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Use of micro-computed
tomography to monitor olive fruit
damage caused by three insect
pests

Javier Alba-Tercedor®"“ & Francisca Ruano®"*

A complete three-dimensional reconstruction of the internal damage (oviposition holes, entry and
exit galleries, cavities caused by fungal infection) of three destructive pests of olive fruit was obtained
using micro-computed tomography. In the case of the olive fruit fly (Bactrocera oleae), complete
reconstruction of the galleries was achieved. The galleries were colour-coded according to the size

of the internal lumens produced by larval instars. In the case of the olive moth (Prays oleae), we
confirmed that the larvae only consume olive stones, leaving pulp tissue intact. This study revealed
the evolutionary defensive adaptation developed by larvae, creating entrance/exit gallery in the form
of a zigzag with alternating angles to avoid the action of possible parasitoids. In the case of olive fruit
rot, caused by fungal infection transmitted by the midge (Lasioptera berlesiana), microtomography
revealed the infection cavity, which was delimited by a protective layer of tissue produced by the plant
to isolate the infection zone, which contained fungal hyphae and reproductive organs of the fungus.
Two ovoid cavities were observed below a single external orifice in the concave necrotic depression.
These results were interpreted as successive ovipositions of B. oleae, followed by the parasitoid L.
berlesiana. High-resolution 3D rendered images are included as well as supplementary videos that
could be useful tools for future research and teaching aids.

Olive trees are grown all over the world, with high yields found in regions with Mediterranean climates. Olive oil
is currently produced in more than 40 countries, with more than 750 million olive trees cultivated worldwide,
95% of which are in the Mediterranean region'. It remains the most widely cultivated perennial crop in the region,
and it is well suited to its climate, which is characterised by high temperatures and hydric stress?.

Globally, on average, 10-28% of crop production is lost to pests>*. In the case of olive crops, alarming statistics
show that up to 40% of global olive production is lost annually because of their impact®. Several insects, patho-
gens, and nematodes affect olive trees and threaten olive production; however, olive cultivation is considered a
stable crop. In this cultivation, some exclusive insect pests are associated with different incidences in olive fruit,
affecting the yield and/or quality of olive oil and olive table. In order of economic importance?, the pests studied
are as follows:

1. The “olive fruit fly” Bactrocera oleae (Gmelin, 1790) (Diptera: Tephritidae). It is considered the most impor-
tant olive pest in the Mediterranean region and has been recorded in 34 countries in the Mediterranean
and the Middle East, as well as in southern and eastern Africa, India, and Pakistan, and has been detected
in California and Mexico since the end of the twentieth century® This insect has several generations per
year (usually 2-4, but up to 6 depending on the prevailing temperature and availability of fruit). The female
can lay up to 20 eggs/day on the fruit, producing several hundred eggs during her lifetime. The oviposition
damage the fruit. Larvae feeding inside the fruit mesocarp, damaging the fruit and reducing its quality for
commercial sale. It can also cause premature ripening or splitting of the fruit, loss of oil quality, or complete
loss of damaged fruit in table olives. Infestation can be severe enough to cause a 100% fruit drop in years of
low yield®. Some authors have noted that some fungi share at least part of their life cycle with the olive fruit
fly because they mainly affect fruits from the beginning of olive ripening and could be favoured by insects
that can act as vectors®.
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2. 'The “olive moth” Prays oleae (Bernard, 1788) (Lepidoptera: Plutellidae, Prayninae)’. P. oleae is widespread
throughout the Mediterranean and is considered the second most important olive pest in the EU. P. oleae
completes three generations on the olive tree each year, damaging the flowers, leaves, and fruits in each
generation. In carpophagous generation, which is the most dangerous for yield, eggs are laid on the calyx
of young olive fruit; the larvae enter the young fruit endocarp near the pedicel during the summer and feed
on the olive seeds, dehydrating the fruit and causing it to drop, especially when the larvae leave the olive
fruit to pupate in the soil. This has a negative impact on the olive harvest®. A 28-year study by Ramos et al.®
in southern Spain (Andalusia) showed that this pest can reduce olive production by 50-60%, with heavy
infestations occurring approximately every 3 years, causing 40% premature fruit drop and consequently
significant economic losses.

3. 'The "olive fruit rot" appears because of a fungal infection, which can be caused by different species of fungi.
The most common species is Botryosphaeria dothidea (Moug.) Ces. & De Not>!?. Revisions of the names of
the fungi involved in olive fruit rot and taxonomic changes are presented in Lazzizera et al.’. This pathogen is
the causative agent of the Dalmatian disease of olives, which occurs in most of the Mediterranean basin!®!!.
B. dothidea produces a sunken, necrotic, and circular lesion (approximately 8 mm in diameter, never larger
than 1 cm) with a sharp edge that separates the infected tissue from the healthy fruit tissue; this appearance
is called "escudete” (little shield) in Portuguese and Spanish. As the disease progresses, necrotic depression
expands and covers the entire fruit. As the fruit ripens, it falls to the ground and becomes mummified''.
Overall, the incidence of olive fruit with Dalmatian symptoms is relatively low, but it often exceeds the tol-
erance level for the "Extra" class standard for olive fruit, which is usually at a level of 2% or 4%, according
to Spanish law!? or the FAO’s Codex Alimentarius®. Its presence on table olives is particularly important!*.
Thus, oviposition wounds may facilitate fungal infection. lannotta et al.! observed a correlation between
the presence of Botryosphaeria olive rots, which were formerly associated with the fungus Camarosporium
dalmaticum (Dalmatian disease), and olive fly infestation, but did not provide evidence of the role of the
insect in favouring fungal infections®. The larvae of midge Lasioptera berlesiana Paoli, 1907 (Diptera: Cecid-
omyiidae)'? are active eggs consumers. Subsequently, the species has been used as a biological control agent
for the olive fruit fly'®. There is evidence of its role in transmitting fungi, but its interaction with the olive
fruit fly and its transmission remains controversial'’~*?.

To study the effects of these pests and diseases on olive fruits, ocular inspections followed by dissection of
the fruits, accompanied or not by light microscopy or electron microscopy studies, have been carried out (i.e.
Refs.?*21). Recently, X-ray images have been used to determine the degree of infection in fruit®?. In this study,
the technique of computerised microtomography is used for the first time to study the fruit as a whole and,
without altering it, to obtain high-resolution 3D rendered images of the effects of the three pests. Studying each
component in its original situation, allowing observations from different perspectives, obtaining high-quality
3D rendered images, and obtaining additional supplementary videos as useful tools for future research and
teaching aids.

Materials and methods

Olive fruits

In accordance with relevant institutional, national, and international legislation and guidelines, olives were
harvested in 2023, in late summer, close to autumn, in olive groves in the mountains near the city of Granada
in southern Spain. Olives with external signs of attack were transported to the laboratory. These were X-rayed
in the microtomograph, and one of each type of pest was selected for scanning and reconstruction to obtain
rendered images of figures and supplementary videos.

Micro-CT scans

For microtomographic study, fresh olive fruits with signs of attack were mounted on top of a polypropylene
tube and were fixed to the sample holder with plasticine (Figs. 4a, 5a). A SkyScan 1172 desktop high-resolution
microtomograph, upgraded to a Hamamatsu L702 (100/250) source and a Ximea 11Mp camera, was used. The
scanning parameters were set up as follows: 0.5 mm aluminium filter, voxel size=13.54 pm?, 48 kV, 124 pA, 2 x 2
camera binning, 180° rotation and a rotation step =0.47°. For a detailed study of the concave necrosis of olive
fruit rot (Fig. 5d,f-i), the scanning parameters were changed as follows: voxel size =0.94 um?, rotation step =0.5°.

Image reconstruction

Bruker Micro-CT Skyscan (https://www.bruker.com/products/microtomography.html) NRecon software
(v.2.0.0.5) was used to reconstruct the TIFF X-ray images, and CTAnalyser v.1.20.8.0 was used for the primary
“cleaning” process. The resulting images were reoriented with DataViewer v.1.6.0.0), and CTvox v.3.3.1 was used
to obtain the 3D rendered images of Fig. 1c—f and some scenes marked with the CTvox s logo in Supplementary
Video S1, as previously described®. FEI's Amira software (v. 2019.3)*** was used to obtain 3D rendered images
(Figs. 1b,f-h, 2, 3, 4c-f, 5b-i) and Supplementary Videos S1-S3. The built-in colour filter "volrenRed.col" was
used to obtain the colour of Amira’s rendered images (Fig. 5d,f~1) and Supplementary Video S1.

To isolate the galleries burrowed by olive fruit fly larvae and obtain a colour code according to their lumen
diameter, a similar methodology was used as previously described to reconstruct the tracheal tubes of the cof-
fee borer beetle?®. Thus, colour-coded images were created using the 3D analysis plug-in in the CTAnalyser’s
customised processing tab and saved to determine the structure thickness (or separation) as done previously*’
and as described in a Bruker microCT method note. In the resulting new set of images, an arithmetic opera-
tion with CTAnalyser was performed by multiplying by 20 and uploading them to CTvox to obtain 3D rendered
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Fig. 1. Olive fruit attacked by the olive fly Bactrocera oleae. External damage observed on a fresh olive fruit (a),
X-ray projection image (b), and micro-CT rendered images of its external surface (c—e). Oviposition holes (f-h).

images and record the videos of Supplementary Video S1 or uploaded to Amira, performing a registration with
the entire olive fruit and changing the transfer colour curves to obtain the same colour code as the one obtained
with CTvox to obtain images of Figs. 2 and 3 and Supplementary Video S1.
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Fig. 2. Micro-CT rendered images of internal galleries excavated by larvae of the olive fruit fly Bactrocera oleae.
The olive fruit is made transparent (a), and only the galleries have been isolated so that they can be viewed from
different perspectives (b-e). Yellow arrows indicate oviposition cavities. The lumen diameter is in accordance
with the colour scale of the bar shown on the upper right. Three areas of lumen galleries were observed,
corresponding to the three larval instars (shown in red, green and blue, respectively, corresponding to instars
L1-L3).
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Fig. 3. Micro-CT rendered images of the internal galleries excavated by the larvae of the olive fruit fly
Bactrocera oleae in sagittal (a) and transverse sections (b). The lumen diameter is in accordance with the colour
scale of the bar shown on the upper right. Three areas of luminal galleries were observed, corresponding to the
three larval instars (shown in red, green and blue, respectively, corresponding to instars L1-L3).

Macrophotographs
The olive fruit macrophotographs in Figs. 1a, 4a, and 5a and Supplementary Videos S1-S3 were taken using a
Samsung Galaxy Notel10+ smartphone.

Scientific Reports |  (2024) 14:21067 | https://doi.org/10.1038/s41598-024-72029-3 nature portfolio



www.nature.com/scientificreports/

ternal gall
e /rnngac gmeégr)

External
opening

e

nternal al/eéy
eeding chamber)

External
opening /.

ey

Fig. 4. Olive fruit attacked by the olive moth Prays oleae. Olive fruit mounted in a sample holder for scanning
(a). X-ray projection image (b). Micro-CT rendered images (a—f). Transparent surface view of the internal
cavities (d). Sagittal section (e). Reconstruction of the cavities excavated by the moth (f, g). The dotted red
arrows (g) are helpful for visualising the alternating angles in the gallery following the external (entry/exit)
opening.

Results
Microtomography revealed the different parts of the fruit, both on the external surface (exocarp) and internally
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Fig. 5. Olive fruit affected by fruit rot (shield) fungal disease. The olive fruit is mounted in a sample holder
for scanning (a). Micro-CT rendered images (b-i). External views (b, c). Sagittal-section view (e). Virtual core
extraction at the concave necrosis level (d, h). Multiplanar 13 pm slice (g). High-magnification images of the
fungal mass in the cavity (f) and the fungal reproductive structures on the surface of the concave necrosis (i).

in the pulp (mesocarp and endocarp), the endosperm surrounding the seed, and the effects of the activity of
three highly damaging pest diseases that are widely distributed throughout the Mediterranean region (Figs. 1,
2, 3,4, 5 and Supplementary Videos S1-S3).

The “olive fruit fly” Bactrocera oleae (Figs. 1, 2, 3, and Supplementary Video S1)

The olive fruit studied (Fig. 1, and Supplementary Video S1) exhibited several oviposition holes. These
have a common roughly elliptical shape (Fig. 1f,g), with a minor axis of 202.9+36.6 um and a major axis of
416.8+52.3 um (n=4 wounds, mean + SD). In general, an oviposition cavity followed by a narrower gallery that
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widens can be observed (Fig. 2a-d). Some oviposition holes did not extend into the galleries (Fig. 2e). In the
reconstructed 3D rendered images of the galleries with a colour code according to lumen thickness (Fig. 2a-e),
we obtained three different colour groups(red, green and blue), corresponding to the three larval instars (L1-L3).
An increasing thickness of the gallery lumen occurs during larval development, with a diameter of up to 500 um
for the galleries of the first instar larvae (red), 500-800 pm for the galleries of the second instar larvae (green) and
approximately 800-1500 pm for the galleries of the third instar larvae (blue). We did not detect fungal growth,
and the external concave necrotic cavity associated with the pupal chamber did not appear directly related to the
feeding galleries. In the widest part of the galleries and close to the exit hole, we found two pupal skins (Fig. 3a,b).

The “olive moth” Prays oleae (Fig. 4, and Supplementary Video S2)

The studied olive fruit presented a single external opening near the pedicel (Fig. 4c—f). From this external orifice,
a short gallery with an alternating angle forms a zig-zag path that starts (Fig. 4d-g) communicating with a large
central feeding chamber. This resulted from the consumption of olive stone (both cotyledons are consumed),
and frass deposits are observed (Fig. 4d—f). The mesocarp and endocarp are not affected.

The “olive fruit rot” (Fig. 5 and Supplementary Video S3)

The olive fruit studied exhibits a typical olive shield rot syndrome, which is externally visible through a concave
necrosis area (ca. 5 mm wide) on the fruit surface (Fig. 5a—e). Micro-CT images revealed the fungal infection,
along with the reproductive structures (conidiophores and conidia). We found these structures on the surface
of the concave necrosis (Fig. 5d,h,i) and inside, the fungal infection cavity, filled with a fungal mass of hyphae
(Fig. 5f-i). Infection causes the proliferation of cells that form a layer that surrounds and encapsulates the infec-
tion cavity (Fig. 5d,g,h). One single external opening can be observed (Fig. 5a,d,g,h). Nevertheless, we located
in the vicinity of this hole, two oviposition cavities, one more external and larger than the other but contiguous
and both below the larger cavity (Fig. 5d,g,h). No insect remains or pupal skin appears.

Discussion

Although it has previously been pointed out that the olive fruit fly produces a single puncture per olive'?, it is
known that this may be more when there is a small yield with a low number of olive fruits available’?. In the
studied olive fruit, we detected five ovipositional punctures, from which only three continued with galleries and
two reached the adult stage (two pupal skins). In recent years, there has been a significant decrease in crop yields
in some areas due to drought caused by climate change, justifying the high infestation rate.

Some oviposition punctures or wounds do not correspond to laid eggs, as females with immature ovaries also
try to lay eggs™. In any case, many authors refer to them as alive and non-alive or false punctures during olive fly
oviposition®!, either because the eggs have not developed or there has been a puncture without an egg being laid
because the ovarioles are not fully developed. In our studied olive fruit infested by B. oleae, some punctures had
to be sterile because no gallery developed at all. Gongalves et al.*? reported a mortality in laid eggs of 2.6-16.6%.
Some of these damaged eggs were possibly provoked by L. berlesiana. However, in our study, olive fruit affected
by L. berlesiana did not have any remnants of B. oleae galleries, frass, or exuviae. The destruction of the olive fly
egg should occur almost immediately after oviposition. With respect to B. oleae damage in olive fruit, we found
an external concave necrosis depression that was not directly linked to the pupal chamber or feeding galleries.
This finding agrees with the possibility that this depression was caused by a high accumulation of secondary
metabolites surrounding the pupal galleries, but not by fungal proliferation, as previously suggested?'.

With respect to olive fruit attacked by the olive moth P. oleae, we found a single short external gallery, which
was detected in other insects that consume the internal parts of fruits and seeds®*. This single gallery exhibits
alternating angles forming a zig-zag tunnel, as previously reported for the coffee berry borer beetle**. This strategy
may hinder the access of some parasitoids to the larva of the first or last instar when situated near the fruit surface
and is adaptative for this type of fruit mining insects. We also obtained evidence that the larvae of P. oleae used
the same gallery to enter and exit the olive seed but enlarged the exit gallery and triggered the drop of olive fruit,
because no signal from another tiny entry gallery appeared at all. In any case, the larva remained exclusively in
the olive stone, revealing that pulp (either the mesocarp or the endocarp) was unaffected and that the entire inner
part of the olive stone was consumed (both cotyledons). The feeding cavity resulted partially occupied by frass.

In the olive fruit rot study, we deduced that the two oviposition cavities observed in the vicinity of the external
opening correspond to B. oleae (the larger) and the smaller one to L. berlesiana. Thus, a single external open-
ing should correspond to the exit hole of L. berlesiana larvae, which immediately after they leave the olive fruit
pupate in the soil®*.

Conclusions

The use of micro-CT to study the damage caused to olives by three different pests has allowed us to complete a
three-dimensional reconstruction of the internal damage they provoke (oviposition marks/holes, entrance/exit
galleries, cavities caused by fungal infection). In the case of the olive fruit fly (B. oleae), we performed a complete
reconstruction of the galleries and their separation into colour codes according to larval instar size. Even in the
galleries corresponding to L1, their narrow lumen shows a "rosary" shape because of successive bites, as small
larvae consume pulp and advance by digging in a tunnel. It was also possible to identify the oviposition sites that
failed (either because they were the work of immature females or because the eggs were not fertile).

Regarding olive moths, we confirmed that they only consume olive stones. This study showed that the larva
leaves the rest of the fruit intact, and we revealed the evolutionary defensive adaptation that the larva has
developed by making the entrance gallery in the form of a zigzag, with alternating angles, to avoid the action
of parasitoids.

Scientific Reports |

(2024) 14:21067 | https://doi.org/10.1038/s41598-024-72029-3 nature portfolio



www.nature.com/scientificreports/

In the case of olive fruit rot, microtomography revealed a cavity, filled with fungal hyphae, and its reproductive

organs. In addition, two ovoid cavities, one larger than the other, were observed in the vicinity of the external
orifice. We deduced that these were the successive ovipositions of B. oleae and its parasitoid L. berlesiana.

In addition to detailed high-resolution 3D rendered images, supplementary videos were included, which

could be useful tools for future research and valuable teaching aids.

Data availability
The datasets generated and analysed during the study are available from J.A.-T. upon reasonable request, and
always within the framework of a collaborative scientific project.
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