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The biogeographic patterns of the 
olive fly and its primary symbiont 
Candidatus Erwinia dacicola across 
the distribution area of the olive 
tree
Isabel Martinez‑Sañudo1, M. Alejandra Perotti2, Ivana Carofano1, Giacomo Santoiemma1, 
Laura Marri3 & Luca Mazzon1

The olive fly, Bactrocera oleae (Rossi, 1790), is the major insect pest of olives attacking both cultivated 
and wild olive. Bactrocera oleae carries a primary and vertically transmitted symbiont, the bacterium 
Candidatus Erwinia dacicola. As any primary symbiont, it plays an important role in the reproduction 
and lifespan of the fly. The genetic 16S rRNA diversity of the primary symbiont and the mitochondrial 
haplotype variation of the insect host were simultaneously examined in 54 olive fly populations. The 
aim was to unravel the biogeographic patterns of this economically relevant host-bacteria interaction 
across a wide distribution area. Three symbiont haplotypes were identified. The primary symbiont 
showed a lower haplotype diversity than that of its host, a characteristic indicative of a long-term 
interaction. A significant genetic and geographic association between host and primary symbiont was 
observed, with an East-West genetic differentiation pattern in the Mediterranean basin, coinciding 
with the historical genetic distribution of the olive tree. The study shows promise, informing and aiding 
the development of future tools for the control of the olive fly.

Keywords  Primary symbiont, Bactrocera oleae, 16S rRNA, Tephritidae, Oesophageal bulb, Olea europaea

Primary or obligate symbionts can serve as genetic markers to investigate host biodiversity and distribution 
patterns1–3. Primary symbionts are vertically transmitted from mother to offspring and can accurately mirror 
the history of their hosts. They can act as reliable markers for past events, giving in some instances even higher 
resolution than their hosts [e.g., 3,4].

The olive fly Bactrocera oleae (Rossi, 1790) (Diptera, Tephritidae), is considered the major insect pest of olive 
crops worldwide. The larvae feed exclusively on wild (Olea europaea L. var. sylvestris (Miller) Lehr. (oleaster) 
and cultivated olive fruits of the Olea genus5, having a significant impact on the quantity and quality of olives. 
Annually, infested crops experience an average yield loss of up to 15%6, and this loss could potentially reach 
to as much as 90% without proper control measures7. The olive fly distribution is primarily limited to regions 
where both cultivated and wild trees coexist8. At present, the fly is reported throughout the Mediterranean 
basin, the Canary Islands, Africa, and Middle East. It has also been found in Iran, China, India, Pakistan9–11, 
and ultimately it was introduced in the American continent in 199812. Australia seems to be the only olive-
growing area worldwide still unaffected by the olive fruit fly6. While the fly is abundant and well-known in the 
Mediterranean basin, it is most likely associated with the wild olive origin. Studies on the original geographical 
distribution of the wild variety of Olea europaea indicate its presence from South Africa all the way to South 
Asia, including the Saharan mountains to the Mediterranean13. The exact location of the origin of domestication 
of the olive tree is highly debated. However, in the Sahara region climatic conditions changed, becoming more 
favorable between 11,800 and 4,900 years ago, perhaps suggesting divergence of subspecies14 and coinciding 
with events of domestication. According to archaeological records, from the upper Paleolithic and during the 
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Holocene, human activity increased in eastern and western areas of the Mediterranean15–17 and grafting and 
selection of olive cultivars seems to have originated in the Levant17.

Based on the close relationship between the Mediterranean and the Saharan wild olive18, alongside the 
decreasing genetic diversity observed from African to Mediterranean olive fly populations, some authors 
propose the African origin of B. oleae and its subsequent expansion into the Mediterranean basin19,20.

Like other widely distributed insects, it is generally accepted that understanding structure and dynamics 
of B. oleae populations is fundamental for the design and implementation of effective monitoring and control 
strategies21. Several efforts have been made to identify the genetic structure of olive fly populations across the 
distribution area by using a variety of molecular markers such as microsatellites19,22–24, mitochondrial DNA 
fragments [e.g., 10,11,21,25,26] and the full mitochondrial B. oleae genome27. Despite the significant progresses that 
have been achieved through these studies, many questions concerning the structure of B. oleae’s populations 
across its range of distribution remain open.

The primary symbiont of the fly, Candidatus Erwinia dacicola, is essential for colonization of the harsh 
habitat of unripe olives. According to Ben-Yosef et al.28 symbiosis in olive flies is exceptional within tephritids. 
The counteractive effect of the bacterium, by inhibiting toxic compounds like oleuropein makes this symbiosis 
a tripartite association functionally interdependent. Studies must consider the three partners altogether, the fly, 
the bacterium and the chemistry of olives.

The genetic structure of Ca. E. dacicola needs to be studied together with that of the insect host. In a previous 
work, we revealed the presence of just two bacterial lineages distributed among Italian olive fly populations29. 
Subsequently, these two symbiont haplotypes were also detected in four Mediterranean populations, and two 
additional haplotypes were recently found26. The values of nucleotide substitution rates can give an estimate of 
the age of the symbiotic association30. The key is to explore the genetic variability of the primary symbiont in 
synchrony with that of the host, taking into consideration that human selection of domesticated cultivars has 
likely favored B. oleae survival and spread.

This study aimed to explore and analyze the bacterial diversity of Ca. E. dacicola along with the genetic 
diversity of its insect host. A comprehensive sampling of the olive fly populations was conducted throughout 
its distribution area with focus on the Mediterranean basin. Additionally, sampling was extended to locations 
outside the Mediterranean, encompassing areas of America, Africa and Asia. The data gathered was used to 
provide new insights into the genetic structure and colonization history of the olive fly.

Results
Genetic diversity of the olive fly symbiont
To investigate the genetic variability of the primary symbiont Ca. E. dacicola, a total of 441 sequences of 
780 bp were obtained for the bacterial 16S rRNA gene. Almost all sequences of all fly populations showed high 
identity (> 99% sequence similarity) with the olive fly symbiont Ca. E. dacicola (e.g., GenBank HQ667588). 
Other different bacteria species (mostly Pseudomonas spp.) were detected with frequencies lower than 5%. All 
sequence files are available from the NCBI-GenBank database (accession numbers PP278062-PP278102 for B. 
oleae and PP264486 for Ca. E. dacicola).

After alignment of the sequences obtained from this study, a total of three variable sites at positions 11, 
282 and 657 from the 5’ of the 16S rRNA, were identified. Three different haplotypes were revealed among 
the fly populations analyzed. The two haplotypes already described were named htA and htB according to the 
nomenclature proposed by Savio et al.29. The third haplotype was named htP because it was specific to Pakistani 
populations (Table S1). At nucleotide positions 11 and 282, htB and htP showed Thymine (T), while htA showed 
a transition to Cytosine (C); at nucleotide 657 htA and htP had Guanine (G), while htB had a transition to 
Adenine (A) (Table S2). All haplotype htP sequences were extended in the 3’ direction up to 1280 bp using the 
primer fl229, and two further mutations were identified at nucleotide positions 943 and 945 where htP had A in 
both the point mutations, as htB, while htA had two transversions to C and T, respectively.

Some populations included individuals harboring htA and individuals showing htB. To test the co-presence 
of different bacterial haplotypes in a single olive fly, the content of the specialized oesophageal diverticulum 
harboring primary symbionts (i.e., oesophageal bulb) of seven individuals from some of these populations (i.e., 
one sample from locations 7, 40, 43, 46, 48 and 2 samples from location 36, Table S3) were cloned. Results 
revealed the presence of a unique Ca. E. dacicola haplotype in each olive fly oesophageal bulb.

Haplotypes htA, htB and htP were identified in the studied populations with the following proportions: 
47.39% (209/441), 50.11% (221/441) and 2.49% (11/441), respectively (Fig. 1). All individuals of the Pakistan 
populations shared the haplotype htP, whereas all South-African olive flies and 90.47% of individuals of Western 
Mediterranean populations (Iberian Peninsula, Morocco, Algeria, and France, including Corsica and Sardinia) 
presented htA. Haplotype htB, instead, was exclusive of the Eastern Mediterranean populations (Egypt, Israel, 
Palestine, Cyprus and Turkey except Crete), as well as the Iranian and Californian populations. Individuals 
of populations located in the Central Mediterranean area (Italy, Croatia, Slovenia and Greece) predominantly 
harbored Ca. E. dacicola htB (82%; 116/142) while a low percentage of them showed htA (18%; 26/142) (Table 
S1).

SAMOVA was performed to identify genetic groups of Ca. E. dacicola populations among the 54 olive fly 
populations analyzed. The FCT value reached a plateau for k = 3 (0.832; P < 0.01) while the highest FCT value 
(0.838; P < 0.01) was obtained when fly populations were divided into 4 groups. For k > 4 the grouping started 
to disappear. Fixation indices (F) are reported for each k tested in Fig. S1. For k = 3, three genetically different 
groups were detected. Group 1 included locations 1–12, 17, 19, 21, 25, 28, 34, 36, 37, 41, 42, 48 corresponding with 
populations from South-Africa, Iberian Peninsula, Morocco, Algeria, France including Corsica, Sardinia (Italy), 
and Crete. The second group, clustered individuals from locations 13–16, 18, 20, 22–24, 26, 27, 29–33, 35, 38–40, 
43–47, 50–54 corresponding with populations from Tunisia, Egypt, Italy, including Sicily, Slovenia, Croatia, 
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Israel, Iran, Cyprus and Turkey while group 3, included location 49, corresponding to the Pakistani population. 
For k = 4, a new cluster emerged, comprising locations 27 and 31 from two distinct North Italian populations, 
Camogli and Campione, while the remaining three clusters remained consistent with those previously observed 
for k = 3. These results show an East-West distribution pattern of the Ca. E. dacicola haplotypes, with the 
exception of populations 36 (Heraklion) and 37 (Anopolis) (Fig. 1).

Mitochondrial haplotype analysis and population structure of the host
A fragment of 757 bp of the mtDNA (NADH dehydrogenase subunit 1, the leucine tRNA and the 16S rRNA) 
was obtained for all 441 specimens in which the symbiotic bacteria were amplified and sequenced. Twenty-
seven (3,5%) polymorphic sites were identified. Calculation of population diversity indices was limited to those 
populations represented by more than five individuals (Table  1). Population 11 from Morocco revealed the 
highest number of haplotypes (NHT=7) followed by population 37 (Anopolis, Greece) and 41 (Avignon, France) 
(NHT=6). On the other hand, population 32 and 44 from Fanna (Italy) and Antakya (Turkey) respectively, exhibit 
only one haplotype. In general, most populations showed high levels of genetic variability. Haplotype diversity 
(h) ranged from 0 (Antakya, Turkey and Fanna, Italy) to 0.933 (Athens, Greece) while sequence divergence-
nucleotide diversity (π) among the haplotypes changed from 0 (Antakya, Turkey and Fanna, Italy) to 0.0037 
(Avignon, France).

A haplotype network, including a total of 472 sequences, was built by combining B. oleae sequences from 
GenBank (Table S4) and from our dataset. A total of 42 haplotypes were observed and designated from h1 to 
h42 (Fig. 2A).

Three haplotypes, h6, h2 and h1, were found at higher frequencies comprising 62.8% of all the individuals 
(296/471 individuals).

Among them h6, was the most common haplotype shared by 132 individuals from 37 populations, where 
only Central Mediterranean populations represent the 48.03%. The next two most widespread haplotypes, h2 
and h1, were observed at frequencies of 22.5% (106/471 individuals) and 12.3% (58/471 individuals) respectively. 
In haplotype h2, 42% (60/143) individuals of the Western Mediterranean and 22.87% (35/153 individuals) of the 
Central Mediterranean samples were grouped together. Several populations from the eastern Mediterranean 
shared h1, at a frequency of 36.71% (29/79 individuals) (Figs. 2A and 3).

The network showed that some populations were exclusively represented by rare haplotypes. African 
individuals, for example, were represented by haplotypes h35 and h39 and Pakistan individuals were included in 

Fig. 1.  Geographic distribution of the three ‘Ca. Erwinia dacicola’ haplotypes (htA, htB and htP) among 
individuals of the 54 Bactrocera oleae populations (coded according to Table S3). The areas of the circles are 
proportional to the sampling. The shaded areas represent the distribution range of olive trees31–33. Maps source: 
https://d-maps.com.
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four unique haplotypes (h33, h34, h36 and h40) as well as in h6 even if for just one haplotype (Table 1). Haplotypes 
h41 and h42 were unique haplotypes exclusively represented by individuals of the Palestine population.

The haplotype network of B. oleae did not reveal a clear geographical structure. Nevertheless, certain 
populations such as those from Africa and Pakistan were well structured and differentiated from the 
Mediterranean and American haplotypes.

Code† Haplotypes distribution N NHT h π k

1 2h2, 1h4, 2h7 5 3 0.800 0.0013 1.000

2 4h2, 2h4, 2h6, 1h7 9 4 0.778 0.0015 1.166

4 6h2, 1h22 7 2 0.286 0.0003 0.285

6 4h2, 1h4, 1h5 6 3 0.600 0.0008 0.666

7 8h2, 3h7 11 2 0.436 0.0005 0.436

9 5h2, 2h6 7 2 0.476 0.0012 0.952

11 2h1, 16h2, 3h4, 1h6, 1h7, 1h31, 1h32 25 7 0.587 0.0009 0.753

13 1h2, 2h4, 7h6, 1h20, 3h26 14 5 0.725 0.0015 1.175

14 1h1, 2h2, 4h6, 1h14, 1h20 9 5 0.806 0.0022 1.666

15 2h1, 2h4, 3h25, 1h26 8 4 0.821 0.0023 1.750

16 1h2, 5h6, 1h9, 1h26 8 4 0.643 0.0015 1.178

17 5h6, 1h7 6 2 0.333 0.0013 1.000

18 1h1, 2h2, 1h4, 2h6 6 4 0.867 0.0019 1.466

19 1h2, 5h6, 1h7, 1h27 8 4 0.643 0.0017 1.357

20 2h1, 2h2, 3h6, 1h28 8 4 0.821 0.0024 1.821

21 2h1, 2h6, 3h10 7 3 0.762 0.0026 2.000

22 5h2, 2h6 7 2 0.476 0.0012 0.952

23 2h6, 1h9, 1h10, 2h26 6 4 0.867 0.0032 2.466

24 5h2, 1h6 6 2 0.333 0.0008 0.666

25 2h2, 3h6, 1h21 6 3 0.733 0.0018 1.400

26 1h1, 3h6, 2h10 6 3 0.733 0.0030 2.333

27 1h4, 3h6, 2h10, 1h22 7 4 0.810 0.0031 2.380

28 1h2, 1h4, 4h6, 1h24 7 4 0.714 0.0013 1.047

29 1h2, 5h6 6 2 0.333 0.0008 0.666

31 2h2, 5h6, 1h23 8 3 0.607 0.0020 1.571

32 5h20 5 1 0.000 0.0000 0.000

33 2h2, 5h6 7 2 0.476 0.0012 0.952

34 1h4, 4h7, 1h17 6 3 0.600 0.0020 1.533

35 1h1, 1h2, 2h4, 1h8, 1h14 6 5 0.933 0.0027 2.066

36 1h1, 4h2, 8h6, 2h16 15 4 0.667 0.0017 1.333

37 1h1, 2h2, 5h6, 1h8, 3h10, 1h15 13 6 0.821 0.0029 2.230

38 1h1, 3h2, 4h6, 1h7 9 4 0.750 0.0020 1.555

39 3h2, 4h6, 1h7, 1h18, 1h19 10 5 0.800 0.0025 1.911

40 1h2, 8h6, 1h8 10 3 0.378 0.0007 0.600

41 2h6, 5h8, 2h10, 1h11, 2h12, 1h13 13 6 0.833 0.0037 2.846

42 2h2, 1h4, 9h6, 1h8, 1h9 14 5 0.593 0.0012 0.912

43 2h1, 1h2, 5h6, 1h37 9 4 0.694 0.0020 1.555

44 5h1 5 1 0.000 0.0000 0.000

46 12h1, 1h2, 1h3 14 3 0.275 0.0003 0.285

47 5h1, 1h29, 1h30 7 3 0.524 0.0010 0.761

48 15h35, 1h39 16 2 0.125 0.0001 0.125

49 1h6, 4h33, 1h34, 1h35, 4h36 11 5 0.782 0.0020 1.563

50 4h1, 1h6, 3h38 8 3 0.679 0.0021 1.607

51 2h4, 3h6, 1h7, 3h28 9 4 0.806 0.0020 1.444

52 1h1, 1h4, 4h6, 2h7, 7h28 15 5 0.733 0.0022 1.676

54 9h1, 1h6, 1h30, 1h41, 1h42 13 5 0.538 0.0012 0.923

Table 1.  Genetic diversity indices of Bactrocera oleae populations analyzed. N, number of individuals for each 
population; NHT, number of haplotypes in each population; h, haplotype diversity; π, nucleotide diversity; k, 
mean number of pairwise differences per sequence. †Population codes correspond to those listed in (Table S3).
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Tests of homogeneity among populations were performed using AMOVA. For this purpose, population 
groupings were chosen according to the SAMOVA results obtained for Ca. E. dacicola analyses (k = 3 and 
k = 4) and to the six major geographical regions of the sampling area (West, Central and Eastern Mediterranean 
areas, South Africa, California, Iran and Pakistan) (Table S3). AMOVA results (Table 2), revealed significant 

Fig. 2.  (A) Haplotype network of Bactrocera oleae populations inferred by TCS v1.2134. The size of the circles 
is proportional to the haplotype frequency. Sampling region of each haplotype is color coded as in the legend. 
(B). Haplotype network of Ca. Erwinia dacicola among B. oleae populations inferred by TCS v1.21. The size of 
the circles is proportional to the haplotype frequency and color coded as in the legend.

 

Scientific Reports |        (2024) 14:22483 5| https://doi.org/10.1038/s41598-024-73055-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


differences among groups of populations for the three SAMOVA hierarchical groups (P = 0.02) and when olive 
fly populations were divided based on geographical areas (P < 0.001). However, a significant population structure 
among groups was not detected for the SAMOVA groups k = 4 (P = 0.078).

Relationships between Ca. E. dacicola and B. oleae haplotypes
A bipartite interaction matrix between the haplotypes of the insect host B. oleae and the primary symbiont 
Ca. E. dacicola was built considering samples in which the sequence of both the symbiont and the host were 
obtained (Fig. 4). The network of interactions consisted of three symbiont haplotypes and 41 host haplotypes. 
The specialization index H2’ showed significantly high network specialization (H2’=0.357, Z-score = 22.466, 
P < 0.001). A haplotype network was constructed based on the three symbiont lineages and the insect haplotypes 
observed in our dataset to define symbiont-host relationships (Fig. 2B). Both networks showed a non-random 
association of the host-symbiont haplotypes. Olive fly populations sharing haplotype h2, harbored at a frequency 

Structure Source of variation Variance (%) Fixation indices P value

Grouping by SAMOVA results
(k = 3)

Among groups 7.856 FCT=0.0743 0.03

Among populations within groups 35.68 FSC=0.3644 < 0.001

Within populations 62.23 FST=0.4116 < 0.001

Grouping by SAMOVA results
(k = 4)

Among groups 6.7 FCT= 0.0589 0.078

Among populations within groups 36.35 FSC=0.3687 < 0.001

Within populations 62.23 FST=0.4059 < 0.001

Grouping by geographical regions

Among groups 31.82 FCT=0.2265 < 0.001

Among populations within groups 20.43 FSC=0.2500 < 0.001

Within populations 62.23 FST=0.4238 < 0.001

Table 2.  Analysis of molecular variance (AMOVA) for three different groups of Bactrocera oleae populations 
based on SAMOVA results of Ca. E. Dacicola and geographic subdivisions.

 

Fig. 3.  Geographic distribution of mitochondrial haplotypes observed among individuals of Mediterranean, 
Californian, South African and Pakistani populations of B. oleae coded according to Table S3. The areas of 
the circles are proportional to the sampling The shaded areas represent the distribution range of olive trees 
according to31–33. Maps source: https://d-maps.com.
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Fig. 4.  Weighted bipartite networks of interactions between the symbiont Ca. Erwinia dacicola (left bars) and 
the host Bactrocera oleae (right bars). The width of the bars reflects the relative frequency of the symbiont and 
the host haplotypes, respectively. The width of the lines connecting bars indicates the frequency with which 
Ca. Erwinia dacicola haplotype was found in each B. oleae haplotype. The geographical origin of each sample is 
represented by colored horizontal rectangles.
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of 69.3% (70/101) the bacterial haplotype htA. In contrast, the populations within haplotype h1 presented 
94.4% (51/54) of the bacterial genetic variant htB. Populations with haplotype h6, mostly located in the Central 
Mediterranean region, were associated with both symbiont haplotypes htB and htA (58.2% and 41%) respectively 
(Table S5). Several host haplotypes were associated with only one symbiont haplotype. Haplotypes h33, h34 and 
h36 shared by Pakistani samples harbored exclusively the third haplotype htP. The South African population 
sharing the haplotype h35 and h39, harbored almost exclusively the bacterial haplotype htA. In addition, the 
Californian and the Iranian olive fly populations harbored only the variant htB.

Discussion
Three bacterial haplotypes of Ca. E. dacicola were identified in the olive fly populations across the studied 
geographical range. Haplotypes htA and htB, previously recovered in Italian29, Portuguese, Spanish, French, 
Tunisian26 and USA35 populations, were present across the Mediterranean populations. Furthermore, htA was 
found in South Africa olive fly populations while htB was found in Iran and in California populations. A third 
and new haplotype, htP, was exclusively found in fly populations collected in Pakistan (Fig.  1). Despite the 
extensive sampling across a wide area of the olive fly distribution range, haplotypes htC and htD, identified by 
Nobre26 in Tunisia were not detected in this study. As already detected by Savio et al.29, the results confirmed the 
presence of a unique Ca. E. dacicola haplotype in each olive fly oesophageal bulb, suggesting that the different 
haplotypes did not coexist in the same olive fly.

The results revealed a significant genetic and geographic structure of the symbiont with an East-West genetic 
differentiation pattern in the Mediterranean basin. Western populations (Algeria, Morocco, Iberian Peninsula, 
France, Corsica, Sardinia, and Liguria Region) mainly harbored the bacterial symbiont htA while most of the 
olive flies collected from Eastern Mediterranean (Egypt, Israel, Palestine, Cyprus, Turkey), harbored the genetic 
lineage htB. In the Central Mediterranean area haplotypes htA and htB, were both present with the latter being 
predominant. This parallels with the selection of olives during domestication, as the genetics of olive cultivars 
demonstrate that one early lineage is restricted to the East, Levant (clorotype E1)36,31. Some archaeological 
findings go back to up to 7,000 years, submerged ruins on the coast of Israel37. Currently, and still debated, 
the main cultivated olive (E1) originated and spread from an area between nowadays Syria and Turkey36,31. It 
is suspected that during the domestication processes, the selected olive varieties, which correspond to lineage 
E1 (clorotype) correlated with Ca. E. dacicola htB. This is expected due to the selected traits of the olives either 
for oil or direct consumption, offering the favorable habitat to B. oleae carrying symbiont htB. The wild olive is 
considerably variable in terms of traits.

The Central Mediterranean area could be a confluence zone between Eastern and Western areas. These 
Mediterranean populations may result from admixture between Western individuals carrying the predominant 
symbiont haplotype htA and Eastern individuals harboring the symbiont haplotype htB. For olive cultivars, 
clorotype E1 is restricted to the East and clorotypes E2 and E3 are specific to West and Central areas36. Again, the 
results resemble the tripartite association, with the synchronic distribution of symbiont (able to pre-digest the 
olive for colonization), B. oleae, and its host plant. Settlements from the Bronze age, in SE Spain show remarkable 
changes in olive shape due to domestication38, with an increase in the number of olive-stone remains on Late 
Bronze Age16. Interestingly, traits characteristic of Middle East olives are only seen later, towards the change in 
the millennium16. Migrations and introductions of olive cultivars from the East towards the Centre and West 
Mediterranean could explain the origin of mixture of symbiont strains (haplotypes).

The presence of both symbiont haplotypes in the same populations could be also attributed to different events 
of losses and new acquisitions of different Ca. E. dacicola haplotypes bypassing the model of strict vertical 
transmission. While vertical transmission is the primary and prevalent mechanism for ensuring symbiotic 
bacterial transmission, an exchange of Ca. E. dacicola haplotypes by horizontal transmission at specific stages 
of the B. oleae life cycle cannot be excluded. The olive fly spends most of its life cycle at the larva stage on, or 
within host plant tissues. Therefore, shared breeding sites and replacement of bacterial haplotypes could likely 
occur among larvae living in the same olive fruit. The occurrence in adult olive flies of horizontal transmission 
of the bacterial symbiont through cohabitation was reported under laboratory conditions39. Furthermore, the 
occurrence of accidental invasion and replacement of phylogenetically related symbiotic bacteria species has 
also been hypothesized between different species of non-frugivorous fruit flies (subfamily Tephritinae) visiting 
or developing in the same host plant40.

Similar to the primary symbiont data, the mitochondrial haplotype analysis (AMOVA) of the host flies 
revealed a significant genetic and geographic structure supporting the subdivision of populations into different 
geographical subgroups. This genetic structure is in accordance with the findings of previous studies based on 
different mitochondrial and microsatellite markers which suggested the existence of three different clusters in 
the Mediterranean basin (Wester, Central and Eastern populations)21,23,25,26 plus other clusters from Pakistan 
and South Africa19,27. Indeed, Nardi19 estimated the split of African and Mediterranean fly populations around 
4000–5000 years ago, which parallels the domestication of olive trees in the Middle East.

The whole dataset, considering the genetic diversity of both the primary symbiont and the host fly, allowed 
to observe some geographic and genetic patterns of the olive fly, B. oleae. The Pakistani populations showed 
significant symbiont-host haplotypes associations. The exclusive and (newly described) symbiont lineage htP 
was found with host haplotypes h36, h37, h38 differing from the rest of the populations. This outcome aligns 
with the findings of Nardi et al.19,27, who suggested an ancient separation of the Pakistani fly population, and 
it is consistent with its description as a distinct taxonomic subspecies (e.g., var. asiatica: Silvestri, 1916). Fly 
haplotype h36 exclusive of the Pakistani populations, and perhaps symbiont htP corresponds to the earliest 
settlement of olives in the region.

The two large fly populations from Crete (Anopolis and Heraklion) harboring the western symbiont htA 
represent an exception to the predominance of htB in the eastern Mediterranean. The prevalence of htA in 
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the island populations could be explained assuming an effect of geographic isolation, which contributed to the 
absence of external gene flow. A study on the natural distribution of Olea europaea by the identification of wood-
charcoal, reported the absence or late appearance of the olive tree in Crete during the Holocene, in contrast to 
the abundant presence of the botanical species in Cyprus and in the Levantine basin15. The introduction of olive 
to Crete occurred relatively late, sometime after the Middle Neolithic, as a result of overseas contacts41. Although 
the commercial trades with the neighbors have been extensive since the introduction of the olive cultivation, it is 
likely that local fly populations were largely contained in the island. This hypothesis is further supported by the 
presence in the island of exclusive mitochondrial haplotypes of the fly host B. oleae, h15 and h16.

Olive fly populations found in California were suggested to have their origins in the Eastern Mediterranean, 
particularly in Turkey as a result of human activities [e.g.,19,23]. The presence in the Californian populations of 
the eastern symbiont haplotype htB, associated with host haplotypes characteristic of the eastern Mediterranean 
populations, including Turkey, offers additional support for this hypothesis.

Bactrocera oleae was apparently absent in Iranian olive groves until 2004 when it changed from a quarantine 
pest to becoming the most important pest of olive trees in this region [e.g.,11]. In this study, all individuals within 
the Iranian populations harbored the symbiont haplotype htB and olive fly haplotypes shared with individuals 
from central and eastern Mediterranean populations. The high predominance of the symbiont haplotype htB 
in central populations combined with the presence of host haplotypes typical from the central Mediterranean 
(Fig. 2B) provides support to the hypothesis advanced by Ramezani et al.11 of a Central European origin for 
the Iranian olive flies. Further genetic studies using deeper sequencing methods will significantly enhance our 
understanding of the genetic population structure and will add useful information regarding the functional 
properties of the different symbiont haplotypes.

The high genetic diversity of the host, B. oleae, displaying 42 haplotypes which interact with only three Ca. 
E. dacicola haplotypes, can be expected from a long-term host-symbiont association. A high genetic diversity 
of the insect host compared to that of the primary symbiont was also found in the brown marmorated stink 
bug, Halyomorpha halys, and its bacterial primary symbiont Pantoea carbekii, seven haplotypes of the primary 
symbiont were found against 25 haplotypes of the insect host3.

A phylogenetic study of the primary symbionts of the genus Ca. Stammerula sp., harbored in flies of the 
subfamily Tephritinae, showed that the stable lineages are conserved and that the different fruit fly species host 
a specific and unique single bacterial symbiont lineage40,42. Moreover, Ca. E. dacicola is uncultivable as well as 
Ca. Stammerula42,43. This pattern is generally observed and expected in endosymbionts, or intracellular bacterial 
symbionts that have achieved a stable, long-standing host association living in the protected intracellular 
environment30. Despite their extracellular location, the primary symbionts described for the subfamily 
Tephritinae40,42 and B. oleae43 are harbored and protected within specialized structures. In particular, the adult 
olive fly hosts the primary symbiont within a specialized oesophageal diverticulum called the oesophageal 
bulb44,45. Similarly, in the subfamily Tephritinae, species-specific primary symbionts are hosted within epithelial 
evaginations or crypts of the fly midgut protected by the peritrophic tube46,47. The presence of primary 
symbiont host structures and their uncultivability accounts for the presence of well-established and co-evolved 
associations. These associations likely involve the selective uptake of a single symbiotic bacterial species, being 
the organ able to discriminate from non-symbiotic bacteria48. This is a characteristic of enduring and ancient 
host-symbiont associations.

Primary symbionts seem to be exposed to selective pressure over time, removing deleterious mutations with 
reduction in base substitutions; this feature is dominating in older or ancient associations, and it slows down 
the molecular evolutionary rates of the symbionts30. Nevertheless, as the B. oleae clade might have diverged 
from other species of the genus approximately 25 million years ago49, and it separated from its sister species 
B. biguttula by only about 10 million years50, the symbiotic association with Ca. E. dacicola might have been 
established concurrent with the emergence of the clade and thus be in line with younger associations for which 
a high substitution rate is attributed30. Nonetheless, the presence of strong selective pressure, would explain 
the low diversity found for Ca. E. dacicola. In contrast to other frugivorous and polyphagous fruit flies, B. 
oleae larvae feed exclusively on olive pulp. In unripe olives, the pulp is particularly rich in anti-nutritive and 
antimicrobial secondary metabolites, including oleuropein, a phenolic glycoside28. The persistent presence of 
the symbiont in the larvae’s gut plays a crucial role in enabling B. oleae to colonize the harsh olive substrates. 
This fundamental function has led to a close co-evolutionary relationship between the symbiont and the olive 
fly, resulting in mutual dependence and selective pressure to maintain the symbiont in the complex system of 
domestication of the olive.

The results obtained from studies on the genetic variability of Ca. E. dacicola may stimulate some hypothetical 
assumptions regarding the long history of coevolution between host insect and symbiont as well as on the 
separation of the three identified lineages (A, B and P) during the phytogeographical events involving both 
insect and host plant.

It is interesting to note that the geographical distribution of the three haplotypes of Ca. E. dacicola described 
in this paper, align closely with B. oleae genetic macro-groups identified by Nardi et al.27. They classify the olive 
fly into three genetic groups: an African population, regarded as the species’ center of differentiation; a Pakistani 
population, considered the relict of an ancient separation; and a Mediterranean population, which is further 
divided into three subgroups: eastern, central, and western. This correspondence invites speculation about the 
origin and the divergence among the three identified lines of Ca. E. dacicola. The current distribution of the three 
haplotypes could be the result of the ancient basal separation of the wild olive tree into the three lines (African, 
Asian and Mediterranean) that is traced back to the early Pliocene18,51 followed by the repeated fragmentation 
of the Mediterranean range into different refuge stations that occurred during the Pleistocene27. These events 
forced B. oleae populations into long periods of geographical isolation. In the light of these results, it becomes 
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evident how the presence of a vertical transmission pattern for the B. oleae symbiont provides a valuable tool in 
understanding the evolutionary history and population genetics of its host insect.

Materials and methods
Sample collection and preparation
Adults of B. oleae and/or infested olives were collected from 54 olive growing sites from 19 states around the 
Mediterranean basin, the Middle East, South Africa, Iran, Pakistan, and USA. According to52, the Mediterranean 
basin has been divided in three subregions as follows: western Mediterranean (WM) area, extending between 
350°W–10°E and 30°N–47°N, central Mediterranean (CM) area, extending between 10–20°E and 30°N–47°N 
and eastern Mediterranean (EM), extending between 20°E–38°E and 30°N–47°N (Table S3).

Collected olive flies were kept in 96%, ethanol and shipped to the laboratory where they were stored at 
− 20 °C until being processed. In the case of the collected infested olives, they were kept in transparent plastic 
boxes (20 × 15 × 8 cm) topped with a net until larvae emerged and developed into adults. Emerged insects were 
then transferred into net rearing cages (10 × 10 × 10 cm) and fed with a sugar diet (50% w/v glucose solution) and 
water ad libitum according to Savio et al.29. In order to ensure a sufficient number of bacteria in the oesophageal 
bulbs, flies were processed after 2–3 days45. Before performing the molecular studies, flies were dissected to 
extract the esophageal bulb hosting symbionts, under a laminar flow hood43. Oesophageal bulbs were then 
gently transferred into Eppendorf tubes and kept at − 20 °C for further analysis.

The DNA extraction protocol described by53 was used to extract both the insect and the bacterial DNA 
content of the oesophageal bulbs, with an average of eight individuals per population.

Symbiont analyses
The bacterial DNA was analyzed by amplifying a fragment of 16S rRNA gene, using the universal primers fD1 
and rP154,55and 63 F and 1389R56. Amplifications were performed in 20 µl reaction volumes containing 1X PCR 
GoTaq Flexi Buffer (Promega), 2.5 mM MgCl2, 0.1 mM dNTPs, 0.5 mM each primer, 1 U GoTaq Flexi DNA 
polymerase (Promega) and a 1 ml sample of a 1: 30 dilution of the DNA extract. The standard thermal profile for 
the amplification of the 16S rRNA genes included an initial denaturation at 95 °C for 2 min, 27 cycles at 95 °C 
30 s, 56 °C for 30 s, 72 °C for 90 s and a final extension at 72 °C for 5 min.

In addition, to check the co-presence of different bacterial haplotypes in a single olive fly, PCR products 
obtained from seven oesophageal bulbs were cloned into Escherichia coli JM109 cells. The oesophageal bulbs 
of olive fly individuals from populations that exhibited both bacterial haplotypes were mainly chosen. The 
P-GEM-T Easy vector (Promega) was used for cloning, following the manufacturer’s recommendations. 
Transformations were verified using PCR assays with the M13-T7 universal primer pair. PCR products were 
checked by electrophoresis on 1% agarose gel stained with SYBR® Safe (Invitrogen), then purified with a mix of 
Exonuclease and Antarctic Phosphatase (New England Biolabs) and sequenced at the BMR Genomics Service 
(Padua, Italy).

Bacterial sequence chromatograms were quality checked and aligned using MEGA 1154. Low-quality regions 
found at the beginning and end of each sequence were trimmed and low-quality sequences were not included in 
the analysis. A GenBank BLAST analysis of the sequences obtained was run through the NCBI website (www.
ncbi.nlm.nih.gov) to assess the identity of the sequences.

Spatial analysis of molecular variance was performed using SAMOVA v12.0257 to assess the presence of 
geographical patterns in the genetic structure. Different numbers of populations (K) in the range of K = 2–7   
based on 100 simulated annealing processes were simulated to search for the optimal grouping option that 
maximizes the among-group component (FCT) of the overall genetic variance.

Insect host analyses
A region of the mitochondrial DNA of the olive fly, corresponding to the NADH dehydrogenase subunit 1, the 
leucine tRNA and the 16S mitochondrial region, was amplified using the universal pair of primers: N1-J12261m 
and LRN1339858,59. PCR reactions were carried out using identical volumes as those employed for the symbiont 
DNA amplification. The cycling program included an initial denaturation at 96 °C for 5 min, followed by 35 
cycles at 96 °C for 50 s, 56 °C for 50 s and 72 °C for 2 min, with a final extension step at 72 °C for 5 min. PCR 
amplified products were purified and sequenced as reported above.

Haplotype distributions and frequencies within the populations (NHT), gene diversity (h), nucleotide diversity 
(π) and mean number of pairwise differences (k) were assessed using ARLEQUIN v3.5 software package60. 
Hierarchical analysis of molecular variance (AMOVA)61 of B. oleae populations was performed with ARLEQUIN 
software to evaluate the distribution of molecular variance among groups, populations and individuals based on 
the groups defined by SAMOVA analysis on Ca. E. dacicola and by geographical areas, with 10,000 random 
permutations.

Sequences of the same mitochondrial marker available in the NCBI database were retrieved and added to this 
study dataset (Table S4). A haplotype parsimony network with a probability cut-off of 95% was reconstructed 
using the TCS 1.21 software62 and PopART 1.734 and used for depicting the geographical relationships among 
haplotypes. Ambiguous connections (loops) were resolved using approaches from coalescent theory based on 
three criteria: frequency, network location and geography63.

Symbiont-host haplotype analysis
Relationships between the symbiont and its insect host haplotypes were defined by a haplotype network 
constructed by TCS v1.2162 and a bipartite network. The overall network specialization was determined 
using the specialization index (H2’). It ranges between 0 (no specialization between symbiont and host) and 
1 (complete specialization between symbiont and host)64. The metric significance was checked by z-score and 
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calculated using 1,000 null models obtained with the Patefield algorithm65. Graph and metrics were generated by 
the bipartite package66 in R 3.0.1 software (R Development Core Team—https://www.r-project.org).

Data availability
All data used in this paper is available through GenBank accession PP264486 for the new symbiont sequences 
and PP278062-PP278102 for the host sequences.
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