

pollen (Christenson & Foote 1960; Drew & Yuval

2000). The nutritional value of these food sources may

vary greatly; however, the ones considered most impor-

tant (e.g. honeydew, nectar and plant-derived exudates;

Downes & Dahlem 1987; Vijaysegaran et al. 1997) are

generally rich in carbohydrates but relatively poor in

amino acids (Wackers 2005; Lundgren 2009). Moreover,

in some cases, the small amounts of amino acids that are

available may be highly unbalanced in composition and

contain mainly those that are considered non-essential

(NE; Wackers 2005; Douglas 2006). Thus, despite their

seemingly varied choice of foodstuffs, these flies rely on

food sources that are poor and unbalanced in their

amino acid composition.

The low nitrogen content of such a diet seems to con-

trast with the nutritional demands of adult olive flies,

which (like many other long-lived tephritid fruit flies)

require a continuous external supply of protein in order

to achieve their reproductive potential (Tsitsipis 1989;

Drew & Yuval 2000). This requirement is particularly

important in females, whose fecundity greatly depends

on the nitrogenous contents of their diet (Economopoulos

et al. 1976; Tsiropoulos 1980a, 1981a). When peptides or

proteins are not available, a source of essential amino acids

is obligatory for oogenesis as olive flies (like other eukar-

yotes) are unable to synthesize these compounds

(Tsiropoulos 1984). Indeed, in the laboratory, females

are unable to adequately synthesize protein and to

mature eggs if maintained on diets lacking essential

amino acids (Tsiropoulos 1983).

The proliferation of bacteria in the gut and the depen-

dence of adults on essential amino acids suggest that

bacteria have a role in nitrogen metabolism. Previous

investigations aimed to determine the relationship
Proc. R. Soc. B (2010)
between nutrition, gut bacteria and fecundity in other

fruit flies suggest that gut bacteria compensate, at least

partially, for amino acid and vitamin deficiencies in the

diet (Miyazaki et al. 1968; Boush et al. 1969; Hagen &

Tassan 1972; Tsiropoulos 1981b; Tamashiro et al.

1990). The apparent dependence of wild olive flies on

resources that are poor and unbalanced in their dietary

nitrogen substantiates this suggestion. However, as flies

feed on various substrates, bacterial contribution may

be dependent on the nutritional value of the diet. Accord-

ingly, we tested the hypothesis that the gut bacteria of the

olive fly contribute to fitness in a diet-dependent fashion.

Specifically, we predicted that when dietary protein is

superabundant, bacterial contribution will be minimal

and thus will have no consequences for fitness. Conver-

sely, in the absence of protein, or when only NE amino

acids are present (as in the fly’s natural diet), we predicted

that bacterial contribution to fitness will be more signifi-

cant and apparent. Accordingly, we manipulated diet

and the presence of bacteria in female olive flies, and

monitored fecundity—an indirect measure of fitness.
2. MATERIAL AND METHODS
(a) Fly origin and maintenance

Experiments were conducted either with wild flies or with

their F1 progeny, all of which completed their larval develop-

ment in olives and pupated in the laboratory. Wild flies were

reared out of infested, green/semi-ripe Manzanillo or Suri

olives picked in late November 2008 in Moshav Kidron,

Israel. Some of the adults obtained thereby were then used

to establish a small breeding colony, which reproduced in

unripe, green Suri olives, picked in December 2008 in Reho-

vot, Israel, and generated the F1 progeny. Infested olives

were incubated over vermiculite-filled trays in which the

mature larvae could pupate. Trays containing pupae were

then placed in 100 l mesh cages supplied with sucrose and

water, which housed the newly ecdysed flies. Subsequently,

1–3-day-old adults were separated by sex and maintained

in groups of approximately 150 individuals in 5 l cages for

the next 12–14 days—a period required to mature sexually

(Zervas 1983). During this period, males were offered a stan-

dard diet consisting of 3 : 1 (w/w) mixture of sucrose and yeast

hydrolysate, respectively, while females were provided only

with sucrose, in addition to water. On their 12–17th day,

females were joined with the males in 30 cm cubical cages,

where mating took place. Couples were carefully collected

and confined in glass tubes and left undisturbed overnight.

Mated females, collected over the course of the next 2–4

days, were maintained on sucrose and water, then randomly

assigned to treatment groups and fed the appropriate diet for

the next 20 days.

During this period, females were maintained individually

in 100 ml transparent plastic cages and fed through a sterile

glass capillary that contained the diet solution. Each capillary

was replaced every 24 h in order to minimize the occurrence

of micro-organisms in the diet and to ensure the bactericidal

effect of the antibiotic. Females intended for microbiological

examinations were maintained in groups of six individuals

per cage but were otherwise exactly as described above. At

the end of the treatment period, all flies were frozen

(2808C) until further processing. All experiments and rear-

ing procedures were conducted in a controlled environment

(LD 16 : 8, 25+1.58C, 65+10% RH).



Table 1. Composition of the diets offered to females.

(S, sugar; NE, sugar and non-essential amino acids; F, full
diet.)

constituents/diet

amount (mg)

S NE F

NE amino acids
L-alanine — 73.69 —
L-aspartic acid — 106.57 —

L-cysteine — 38.55 —
L-glutamic acid — 370.72 —
glycine — 85.03 —
L-proline — 117.90 —
L-serine — 73.69 —

L-tyrosine — 45.35 —

minerals
FeCl3 1 1.133 —
Na2MoO4 0.20 0.226 —
H3BO3 0.28 0.317 —

MnSO4 0.21 0.237 —
ZnSO4 0.0240 0.02716 —
CuSO4 0.0025 0.00283 —
MgSO4 20 22.675 —
Na2HPO4 16 18.136 —

CaCl2 2 2.267 —
NaCl 10 11.337 —

antibiotics
piperacillin 20/— 10/— 20/—
sucrose 18 000 20 000 18 000

yeast hydrolysate — — 9000
DDW 100 000 100 000 100 000
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(b) Diets and antibiotics

Females were maintained on three artificial diets (table 1), as

specified below. Two diets represented two extremes in terms

of their nutritional composition, with one lacking most nutri-

tional groups and the other being nutritionally complete. A

third diet contained sugar, minerals and NE amino acids

as the sole source of amino nitrogen. Antibiotics (piperacil-

lin, Fluka), which had previously been used effectively to

suppress the gut bacterial population in the Mediterranean

fruit fly (Ben-Yosef et al. 2008a), were added to the diet of

half of the females in each of the three groups in order to

eliminate the bacterial component of the gut microbiota.

Diet S (sugar) was composed of a 17 per cent (w/v) sucrose

solution supplemented with minerals needed to sustain proper

metabolism in bacteria and insect alike (Tsiropoulos 1980a;

Dadd 1985; Garrity 2001). The females of this treatment

group were not provided with an external source of protein

nor amino acids.

Diet NE (non-essential amino acids) was similar in compo-

sition to diet S but additionally contained the eight NE amino

acids. Ratios between the different amino acids were adopted

from the chemically defined diet described by Chang et al.

(2001) that supported high fecundity in the Mediterranean

fruit fly. However, their concentration was modified according

to the maximal solubility of tyrosine in water at 258C.

Diet F (full) consisted of a mineral-free sucrose solution,

supplemented with yeast hydrolysate (Difco). This complete

diet constitutes a rich source of peptides, amino acids, vita-

mins and minerals, in addition to carbohydrates, and is

known to support high fecundity in female tephritids

(reviewed by Tsitsipis 1989).
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Diet stock solutions were prepared under microbiologi-

cally controlled conditions using double-distilled water

(DDW) as follows: sucrose and mineral salts were dissolved

separately in water, then mixed and sterilized by autoclaving.

After cooling to room temperature, an appropriate amount of

autoclaved water or 0.2 m filter sterilized solutions of amino

acids or yeast hydrolysate was added to yield diets S, NE

and F, respectively. The antibiotic was added to half of the

volume of each of the resulting diet solutions to a final con-

centration of 100–200 mg ml21, depending on the diet

(table 1). These concentrations were previously found to

effectively clear the gut of bacteria (M. Ben-Yosef 2009,

unpublished data; see also Ben-Yosef et al. 2008a,b). Finally,

solutions were aliquoted and frozen (2208C) until use and

for a maximum period of one month.

(c) Effect of antibiotic treatment on gut bacteria

In the wild populations we worked with, the most prominent

bacterial species is Ca. E. dacicola (Estes 2009). To estimate

the effectiveness of the antibiotic in reducing the bacterial

populations in individual females, we counted the bacteria

housed within the oesophageal diverticulum of females

from all treatment groups (n ¼ 6 in each group).

Initially, females were surface sterilized as follows: insects

were suspended for 1 min in a mild detergent solution,

washed in sterile distilled water and resuspended in 70 per

cent ethanol for 1 min. Ethanol was removed by a final

wash in sterile phosphate buffered saline (PBS). The oeso-

phageal diverticulum of each fly was then aseptically

dissected out of the head using sterile forceps and homogen-

ized in 50 ml of sterile PBS. A 3 ml sample of each

homogenate was subsequently spread within the boundaries

of a 6 mm diameter well on a sterile, gelatin-coated,

Teflon-laminated slide (MAGV, Germany). Samples were

then stained with DAPI (40,6-diamidino-2-phenylindole;

20 ml of a 4.6 mg l21 solution) for 10 min on ice and in the

dark. Excess DAPI was removed with cold distilled water,

and the slide was air dried in the dark and subsequently trea-

ted with an antifadent (Citifluor, Canterbury, UK). A

maximum number of 600 bacterial cells were then counted

in 5–50 randomly chosen fields using an Olympus BX51 epi-

fluorescence microscope (Glockner et al. 2000). Finally, the

average number of bacteria per field was used to calculate

the total number of bacteria per oesophageal diverticulum.

(d) Effect of antibiotic treatment on female fecundity

During the 20 day treatment period, the eggs laid by each

female were collected and counted every 4 days. Paraffin

domes, prepared as described in Hagen et al. (1963), were

placed on the floor of the cages, serving as olive mimics

and a substrate through which oviposition took place. None-

theless, not all the eggs accumulated inside the domes and, in

order to minimize count errors, females were transferred to a

new cage every time the eggs were counted. Two replicates

were conducted for each diet with a total of 20 and 24

females used in each treatment group of the F and S diets,

respectively (11–12 females per replicate). For the NE

amino acid diet, a total of 30 females were used in each

treatment group (15 females per replicate).

(e) Statistical analysis

Differences in mean population size of gut bacteria were

established between the two treatment groups of each diet

using non-parametric analyses (Wilcoxon signed-rank test).
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Figure 1. Effect of the antibiotic treatment on the bacterial
population housed within the oesophageal diverticulum as
estimated by total bacteria counts. Incorporating the

antibiotic piperacillin into all three diets (S, sugar; NE,
sugar and non-essential amino acids; F, full diet) decreased
the number of bacteria in the gut. Antibiotic-treated
females: shaded box. Non-treated females: unshaded box.
*p , 0.05; †p ¼ 0.065.
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Figure 2. Mean number of eggs laid by females as affected by

the presence (shaded box) or absence (unshaded box) of
antibiotics in the diet. Fecundity significantly depended on
the presence of bacteria only when females were offered
NE amino acids as the sole source of nitrogen in their diet
(diet NE). *p , 0.001.
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Female body size (estimated by wing length, measured

from the tip of the third radial vein to the alular notch) was

not significantly correlated with fecundity, nor was it signifi-

cantly different between the two treatment groups of each

diet, and was therefore not included in the analysis. The

datasets of females fed all three diets were log transformed

(log10 (n þ 1); n ¼ number of eggs) to obtain homogeneous

variances (Bartlett’s test) and the effects of two fixed factors,

‘diet’ and ‘antibiotic treatment’, on female fecundity were

analysed by two-way analysis of variance (ANOVA) in a full

factorial design. In another model, the effects of the fixed fac-

tors ‘antibiotic treatment’ and ‘time after onset of treatment’

on egg-laying patterns throughout the experimental period

were established by ANOVA using a factorial hierarchical

design with ‘female’ as a third, random factor nested within

‘antibiotic treatment’.

An additional random factor—‘replicate’—was initially

included in these models; however, all the interactions invol-

ving replicate were found to be highly non-significant (p .

0.24 and p . 0.18, respectively), and it was therefore omitted

from the analyses. Within the models, a priori comparisons

(t-test) were used to establish differences between the mean

fecundity of females in the two treatment groups of each

diet, or in the number of eggs laid by females in the two

treatment groups at different time periods.

Mortality was uncommon during the treatment period,

occurring only in F-fed females (n ¼ 3 in both the anti-

biotic-treated and non-treated groups) and NE-fed females

(n ¼ 3 and 2, antibiotic-treated and non-treated females,

respectively). Data obtained from females who died during

the experimental period were not included in the analyses.

All data were analysed using JMP 7 statistical package

(SAS, Cary, NC). Means and their standard errors are

reported.
3. RESULTS
(a) Effect of antibiotic treatment on the

abundance of gut bacteria

Supplementing the diet with antibiotics significantly

reduced the size of the bacterial population housed

within the oesophageal diverticulum (figure 1). This
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organ, which normally appears milky-white as a result

of the large bacterial mass it contains, was found to be

reduced in size and translucent in antibiotic-treated

females. Correspondingly, very few bacteria were detected

in the oesophageal diverticulum of females fed on sugar

with or without NE amino acids (diets S and NE, respect-

ively) after 20 days of exposure to the antibiotic (4.2 �
103+2.7 � 103 and 4.3 � 103+1.3 � 103 bacteria per

female, diets S and NE, respectively). Bacteria were sig-

nificantly more abundant in S-fed and NE-fed females

whose microbiota was not manipulated and surpassed

the population in antibiotic-treated females by several

orders of magnitude (5.8 � 105+1.9 � 105 and 9.3 �
105+1.7 � 105 bacteria per female, diets S and NE,

respectively; Wilcoxon signed-rank test: Z ¼ 22.8,

p ¼ 0.0051 in both analyses; figure 1). The bacterial

population in females maintained on the nutritionally

complete diet (diet F) was also reduced by the antibiotics

(9.9 � 104+5.5 � 104 and 3.7 � 105+1.1 � 105

bacteria/female, antibiotic-treated and non-treated females,

respectively; Wilcoxon signed-rank test: Z¼ 21.84,

p ¼ 0.065; figure 1).
(b) Effect of antibiotic treatment on female

fecundity

Feeding on antibiotics affected female fecundity in a diet-

dependent fashion (two-way ANOVA; full model: F ¼

18.08, p , 0.0001, r2 ¼ 0.39). Post hoc comparisons

between antibiotic-treated and non-treated females fed

the same diet revealed that mean fecundity was not

affected by the antibiotic when females were maintained

on sugar or on the nutritionally complete diet respect-

ively (two-way ANOVA followed by t-test; t ¼ 0.26,

p ¼ 0.78, and t ¼ 1.19, p ¼ 0.23, for S and F, respect-

ively; figure 2). Within these diet groups, females

produced similar numbers of eggs regardless of the anti-

biotic treatment (S-fed females: 21.04+3.95 and

25.58+5.17; F-fed females: 136.3+27.89 and

183.95+22.61 eggs/female, antibiotic treated and non-

treated females, respectively). However, females whose

diet contained NE amino acids as the sole source of nitro-

gen (diet NE) suffered a significant reduction in egg

production when bacteria were absent from the gut



0

5

10

15

20

25

1–4 5–8 9–12 13–16 17–20

days after onset of treatment

m
ea

n 
no

. o
f e

gg
s 

pe
r f

em
al

e n.s. n.s. * * *

Figure 3. Oviposition pattern of females fed on sugar and non-essential amino acids (diet NE) throughout the 20 day treatment
period. Antibiotic-treated females: shaded box. Non-treated females: unshaded box. *p , 0.0005.

Olive fly–bacteria interactions M. Ben-Yosef et al. 1549
(two-way ANOVA followed by t-test; t ¼ 3.63, p ¼

0.0004; figure 2). The fecundity of these females was

reduced by more than half when treated with antibiotics

(19.62+4.17 and 51.21+6.92 eggs/female, antibiotic

treated and non-treated females, respectively).

We next attempted to understand the temporal manner

of the contribution of bacteria to the NE-fed females.

Comparing the number of eggs produced by these

females at each of the five egg collection periods showed

a gradual decrease in egg production associated with anti-

biotic-treated females (ANOVA; full model: F ¼ 6.15,

p , 0.0001, r2 ¼ 0.64). While similar numbers of eggs

were produced by antibiotic-treated and non-

treated females at the beginning of the treatment period

(days 1–4: 6.4+1.91 and 8.57+1.87 eggs/female,

respectively; t ¼ 1.58, p ¼ 0.11; days 5–8: 6.55+1.99

and 10.67+1.96 eggs/female, respectively; t ¼ 1.53,

p ¼ 0.12; ANOVA followed by t-test; figure 3), the main

difference in fecundity resulted from a sharp decrease in

egg production associated with antibiotic-treated females

during the last three egg collections (at 12, 16 and 20 days

after onset of treatment; figure 3). During this time, anti-

biotic-treated females consistently produced fewer eggs

than non-treated females (days 9–12: 2.77+1.53 and

12.6+1.5 eggs/female, respectively; days 13–16: 2.44+
1.36 and 13.25+1.34 eggs/female, respectively; days

17–20: 1.44+0.9 and 6.1+0.89 eggs/female, respect-

ively; ANOVA followed by t-test: t ¼ 4.85, p , 0.0005;

t ¼ 6.11, p , 0.0005; t ¼ 3.7, p , 0.0005, respectively).
4. DISCUSSION
Our use of a broad-spectrum antibiotic effectively cleared

the female oesophageal diverticulum of bacteria. This

organ is a site of intense bacterial reproduction and

serves as the main source of the bacterial inoculum that

forms the characteristic population of the midgut

(Capuzzo et al. 2005; Estes 2009; Estes et al. 2009).

Therefore, by quantifying the bacterial population in the

oesophageal diverticulum, we provide a reasonable

measure of the effectiveness of the antibiotic in eliminat-

ing bacteria from the entire intestinal tract. The
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bactericidal effect of the antibiotic was especially promi-

nent in females maintained on the S and NE diets, and

somewhat less so in females maintained on the F diet

(figure 1). It is possible that the conditions of ample

nutrients and presence of antibiotics in the gut of F-fed

females favoured the more resistant bacterial types and

shifted the composition of the bacterial community, even-

tually leading to a gut microbiota that is less susceptible to

the antibiotic. Exactly how the gut bacterial community is

affected by diet and antibiotics, the interaction between

them and the mechanism of host regulation need to be

further clarified.

In this study, we demonstrate a contribution of the

intestinal microbiota to egg production—an indirect fit-

ness measure of female olive flies. This contribution,

however, was diet-dependent: insignificant when females

were maintained on poor (S) or complete (F) diets

while eminent when fed a diet unbalanced in amino

acid content (NE; figure 2). The fact that female fecund-

ity was sustained only in the presence of bacteria when

essential amino acids were absent from the diet suggests

that these missing nutrients were supplied to the females

by their intestinal bacteria. In order to substantiate this

suggestion, we would like to address two issues. First, to

eliminate the gut bacterial population, we used an anti-

biotic which in addition to its bactericidal properties

may also exert a direct adverse effect on egg production.

Such an effect, however, must have been small enough

or non-existent in order for antibiotic-treated, S-fed and

F-diet-fed females to remain as fecund as their non-trea-

ted counterparts, especially when considering the

relatively high antibiotic content of their diets (figure 2

and table 1). Additionally, the postponed effect of the

antibiotic treatment on egg production (figure 3) implies

that the antibiotic itself was not the direct cause of the

decline in fecundity because then this effect would

already be evident in the first days after onset of treat-

ment. It is more probable that the gut bacterial

population of antibiotic-treated females gradually

decreased during the first week of the experiment, and

with it the ability of females to compensate for the missing

nutritional components in their diet and to mature eggs.
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Finally, when tested on another tephritid fruit fly—

Ceratitis capitata—this antibiotic was found to have no

detrimental effects on diet consumption, longevity,

weight or nutritional status (Ben-Yosef et al. 2008a,b).

For these reasons, we feel it is safe to assume that

consuming the antibiotic affected the flies only indirectly,

by decreasing the gut bacterial population, and not

directly by detrimentally affecting the insect’s food

consumption or metabolism.

A second issue that needs consideration is the bacterial

provisioning of nutrients other than amino acids. NE-fed

females were deprived of essential nutrients other than

amino acids, such as vitamins, for which the importance

to female fecundity was previously demonstrated

(Tsiropoulos 1980a,b). However, the contribution of

vitamins to egg production when added to a basal diet

of sucrose and minerals was found to be negligible com-

pared with that of amino acids (Tsiropoulos 1980a).

Additionally, if vitamins were a major bacteria-derived

nutrient affecting fecundity, we would have expected bac-

teria to encourage egg production in S-fed females as well.

We thus suggest that the intestinal bacteria of olive flies

contribute mainly to the nitrogen budget of their host,

probably by supplementing the diet with protein or

amino acids. Specifically, we suggest that bacteria served

as a source of the missing essential amino acids in diet

NE. However, in addition to amino acids, other essential

nutrients such as vitamins may have been supplied as well.

The significance of gut bacteria to the biology of adult

olive flies is apparent when considered in light of their

nutritional ecology. Adult flies feed mainly on plant-derived

exudates such as nectar and various leachates, or on honey-

dew. While these substrates easily fulfil the daily energetic

needs by providing ample carbohydrates, the reproductive

demand for protein, especially in females, is unlikely to

be satisfied by the poor or unbalanced amounts of utilizable

nitrogen in these foods (Tsiropoulos 1977; Drew & Yuval

2000). This nutritional gap may be bridged by occasionally

feeding on nitrogen-rich substrates such as pollen and

animal excreta, or on leaf surface and saprophytic bacteria

(Drew et al. 1983; Drew & Yuval 2000; Sacchetti et al.

2008). Alternatively, the intestinal microbiota can provide

the metabolic capability to generate the nitrogenous com-

ponents missing from the diet. This may be achieved by

fixing atmospheric nitrogen, recycling nitrogenous waste

or by using the existent nitrogen in the diet (Drew &

Lloyd 1991; Behar et al. 2005). The last two possibilities

seem more relevant to our study as the only case in

which bacteria may have experienced nitrogen shortage,

and thus engaged in nitrogen fixation, was in S-fed females,

where no contribution to egg production was detected.

Apparently, these bacteria require some nitrogenous build-

ing blocks, either from the ingested diet (e.g NE amino

acids) or from metabolic waste (e.g uric acid) in order to

synthesize amino nitrogen. Amino acids may then be

secreted by bacteria and directly assimilated by the fly as

demonstrated in other insect–bacteria associations (e.g.

aphids; Douglas 1998). Alternatively, when conditions in

the gut support a high rate of bacterial reproduction, the

flies may be realizing their need for protein simply by

digesting the excessive bacterial biomass in the gut (Drew

et al. 1983; Drew & Lloyd 1991; Lemos & Terra 1991).

Close associations with micro-organisms are also

found among other insects that resemble fruit flies in
Proc. R. Soc. B (2010)
their nutritional preferences. Many ants, for example,

are associated with symbiotic bacteria, probably because

honeydew and plant exudates are a major part of their

diet (Zientz et al. 2005; Stoll et al. 2007; Russell et al.

2010). In certain ants of the genus Tetraponera where hon-

eydew has become the main source, if not the sole source,

of nutrients, large masses of extracellular bacteria are har-

boured in a unique pouch in the anterior hindgut (Billen &

Buschinger 2000). These bacteria are probably involved

in the nutritional enhancement of the ants’ diet by

recycling nitrogenous waste into amino acid precursors

(van Borm et al. 2002; Russell et al. 2010). Similarly,

some Chrysopids (e.g. Chrysoperla carnea), which feed

primarily on honeydew and plant exudates as adults, are

assumed to overcome the nutritional limitations of this

diet by using symbiotic yeasts housed in a large diverticu-

lum of the foregut (reviewed by Lundgren 2009). These

insects, which have been referred to as ‘secondary’ or

‘cryptic’ herbivores by some authors, may experience

the similar low-nitrogen diet characteristic of true herbi-

vores and cope with nitrogen deprivation by associating

with bacteria (Cook & Davidson 2006). Olive flies and

other tephritids, who share a similar nutritional niche,

may be associated with bacteria for the same reason.

Thus, by ingesting a varied diet in the wild, olive flies

have the potential for acquiring the nitrogen needed for

reproduction. However, by simultaneously nurturing a

beneficial intestinal microbiota, they gain the ability to con-

tinuously subsist on food sources such as honeydew that are

more marginal in terms of their nitrogenous composition.
We thank Shlomit Shloush and Batia Kamensky for technical
assistance. This work was supported by a grant from BARD.
REFERENCES
Bandi, C., Damiani, G., Magrassi, L., Grigolo, A., Fani, R. &

Sacchi, L. 1994 Flavobacteria as intracellular symbionts in

cockroaches. Proc. R. Soc. Lond. B 257, 43–48. (doi:10.
1098/rspb.1994.0092)

Baumann, P., Moran, N. & Baumann, L. 2006 Bacteriocyte-
associated endosymbionts of insects. In The prokaryotes,
vol. 1 (eds M. Dworkin, S. Falkow, E. Rosenberg,

K. H. Schleifer & E. Stackebrandt), pp. 403–438.
New York, NY: Springer Verlag.

Behar, A., Yuval, B. & Jurkevitch, E. 2005 Enterobacteria-
mediated nitrogen fixation in natural populations of the
fruit fly Ceratitis capitata. Mol. Ecol. 14, 2637–2643.

(doi:10.1111/j.1365-294X.2005.02615.x)
Behar, A., Ben-Yosef, M., Lauzon, C. R., yuval, B. &

Jurkevitch, E. 2009 Structure and function of the bacterial
community associated with the Mediterranean fruit fly. In
Insect symbiosis (eds K. Bourtzis & T. A. Miller), vol. 3,

pp. 251–272. Boca Raton, FL: CRC Press.
Ben-Yosef, M., Jurkevitch, E. & Yuval, B. 2008a Effect of bac-

teria on nutritional status and reproductive success of the
Mediterranean fruit fly Ceratitis capitata. Physiol. Entomol.
33, 145–154. (doi:10.1111/j.1365-3032.2008.00617.x)

Ben-Yosef, M., Behar, A., Jurkevitch, E. & Yuval, B. 2008b
Bacteria–diet interactions affect longevity in the medfly—
Ceratitis capitata. J. Appl. Entomol. 132, 690–694.
(doi:10.1111/j.1439-0418.2008.01330.x)

Billen, J. & Buschinger, A. 2000 Morphology and ultrastruc-
ture of a specialized bacterial pouch in the digestive tract
of Tetraponera ants (Formicidae, Pseudomyrmecinae).
Arthropod Struct. Dev. 29, 259–266. (doi:10.1016/
S1467-8039(00)00029-3)

http://dx.doi.org/doi:10.1098/rspb.1994.0092
http://dx.doi.org/doi:10.1098/rspb.1994.0092
http://dx.doi.org/doi:10.1111/j.1365-294X.2005.02615.x
http://dx.doi.org/doi:10.1111/j.1365-3032.2008.00617.x
http://dx.doi.org/doi:10.1111/j.1439-0418.2008.01330.x
http://dx.doi.org/doi:10.1016/S1467-8039(00)00029-3
http://dx.doi.org/doi:10.1016/S1467-8039(00)00029-3


Olive fly–bacteria interactions M. Ben-Yosef et al. 1551
Bourtzis, K. & Miller, T. A. (eds) 2003 Insect symbiosis.
Contemporary topics in entomology, vol. 1. Boca Raton,
FL: CRC Press.

Bourtzis, K. & Miller, T. A. (eds) 2009 Insect symbiosis.
Contemporary topics in entomology, vol. 3. Boca Raton,
FL: CRC Press.

Boush, G. M., Baerwald, R. J. & Miyazaki, S. 1969 Develop-
ment of a chemically defined diet for adults of apple

maggot based on amino acid analysis of honeydew. Ann.
Entomol. Soc. Am. 62, 19–21.

Buchner, P. 1965 Endosymbiosis of animals with plant
microorganisms. New York, NY: John Wiley and Sons.

Capuzzo, C., Firrao, G., Mazzon, L., Squartini, A. &
Girolami, V. 2005 ‘Candidatus Erwinia dacicola’, a coe-
volved symbiotic bacterium of the olive fly Bactrocera
oleae (Gmelin). Int. J. Syst. Evol. Microbiol. 55,
1641–1647. (doi:10.1099/ijs.0.63653-0)

Chang, C. L., Albrecht, C., El-Shall, S. S. A. & Kurashima,
R. 2001 Adult reproductive capacity of Ceratitis capitata
(Diptera: Tephritidae) on a chemically defined diet.
Ann. Entomol. Soc. Am. 94, 702–706. (doi:10.1603/
0013-8746(2001)094[0702:ARCOCC]2.0.CO;2)

Christenson, L. D. & Foote, R. H. 1960 Biology of fruit flies.
Ann. Rev. Entomol. 5, 171–192. (doi:10.1146/annurev.en.
05.010160.001131)

Cook, S. C. & Davidson, D. W. 2006 Nutritional and
functional biology of exudate-feeding ants. Entomol.
Exp. Appl. 118, 1–10. (doi:10.1111/j.1570-7458.2006.
00374.x)

Dadd, R. H. 1985 Nutrition: organisms. In Comprehensive
insect physiology, biochemistry and pharmacology, vol. 4

(eds G. A. Kerkurt & L. I. Gilbert), pp. 313–390.
Oxford, UK: Pergamon Press.

Dasch, G. A., Weiss, E. & Chang, K. P. 1984 Endosymbionts
of insects. In Bergey’s manual of systematic bacteriology,
vol. 1 (eds N. R. Krieg & J. G. Holt), pp. 811–833.

Baltimore, MD: The Williams & Wilkins Co.
Davidson, D. W., Cook, S. C., Snelling, R. R. & Chua, T. H.

2003 Explaining the abundance of ants in lowland tropi-
cal rainforest canopies. Science 300, 969–972. (doi:10.
1126/science.1082074)

Dillon, R. J. & Dillon, V. M. 2004 The gut bacteria of insects:
nonpathogenic interactions. Ann. Rev. Entomol. 49,
71–92. (doi:10.1146/annurev.ento.49.061802.123416)

Douglas, A. E. 1998 Nutritional interactions in insect–
microbial symbioses: aphids and their symbiotic bacteria

Buchnera. Ann. Rev. Entomol. 43, 17–37. (doi:10.1146/
annurev.ento.43.1.17)

Douglas, A. E. 2006 Phloem-sap feeding by animals: pro-
blems and solutions. J. Exp. Bot. 57, 747–754. (doi:10.

1093/jxb/erj067)
Douglas, A. E. 2009 The microbial dimension in insect

nutritional ecology. Funct. Ecol. 23, 38–47. (doi:10.
1111/j.1365-2435.2008.01442.x)

Downes, W. L. & Dahlem, G. A. 1987 Keys to the evolution

of Diptera—role of Homoptera. Environ. Entomol. 16,
847–854.

Drew, R. A. I. & Lloyd, A. C. 1991 Bacteria in the life cycle of
Tephritid fruit flies. In Microbial mediation of plant–
herbivore interactions (eds P. Barbarosa, V. A. Krischik &

C. G. Jones), pp. 441–465. New York, NY: John Wiley &
Sons.

Drew, R. A. I. & Yuval, B. 2000 The evolution of fruit fly
feeding behaviour. In Fruit flies: phylogeny and evolution
of behavior (eds M. Aluja & A. L. Norrbom), pp. 731–

749. Boca Raton, FL: CRC Press.
Drew, R. A. I., Courtice, A. C. & Teakle, D. S. 1983 Bacteria

as a natural source of food for adult fruit-flies (Diptera,
Tephritidae). Oecologia 60, 279–284. (doi:10.1007/
BF00376839)
Proc. R. Soc. B (2010)
Economopoulos, A. P., Voyadjoglou, A. V. & Giannakakis, A.
1976 Reproductive behavior and physiology of Dacus
Oleae (Diptera–Tephritidae)—fecundity as affected by

mating, adult diet and artificial rearing. Ann. Entomol.
Soc. Am. 69, 725–729.

Estes, A. M. 2009 Life in a fly: the ecology and evolution of
the olive fly endosymbiont. In Candidatus Erwinia dacicola.
PhD thesis, University of Arizona.

Estes, A. M., Hearn, D. J., Bronstein, J. L. & Pierson, E. A.
2009 The olive fly endosymbiont, ‘Candidatus Erwinia
dacicola,’ switches from an intracellular existence to an
extracellular existence during host insect development.

App. Environ. Microbiol. 75, 7097–7106. (doi:10.1128/
AEM.00778-09)

Feldhaar, H., Straka, J., Krischke, M., Berthold, K., Stoll,
S., Mueller, M. J. & Gross, R. 2007 Nutritional upgrading
for omnivorous carpenter ants by the endosymbiont

Blochmannia. BMC Biol. 5. (doi:10.1186/1741-7007-5-
48)

Garrity, G. M. 2001 Bergey’s manual of systematic bacteriology.
New York, NY: Springer.

Girolami, V. 1973 Reperti morfo-istologici sulle batteriosim-

biosi del Dacus oleae Gmelin e di altri ditteri tripetidi, in
natura e negli allevamenti su substrati artificiali. Redia
54, 269–294.

Glockner, F. O., Zaichikov, E., Belkova, N., Denissova, L.,
Pernthaler, J., Pernthaler, A. & Amann, R. 2000 Com-

parative 16S rRNA analysis of lake bacterioplankton
reveals globally distributed phylogenetic clusters includ-
ing an abundant group of Actinobacteria. App. Environ.
Microbiol. 66, 5053–5065. (doi:10.1128/AEM.66.11.

5053-5065.2000)
Hagen, K. S. & Tassan, R. L. 1972 Exploring nutritional

roles of extracellular symbiotes on the reproduction
of honeydew feeding adult Chrysopids and Tephritids.
In Insect and mite nutrition (ed. J. G. Rodriguez),

pp. 323–351. Amsterdam, The Netherlands:
North-Holland.

Hagen, K. S., Santas, L. & Tsecouras, A. 1963 A technique
of culturing the olive fruit fly, Dacus oleae Gmel. on syn-
thetic media under xenic conditions. In Radiation and
radioisotopes applied to insects of agricultural importance,
pp. 333–356. Athens, Greece: International Atomic
Agency (Vienna, STI/PUB/74).

Ishikawa, H. 1989 Biochemical and molecular aspects of
endosymbiosis in insects. Int. Rev. Cytol. 116, 1–45.

(doi:10.1016/S0074-7696(08)60637-3)
Ishikawa, H. 2003 Insect symbiosis: an introduction.

In Insect symbiosis (eds K. Bourtzis & T. A. Miller),
vol. 1, pp. 1–21. Boca Raton, FL: CRC Press.

Kounatidis, I. et al. 2009 Acetobacter tropicalis is a major
symbiont of the olive fruit fly (Bactrocera oleae). App.
Environ. Microbiol. 75, 3281–3288. (doi:10.1128/AEM.
02933-08)

Lauzon, C. R. 2003 Symbiotic relationships of Tephritids.

In Insect symbiosis (eds K. Bourtzis & T. A. Miller),
vol. 1, pp. 115–129. Boca Raton, FL: CRC Press.

Lemos, F. J. A. & Terra, W. R. 1991 Digestion of bacteria and
the role of midgut lysozyme in some insect larvae. Comp.
Biochem. Phys. B 100, 265–268. (doi:10.1016/0305-

0491(91)90372-K)
Lopez-Sanchez, M. J., Neef, A., Pereto, J., Patino-Navarrete,

R., Pignatelli, M., Latorre, A. & Moya, A. 2009 Evol-
utionary convergence and nitrogen metabolism in
Blattabacterium strain Bge, primary endosymbiont of

the cockroach Blattella germanica. PLoS Genet. 5,
e1000721. (doi:10.1371/journal.pgen.1000721)

Lundgren, J. G. 2009 Relationships of natural enemies and non-
prey foods. Progress in biological control. Dordrecht, The
Netherlands: Springer.

http://dx.doi.org/doi:10.1099/ijs.0.63653-0
http://dx.doi.org/doi:10.1603/0013-8746(2001)094[0702:ARCOCC]2.0.CO;2
http://dx.doi.org/doi:10.1603/0013-8746(2001)094[0702:ARCOCC]2.0.CO;2
http://dx.doi.org/doi:10.1146/annurev.en.05.010160.001131
http://dx.doi.org/doi:10.1146/annurev.en.05.010160.001131
http://dx.doi.org/doi:10.1111/j.1570-7458.2006.00374.x
http://dx.doi.org/doi:10.1111/j.1570-7458.2006.00374.x
http://dx.doi.org/doi:10.1126/science.1082074
http://dx.doi.org/doi:10.1126/science.1082074
http://dx.doi.org/doi:10.1146/annurev.ento.49.061802.123416
http://dx.doi.org/doi:10.1146/annurev.ento.43.1.17
http://dx.doi.org/doi:10.1146/annurev.ento.43.1.17
http://dx.doi.org/doi:10.1093/jxb/erj067
http://dx.doi.org/doi:10.1093/jxb/erj067
http://dx.doi.org/doi:10.1111/j.1365-2435.2008.01442.x
http://dx.doi.org/doi:10.1111/j.1365-2435.2008.01442.x
http://dx.doi.org/doi:10.1007/BF00376839
http://dx.doi.org/doi:10.1007/BF00376839
http://dx.doi.org/doi:10.1128/AEM.00778-09
http://dx.doi.org/doi:10.1128/AEM.00778-09
http://dx.doi.org/doi:10.1186/1741-7007-5-48
http://dx.doi.org/doi:10.1186/1741-7007-5-48
http://dx.doi.org/doi:10.1128/AEM.66.11.5053-5065.2000
http://dx.doi.org/doi:10.1128/AEM.66.11.5053-5065.2000
http://dx.doi.org/doi:10.1016/S0074-7696(08)60637-3
http://dx.doi.org/doi:10.1128/AEM.02933-08
http://dx.doi.org/doi:10.1128/AEM.02933-08
http://dx.doi.org/doi:10.1016/0305-0491(91)90372-K
http://dx.doi.org/doi:10.1016/0305-0491(91)90372-K
http://dx.doi.org/doi:10.1371/journal.pgen.1000721


1552 M. Ben-Yosef et al. Olive fly–bacteria interactions
Manousis, T. & Ellar, D. J. 1988 Dacus oleae microbial sym-
bionts. Microbiol. Sci. 5, 149–152.

Mazzini, M. & Vita, G. I. 1981 Identificazione submicrosco-

pica del meccanismo di trasmissione del batterio
simbionte in Dacus oleae (Diptera, Trypetidae). Redia
64, 277–301.

Mazzon, L., Piscedda, A., Simonato, M., Martinez-Sanudo,
I., Squartin, A. & Girolami, V. 2008 Presence of specific

symbiotic bacteria in flies of the subfamily Tephritinae
(Diptera Tephritidae) and their phylogenetic relation-
ships: proposal of ‘Candidatus Stammerula tephritidis’.
Int. J. Syst. Evol. Microbiol. 58, 1277–1287. (doi:10.

1099/ijs.0.65287-0)
Miyazaki, S., Boush, G. M. & Baerwald, R. J. 1968

Amino acid synthesis by Pseudomonas melophthora, bac-
terial symbiote of Rhagoletis pomonella (Diptera). J. Ins.
Physiol. 14, 513–518. (doi:10.1016/0022-1910(68)

90066-8)
Petri, L. 1910 Untersuchung uber die darmbakterien der

olivenfliege. Zentbl. Bakteriolog. P. 26, 357–367.
Russell, J. A., Moreau, C. S., Goldman-Huertas, B.,

Fujiwara, M., Lohman, D. J. & Pierce, N. E. 2010 Bac-

terial gut symbionts are tightly linked with the evolution
of herbivory in ants. Proc. Natl Acad. Sci. USA 106,
21 236–21 241 (doi:10.1073/pnas.0907926106)

Sacchetti, P., Granchietti, A., Landini, S., Viti, C.,
Giovannetti, L. & Belcari, A. 2008 Relationships between

the olive fly and bacteria. J. Appl. Entomol. 132, 682–689.
(doi:10.1111/j.1439-0418.2008.01334.x)

Stammer, H. J. 1929 Die bakteriensymbiose der Trypetiden
(Diptera). Zoomorphology 15, 481–523.

Stoll, S., Gadau, J., Gross, R. & Feldhaar, H. 2007 Bacterial
microbiota associated with ants of the genus Tetraponera.
Biol. J. Linnean Soc. 90, 399–412. (doi:10.1111/j.1095-
8312.2006.00730.x)

Tamashiro, M., Westcot, D. M., Mitchell, W. C. & Jones,

W. E. 1990 Axenic rearing of the oriental fruit fly Dacus
dorsalis Hendel, Diptera: Tephritidae. P. Hawaii. Entomol.
Soc. 30, 113–120.

Tsiropoulos, G. J. 1977 Reproduction and survival of adult
Dacus-oleae feeding on pollens and honeydews. Environ.
Entomol. 6, 390–392.

Tsiropoulos, G. J. 1980a Major nutritional requirements of
adult Dacus oleae (Diptera, Tephritidae). Ann. Entomol.
Soc. Am. 73, 251–253.
Proc. R. Soc. B (2010)
Tsiropoulos, G. J. 1980b The importance of vitamins in
adult Dacus oleae (Diptera, Tephritidae) nutrition. Ann.
Entomol. Soc. Am. 73, 705–707.

Tsiropoulos, G. J. 1981a Effects of varying the dietary nitro-
gen to carbohydrate ratio upon the biological performance
of adult Dacus oleae (Diptera–Tephritidae). Arch. Int.
Physiol. Biochim. Biophys. 89, 101–105. (doi:10.3109/
13813458109073989)

Tsiropoulos, G. J. 1981b Effect of antibiotics incorporated
into defined adult diets on survival and reproduction of
the walnut husk fly, Rhagoletis completa Cress (Dipt,
Trypetidae). J. App. Entomol. 91, 100–106.

Tsiropoulos, G. J. 1983 The importance of dietary amino-
acids on the reproduction and longevity of adult Dacus
oleae (Gmelin) (Diptera Tephritidae). Arch. Int. Physiol.
Biochim. Biophys. 91, 159–164.

Tsiropoulos, G. J. 1984 Amino-acid synthesis in adult Dacus
oleae (Gmelin) (Diptera–Tephritidae) determined with
[U-C-14] glucose. Arch. Int. Physiol. Biochim. Biophys.
92, 313–316. (doi:10.3109/13813458409071172)

Tsitsipis, J. A. 1989 Nutrition: requirements. In Fruit flies,
their biology, natural enemies and control, vol. 3A (eds A.

S. Robinson & G. Hooper), pp. 103–119. Amsterdam,
The Netherlands: Elsevier.

van Borm, S., Buschinger, A., Boomsma, J. J. & Billen, J.
2002 Tetraponera ants have gut symbionts related to nitro-
gen-fixing root-nodule bacteria. Proc. R. Soc. Lond. B 269,

2023–2027. (doi:10.1098/rspb.2002.2101)
Vijaysegaran, S., Walter, G. H. & Drew, R. A. I. 1997

Mouthpart structure, feeding mechanisms, and natural
food sources of adult Bactrocera (Diptera: Tephritidae).

Ann. Entomol. Soc. Am. 90, 184–201.
Wackers, F. L. 2005 Suitability of (extra-)floral nectar,

pollen, and honeydew as insect food sources. Plant-
provided food for carnivorous insects: protective mutualism
and its applications, pp. 17–74. Cambridge, UK:

Cambridge University Press.
Zervas, G. A. 1983 Sexual and reproductive maturation in

wild and lab culture olive fruit flies Dacus oleae (Gmelin)
(Diptera: Tephritidae). In Fruit flies of economic importance
(ed. R. Cavalloro), pp. 429–438. Rotterdam, The

Netherlands: A. A. Balkema.
Zientz, E., Feldhaar, H., Stoll, S. & Gross, R. 2005 Insights

into the microbial world associated with ants. Arch.
Microbiol. 184, 199–206. (doi:10.1007/s00203-005-0041-0)

http://dx.doi.org/doi:10.1099/ijs.0.65287-0
http://dx.doi.org/doi:10.1099/ijs.0.65287-0
http://dx.doi.org/doi:10.1016/0022-1910(68)90066-8
http://dx.doi.org/doi:10.1016/0022-1910(68)90066-8
http://dx.doi.org/doi:10.1073/pnas.0907926106
http://dx.doi.org/doi:10.1111/j.1439-0418.2008.01334.x
http://dx.doi.org/doi:10.1111/j.1095-8312.2006.00730.x
http://dx.doi.org/doi:10.1111/j.1095-8312.2006.00730.x
http://dx.doi.org/doi:10.3109/13813458109073989
http://dx.doi.org/doi:10.3109/13813458109073989
http://dx.doi.org/doi:10.3109/13813458409071172
http://dx.doi.org/doi:10.1098/rspb.2002.2101
http://dx.doi.org/doi:10.1007/s00203-005-0041-0

	Give us the tools and we will do the job: symbiotic bacteria affect olive fly fitness  in a diet-dependent fashion
	Introduction
	Material and methods
	Fly origin and maintenance
	Diets and antibiotics
	Effect of antibiotic treatment on gut bacteria
	Effect of antibiotic treatment on female fecundity
	Statistical analysis

	Results
	Effect of antibiotic treatment on the abundance of gut bacteria
	Effect of antibiotic treatment on female fecundity

	Discussion
	We thank Shlomit Shloush and Batia Kamensky for technical assistance. This work was supported by a grant from BARD.
	References


