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Abstract

With the aim of understanding the mechanisms involved in the regurgitation behavior of tephritid flies, we 
performed a structural study of the digestive system of the economically important fruit-fly pest, Anastrepha ludens 
(Loew) using optical, scanning electronic microscopy (SEM) and transmission electron microscopy (TEM), plus 
a feeding assay. Most structures studied are similar to those previously reported in other adult dipterans, but, 
importantly, we found sexual differences in some structures that apparently affect regurgitation. We report for the 
first time sexual differences in the crop duct nerve and large numbers of dense core vesicles within the nerve 
bundle. Male nerve bundles are bigger and have more secretory vesicles than female ones. The close proximity 
to the muscles of both the crop lobes and duct suggest that these vesicles (i.e., possibly neurosecretions) might 
help modulate the muscles regulating regurgitation. The salivary glands are connected to the crop via tracheae, 
however, SEM/TEM studies failed to find any direct structural connection. Results of the feeding assay indicate 
that, independently of food type (sucrose or protein) and age, males regurgitate significantly more than females. 
Regurgitation behavior may also play an important role in capturing bacteria in the environment, and possibly help 
adults eliminate ingested toxicants such as insecticides. Our findings shed light on an interesting phenomenon that 
has important practical implications.

Key words: feeding behavior, digestive-tract structure, diverticulated crop, nerve bundle, Mexican fruit fly

The efficacy of pest control techniques using toxic baits, attract-
ants, mating disruption, and others based on behavior, hinges on 
a deep understanding of the behavior of the particular pest species 
(Rodriguez-Saona and Stelinski 2009, Onstad 2014). Insect behavior 
is regulated by a complex interplay of external and internal inputs, 
guided by complex structures and neuronal pathways, which are not 
completely understood or have so far been poorly studied (O’Leary 
and Marder 2014, Dus et  al. 2015, Schlegel et  al. 2016). Various 
chemicals, such as neuropeptides, can modulate how these pathways 
function (Gorissen et al. 2006, Audsley and Weaver 2009, Audsley 
et al. 2015).

Anastrepha ludens (Loew), the Mexican fruit fly, is one of the 
most important pests attacking fruit such as mangos, oranges, and 
grapefruits. At present, it is distributed from Mexico (in the recent 
past it was also found in Southern USA) to Costa Rica and it is 

considered one of the most threatening quarantine pests in South 
America, S. Europe, Africa, and Asia (Birke et al. 2013, Aluja et al. 
2014). As has been the case with other pests, in our quest to move 
as fast as possible in controlling them we have neglected studying 
their basic internal morphology and the study of organs and struc-
tures from which metabolites and nerves that modulate behavior are 
produced. With this in mind, here we aimed at better understanding 
the structure of the digestive tract of A. ludens adults, to help us gain 
insights into the complex behavior exhibited by these insects known 
as ‘regurgitation and bubbling’ (Aluja et al. 2000).

The current knowledge about Dipteran feeding behavior is still 
based on the classical studies of Dethier (1976) and some recent find-
ings on Drosophila species (Pool and Scott 2014, Sun et al. 2014, 
Eriksson et al. 2017). With the incredible recent technological ad-
vances in microscopy, a new effort at dissecting the digestive tract of 
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fruit flies is warranted as our ability to control this pest via environ-
mentally friendly mechanisms still needs much refinement.

The recent explosion on the study and impact of the microbiota 
on almost every aspect of the biology and behavior (Dillon and 
Dillon 2004, Buchon et al. 2013, Engel and Moran 2013, Ben-Yosef 
et al. 2015, Clark et al. 2015, Hammer and Bowers 2015) requires 
a complete picture of the entire gut, as that is where most micro-
organisms live and exert their critical influence on the wellbeing of 
the host. Without a doubt, much research lies ahead in this exciting 
area of host plant–herbivorous insect (pest) relationships (Douglas 
2013), mass rearing for the use of the Sterile Insect Technique 
(Kyritsis et al. 2017), as well as environmentally friendly pest con-
trol (Kumar 2012), but successful control greatly depends on the 
microbiota and a much deeper understanding of its role in pest sur-
vival. Excellent examples of the kind of progress recently achieved 
in this area, are the studies about one of the most serious worldwide 
pests, Drosophila suzukii (Matsumura), by Chandler et  al. (2014) 
and (Bing et al. 2018). In all future studies between fly vectors and 
microbes, closer attention must be given the role of the foregut.

Regurgitation and bubbling behavior in the Anastrepha genus 
was first described by Aluja et al. (1989) but controlling mechan-
isms are still poorly understood. It has been fairly well studied in 
the temperate Rhagoletis pomonella (Walsh) (Hendrichs et al. 1992). 
Its exact role is still being investigated, but Hendrichs et al. (1992) 
indicated that it was a mechanism to evaporate excess water from li-
quid food. More recently, Gomes et al. (2018), working with blowfly 
(Chrysomya megacephala [Fabricius]), suggested that bubbling 
serves as a thermoregulatory mechanism. Importantly, in other in-
sect groups, regurgitation may also be a symptomatic response to 
poisoning or could even be a mechanism for getting rid of toxicants 
(Lang 1969, Ferguson and Metcalf 1985, Michaelides and Wright 
1997). It can also play a critical role in behavioral interactions be-
tween insects and plants when regurgitants function as allomones 
(Cammaerts 1991, 1995), kairomones (Mattiacci et  al. 1995), re-
sources in nutrient dynamics and communication in many social 
insects (Suarez and Thorne 2000), or as plant growth promotors 
(reward feedback) (Dyer et al. 1995), or for defense (Sivinski 1980, 
Peterson et al. 1987). Another proposed function for regurgitation is 
briefly discussed in the review by Stoffolano and Haselton (2013). If 
a fly transfers a large volume of liquid into the crop, flight efficiency 
is compromised. In an examination of the crops of Phormia regina 
Meigen captured in the field, none of them were filled to capacity 
(Stoffolano, unpublished data). Thus, to obtain maximum flight ef-
ficiency, adult flies have to get rid of excess water in the crop meal. 
Whether male A. ludens fly more than females could also play a role 
in their higher regurgitation rates. Another possibility relating to re-
gurgitation/bubbling may be its role in capturing bacteria (i.e., also 
concentrating them in the digestive tract) and other microorganisms 
from the environment.

In the few existing studies on the digestive tract of fruit fly pests 
(Lee et al. 1998, Caetano et al. 2006), little attention was given to 
the foregut, which includes the crop organ and associated struc-
tures. Research emphasis was originally given to the dorsal esopha-
geal bulb or dorsal diverticulum (Ratner and Stoffolano 1982, Estes 
et al. 2009) because of its importance in housing essential symbiotic 
bacteria that are often passed onto the host fruit during oviposition 
(Solferini 1990, Mazzon et al. 2011, Ben-Yosef et al. 2015, Ventura 
et al. 2018). Research was also directed at learning more about the 
involvement of the crop in producing sexual pheromones used as 
lekking markers in some species (Nation 1974, 1981; Sivinski et al. 
1994; Walse et  al. 2008). The process of bubbling or regurgita-
tion was also studied from a morphological perspective, invariably 

finding that the crop was implicated as the organ from which the 
regurgitant, or bubble, was produced (Hendrichs et al. 1992). More 
recently, the crop organ literature related to dipterans has been re-
viewed and its involvement in many aspects of a fly’s behavior dem-
onstrated (Stoffolano and Haselton 2013).

To study in depth the structures associated with the crop, and elu-
cidate how they may regulate or be involved in regurgitation, here, 
we investigated the adult digestive tract of A.  ludens, placing par-
ticular emphasis in sexual dimorphisms as we predicted that males 
should regurgitate more than females, since they produce and release 
the sexual pheromone that modulates sexual interactions in this.

Materials and Methods

Experimental Insects
Anastrepha ludens adults were obtained from a colony kept in the 
Red de Manejo Biorracional de Plagas y Vectores (RMBPV) at the 
Clúster Científico y Tecnológico BioMimic, Instituto de Ecología, 
A.C. (INECOL) in Coatepec/Xalapa, Veracruz, Mexico. The rearing 
process of this colony is described by Aluja et  al. (2009). Newly 
emerged, adult flies were placed in Plexiglas cages (30 × 30 × 30 cm) 
and nourished, ad libitum, with an artificial diet containing a mix 
of hydrolyzed protein: sugar (3:1) and water offered in a plastic 
container through a soaked cotton until their use for dissections. 
These flies were used for both microscopy studies and behavioral 
tests. Microscopy studies were conducted in the Microscopy Unit 
of the Red de Estudios Moleculares Avanzados (REMAV) while the 
behavioral experiments were in laboratories of the RMBPV, under 
controlled conditions at 27 ± 1°C, 70 ± 5 % of R.H. and photo-
period of L12:D12 h.

Microscopy Bioassays
Seven-day-old flies were fed with a mixture of sucrose and protein 
(3:1) and dissected before they had regurgitated for light microscopy 
(LM) and SEM studies. In the case of TEM studies, flies were starved 
for 24 h before being dissected.

Light Microscope (LM) Analysis
The samples were visualized using a Nikon SMZ1500 stereomicro-
scope and Digital Sight DS 2Mv within the Nis-elements (AR) image 
analyzing software (Nikon Corporation Copyright 1991–2006).

Transmission Electron Microscopy (TEM) Assay
Crops of five females and five males were fixed for 8  h in 4% 
paraformaldehyde and 5% glutaraldehyde in 0.1 M in sodium caco-
dylate at pH 7.2 (Karnovsky 1965), rinsed overnight in the same 
buffer, postfixed in 1% OsO4 for 1 h at 4°C, and then dehydrated 
using a graded ethanol series (30–100%) (10 min for each solution). 
Specimens were then embedded in LR-White resin. The resin was 
polymerized at 55°C overnight before thin sections were cut with 
the aid of an ultramicrotome (Leica EMUC7). Ultrathin sections of 
70 nm were collected on copper grids, stained with uranyl acetate 
and lead citrate, and examined with a JEM-1400 PLUS transmission 
electron microscope (JEOL).

Scanning Electron Microscopy (SEM) Assay
Crops of five adult females and five males were dissected under a 
Stereomicroscope with Sorenson’s phosphate buffer (pH 7.2). Crops 
were then fixed in 2.5% glutaraldehyde buffered with Sorenson’s 
phosphate for 12 h at 4°C, rinsed twice in the same buffer for 5 min, 
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dehydrated in a graded ethanol series (30–100%) for 30 min at each 
concentration, dried in a Quorum K850 critical point drying with 
CO2 and attached to aluminum stubs using a carbon adhesive prior 
to coating with gold in a sputtering Quorum Q150 RS (Bozzola and 
Russell 1992). The preparations were studied and photographed 
with a FEI Quanta 250 FEG scanning electron microscope.

Behavioral Assay—Effect of Age, Sex, and Type of 
Food on Regurgitation
One-, three-, five-, and seven-day-old flies of both sexes, previously 
starved for 24 h, were individually placed inside Petri dishes (10 cm 
diameter). Base and lid of the Petri dishes were covered with medium-
pore white filter paper. The lid of a 1.5 ml plastic vial (Eppendorf) 
was used as the container for 10 µl of either a sucrose solution (0.5 
M = 0.17 g/ml) or a hydrolyzed protein solution (0.17 g/ml). To fa-
cilitate the observation of regurgitated drops on the filter paper (Fig. 
1a and b), both food solutions contained vegetable green dye 50 µl/
ml (McCormick Food coloring). A  lid with one of the food types 
was placed in the center of each Petri dish (Fig. 1b). Flies were then 
allowed to feed and regurgitate (Fig. 1c) on the filter paper inside 
each Petri dish for 3 h. After this time, all were removed from Petri 
dishes and the number of regurgitated droplets recorded. Flies that 
did not ingest the colored food were not considered for data collec-
tion (easily identified as their abdomens were not clearly green). Ten 
flies (replicates) were tested for each treatment (combination of fly 
age [1, 3, 5, and 7 days] × sex [female and male] × food type [sucrose 
or protein]), yielding a total of 160 flies.

Statistical Analyses
We used the R software (R Core team 2017) for statistical analyses. 
Of the three explanatory variables, fly age was considered a nu-
meric discrete variable, whereas sex (female and male) and food type 
(sugar and protein) were deemed categorical. We used a generalized 
linear model (GLM) with a negative binomial error distribution and 
log link function to model the number of droplets flies regurgitated 
as a function of age, sex, food type, and their double interactions 
(i.e., age: sex, age: food type, and sex: food type). The log link func-
tion ensures positive fitted values, and the negative binomial distri-
bution provides a better fit than a Poisson model for overdispersed 
count data and allows estimation of Akaike’s Information Criteria 
(AIC) values useful for model selection (Buckley 2015, Zuur and 
Ieno 2016).

The maximal model containing main and interactive effects was 
fitted, and then, nonsignificant terms were deleted starting with the 
double interaction terms and ranking them by order of least signifi-
cance (critical level of α = 0.05). Each time a term was removed, we 
used a likelihood ratio test via the analysis of variance command in 

R, to assess the significance of changes in explanatory power between 
the candidate models and compared its AIC values (Crawley 2013). 
The goal was to determine a minimal adequate model (Crawley 
2013). After obtaining a model fit, the assumptions of normality and 
homoscedasticity were checked graphically with the model residuals.

Results

Structure of Digestive/Foregut Endocrine System
Dissection of the entire digestive system (gut) clearly shows the pos-
ition of the crop lobes and crop duct with respect to the salivary 
gland system (Fig. 2). The crop duct originates at the posterior part 
of the foregut and descends ventrally at the junction just prior to the 
proventriculus, and terminates in a sac-like structure known as the 
crop lobes. The dissection also provides an overall map of how the 
crop position relates to the other structures of the digestive system 
(Fig. 2). Other structures, especially the endocrine glands present 
in the dissection are labeled in Fig. 3, which is an enlargement of 
the functional area between the esophagus and crop ducts as they 
descend ventrally. The relationship between the corpus allatum and 
corpus cardiacum-hypocerebral ganglion are also shown in Fig. 3. 
A dissected segment depicting the labellum and its relationship to the 
dorsal esophageal bulb and esophagus is presented in Fig. 4.

Crop and Salivary Glands
A SEM image of most of the male’s digestive system reveals the 
general relationship of the crop to the midgut and the salivary 
glands, which terminate in convoluted, winding tubules that end as 
two ‘balls’ in the terminal part of the salivary glands (Fig. 5a). In 
the LM, Fig. 5b, obtained from a fresh dissection, a better picture 
emerges indicating how the crop and the salivary glands appear to 
be connected to the crop lobes. However, although salivary glands 
are surrounding the crop sac (Figs. 5b and 6a), we failed to find 
a connection between them. Many tracheae cover both crop lobes 
and salivary glands and tracheal tips are apparently attached to both 
structures (Fig. 6b).

Also, two sets of external muscles on the crop lobes become ap-
parent (e.g., a circular set and a dorsal-ventral set). The large size of 
the ‘ball-shaped’ terminals of the male salivary glands in contrast 
to the size of a full crop is apparent. Salivary glands are notably 
larger in males than in females (Fig. 5c). Interestingly, the crop looks 
bi-lobed when it is not completely full (Fig. 5d), but is a globose 
structure when it is completely filled with food or water (yellow 
‘ball’ in Figs. 2 and 5b).

A SEM image of the crop shows the crop duct connecting the 
esophagus just anterior to the proventriculus with the crop lobes, 
which are covered with numerous intertwining series of muscles (Fig. 

Fig. 1.  (a) Anastrepha ludens male inside a Petri dish showing the numerous regurgitated droplets; (b) A. ludens male regurgitating in filter paper after ingestion 
of colored food; (c) A. ludens female with green abdomen and droplet in proboscis after ingestion of colored food.
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7a). An enlargement of this muscle layer shows that these muscle 
bands are connected by intercellular cytoplasmic bridges (top left 
inset, Fig. 7a). By carefully looking at the lower lobe where the crop 
duct joins the lobes, it is possible to see that the layer of muscles is 
arranged in concentric rows at the junction of the crop lobes and the 
crop duct (Fig. 7a). In a fresh dissection stained with acid fuchsin, it 
is possible to clearly see the two crop nerve bundles (Fig. 7b) and a 
nerve connecting the two crop duct nerves (Fig. 8).

Crop Duct and Crop Nerve Bundle
The size of the crop duct nerve bundle is visually narrower in 
diameter (Fig. 7a) when measured closer to the proventriculus in 
comparison to where it joins the crop sac (Fig. 7a and b). A SEM 
image of the exterior of the crop duct (Fig. 7a) reveals that the 
external surface of the crop duct is not covered by muscles, as 
are the crop lobes. Also evident in Fig. 7a and b, is a pair of 

crop nerve bundles (called the stomodeal nerve by Caetano et al. 
2006), which are present on each side of the crop duct and con-
nect the crop lobes with the corpus cardiacum. The white encir-
cled area indicates that the crop duct nerve bundles are attached 
to the crop duct at several points along its length via some sort of 
connector (Fig. 7a, see top right inset); the latter is shown more 
clearly in Fig. 8.

Cross-sections taken with TEM from the regions closest to the 
junction of the proventriculus, and proximal to the crop sac, show 
that the crop duct nerve bundle has different sizes and shapes in fe-
males and males. In both regions, male crop duct nerves are bigger 
than in females (Table 1; Figs. 9 and 10). At this level, one can still see 
several axons, the hemolymph and its close proximity to the crop duct 
muscles. A little anterior to the lobes (see Fig. 7a and the longblack, 
unlabeled arrow) the crop duct is wider than at the anterior end. In 
this region, the crop nerve bundle is also larger in diameter (Table 1) 
and shows that the basal lamina of both the crop duct nerve and the 
crop duct are very close to one another, and possibly touching in some 
areas (Fig. 10b). Figure 10b reveals the nerve bundle connector and, 
just above an axon showing dense core, dense opaque droplets are 
recognizable. The dark, dense epicuticle of the lining of the crop duct 
is evident and just to the right is the lumen. An endocuticular layer is 
evident and is surrounded by the epithelial cell layer. The next layer is 
that of the crop duct muscles. A cross-section of the crop duct nerve 
bundle (unlabeled, black vertical arrow in Fig. 10a) of a male, shows 
the adjacent muscles of the crop lobe. Clearly, 19 axons coming from 
the corpus cardiacum are surrounded by a neuronal sheath. Also, 
evident are several separate units containing dense/opaque secretory 
droplets. Another cross-section of the crop duct nerve bundle (un-
labeled horizontal black arrow, Fig. 10b) of a female reveals the crop 
duct and adjacent crop duct nerve bundle (Fig. 10b).

The crop duct lumen is evident and is encased in a dense epicuticular 
material followed by a lighter layer of endocuticle. The unlabeled 
smaller arrow points to the crop duct lumen unit, which is composed 
of the endocuticular layer, and outside of it, is a layer of epithelial cells. 
The crop duct unit is surrounded by an unknown fluid, possibly hemo-
lymph, which in turn is surrounded by the crop duct muscles. As shown 
in Figs. 7, 8, and 10, it is obvious that the crop duct nerve bundle is 
attached to the crop duct by connectors. The crop lobes of A. ludens 
are similar to that of other flies examined by having a complex external 
set of numerous ribbon-like muscles that are connected by intercellular 
cytoplasmic bridges that cover the crop lobes (Fig. 7a). The crop duct, 
however, lacks external muscles covering its outside surface, but instead 
is covered by a smooth surface (Figs. 7a and 8). The only other struc-
tures associated with the crop duct are the pair of crop duct nerve bun-
dles that go from the corpus allatum to the surface of the crop lobes. 
These nerve bundles are evident in both SEM and fresh dissections 
(compare Fig. 7a and b).

Fig. 3.  Enlargement of the foregut/midgut area of male A.  ludens. Corpus 
allatum (CA), corpus cardiacum hypocerebral ganglion (CCHCG), esophagus 
(ESO), crop duct (CD), *=junction of esophagus and crop duct, cardia or 
proventriculus (CAR), midgut (MG).

Fig. 4.  Dissected mouthpart region showing the labellum (LA), the labial 
palps (LP), esophagus (ESO), and the circular dorsal esophageal bulb (DEB).

Fig. 2.  Digestive tract of a male A.  ludens with emphasis on foregut 
structures. 1.  Labellum (LA), 2.  Labial palps (LP), 3.  Dorsal esophageal 
bulb (DEB), 4.  Antenna (AN), 5.  Brain (B), 6.  Ventral nerve cord (VNC), 
7. Thoracicoabdominal ganglion (TAG), 8. Crop duct (CD), 9. Crop filled with 
a sugar and protein solution, 10. Salivary gland ducts (SGD), 11. Salivary 
glands (SG), 12. Terminal ball of convoluted salivary gland tubules, 13. 
Proventriculus/cardia (CAR), 14. Midgut (MG), 15. Malpighian tubules (MT), 
16. Hindgut (HG), 17. Rectum with papillae.
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By comparing Fig. 10a and b, related to male and female struc-
tures, respectively, it becomes apparent that there are many more 
secretory droplets/packages in the male (Fig. 10a) than in the fe-
male (Fig. 10b). A cross-section (Fig. 11a) shows the lumen of the 
crop and its epicuticular and endocuticular layers. Also present 
within the muscle layer of the duct, are numerous mitochondria. 
In the lower left section of Fig. 11b, and in close proximity to 
the crop duct muscles, a cell is highlighted containing numerous 

dense droplets and an arrow which might indicate the direction of 
the droplets to the surface of the muscles of the crop duct.

Dense Core Droplets Associated with the Crop 
Nerve Bundle
At the top right of Fig. 11a, one can visualize the crop duct nerve bundle 
containing numerous secretory droplets. Some of these are circular in 
cross-section while others are oval. An enlargement of a section of the crop 

Fig. 5.  (a) SEM of male A. ludens showing the position of the various organs. Compound eye (CE), labellum (LA), midgut (MG), crop duct (CD), salivary gland 
duct (SGD), crop (C) and the convoluted tubules forming two balls= salivary glands (SG); (b) LM dissection of male system showing the crop duct (CD), salivary 
gland ducts (SGD), a series of circular muscle (CM), series of dorsal ventral muscles (VM) and the two convoluted tubules forming two balls=salivary glands 
(SG); (c) LM dissection of female and male salivary glands (SG); (d) SEM of empty crop showing the two crop lobes (CL) and the crop duct (CD).

Fig. 6.  (a) LM dissection of dorsal view of a male, showing parts of a full crop (C) and salivary glands (SG) on each side of the crop lobes; (b) SEM of salivary 
gland next to the crop lobe with some of the tracheae that usually wrap it loose and an enlargement of the salivary gland with a trachea penetrating between 
the convoluted tubules of the ball of the salivary gland (see left top inset).
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duct nerve bundle clearly shows a secretory cell (Fig. 11b). Between the 
two unlabeled arrows one can visualize what is believed to be a released 
secretory droplet (0.25 µm). A larger secretory droplet is seen below and 
to the right and is 0.40 µm in diameter. Measurements of the mean width 
and length of these droplets are 0.10 µm for width (n = 8) and 0.18 µm for 
length (n = 11), respectively. In this region, the crop nerve bundle is larger 

in diameter (Table 1) and reveals that the basal lamina of both the crop 
duct nerve and the crop duct are very close to one another, if not actually 
touching in some areas. The top of Fig. 10b shows the nerve bundle con-
nector of the nerve bundle having dense droplets. In the same Fig. 10b, the 
dark, dense epicuticle of the lining of the crop duct is evident and separates 
the crop duct muscle from the crop duct lumen. An endocuticular layer is 

Fig. 8.  SEM of crop duct of male A. ludens showing lack of muscles on the duct, two crop duct nerves (CDN) (the small vertical arrows show the connectors of 
the nerves to the duct) and a connecting nerve (CN) between the two crop duct nerves.

Table 1.  Size (diameter) by sex and location of axons of the crop duct´s nerve

Location Big axons diameter (µm) Small axons diameter (µm)

Males Females Males Females

Distal to crop sac 20.26 × 13.03 12.03 × 10.71 19.71 × 13.03 8.46 × 6.33
Proximal to crop sac 22.97 × 13.41 11.38 × 9.17 20.19 16.19 10.67 × 5.42

Fig. 7.  (a) Composite SEM of the crop and associated structures. The crop duct (CD) is shown as a tubular structure connecting the crop lobes (CL) to the 
esophagus just prior to the proventriculus/cardia (CAR). The muscles covering the crop lobe look as net-like ribbons. An enlargement of the lobe area (box in 
upper left corner) shows that these muscles are connected by intercellular cytoplasmic bridges (white arrow pointing to one bridge). The two black unlabeled 
arrows are positional arrows that will be used in other figures and show the regions near where the sections were made. The white circle shows little connectors 
of the nerves to the duct and, the box in upper right corner shows a magnification on these little conector; (b) Fresh dissection stained with acid fuchsin showing 
crop duct (CD), two crop duct nerves bundles (CDN), cardia (CAR), midgut (MG) and part of the crop lobes (CL).
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evident and is surrounded by the epithelial cell layers. The next layer is that 
of the crop duct muscles. Other cross-sections through the crop duct nerve 
bundle show numerous axons surrounded by an axonal sheath (Fig. 10a). 
In addition, we were surprised to find, surrounding the axonal sheath of a 
male adult, numerous cells that contained dense core droplets (Fig. 10a). 
This unit is in close proximity of the muscles of the crop lobe. Notably, 
when a similar section was obtained from a female, the large number of 
cells containing dense core droplets was not observed (Fig. 10b). In that 
same section, the nerve bundle connectors were observed connecting the 
bundle to the crop duct. The crop duct lumen is surrounded by a sheath. 
The crop duct muscle surrounding the duct is separated from the lumen 
area itself by an amorphous material that might be hemolymph (Fig. 10b). 
When a cross-section was made of the duct, more details became evident 
(Fig. 11a). The crop lumen is surrounded by both the epi- and endocuticle 
with an epithelial layer surrounding both. The crop duct muscles contain 
Z-bands, which appear to be in register and they contained numerous 
mitochondria (Fig. 11a). In close proximity to the duct muscle is a crop 
duct nerve bundle housing numerous dense core droplets. An enlargement 
of one of the cells contained within the nerve bundle is shown in Fig. 11b 
and reveals numerous dense core droplets that appear to be releasing their 
contents onto the crop duct muscle where it is in close proximity to the 

bundle. Examination of the basal lamina of the nerve bundle shows what 
appear to be areas where the dense core droplets are released into the 
hemolymph and where they could come into contact with the crop duct 
muscle. Within the hemolymph are what appear to be two droplets that 
were released and have increased in size (Fig. 11b). Importantly, the crop 
duct/nerve bundle association may somehow be involved in the bubbling 
or regurgitation of crop contents.

Bubbling/Regurgitation
Having a crop containing a sugar solution and other substances 
(i.e., sexual pheromone only in males), flies will regurgitate nu-
merous droplets, which were deposited on the floor surface of the 
Petri dish they were housed in, and are arranged in a continuous trail 
(Fig. 1a and b). Bubbling is really regurgitation of material from the 
diverticulated crop. Both males and females produce lines of regurgi-
tated droplets, which they deposit on the surface they are walking on.

Behavioral Assay
The number of droplets adult flies regurgitated ranged from 0 to 
40, and the relationship between the age of flies and the number 

Fig. 9.  TEM of cross-section of crop duct nerve from the region near the proventriculus/cardia (unlabeled black arrow to the left in Fig. 7a) showing small and big 
axons (asterisks), the crop duct muscles (CDM) and hemolymph area (HEM). Sexual dimorphism of crop duct nerve is evident, (a) Male; (b) Female.

Fig. 10.  TEM of cross-section of crop duct nerve from the region near to crop sac (unlabeled vertical, black arrow to the right in Fig. 7). (a) Male crop duct nerve 
showing 19 axons in the center, which are surrounded by a neuronal sheath (AS), adjacent muscles of the crop lobe (CLM), and separate units containing dense/
opaque secretory droplets (SD), magnification 500×; (b) Female crop duct nerve showing 13 axons, the crop duct muscles (CDM), the crop duct lumen (CDL) 
which is encased by a dense epicuticular material; the unlabeled, smaller arrow points to the crop duct lumen unit, which is composed of the endocuticular layer 
and outside of it is a layer of epithelial cells. The crop duct unit is surrounded by an unknown fluid, which may be hemolymph and this in turn is surrounded 
by the crop duct muscles (CDM). As shown in Figs. 7 and 8, it is obvious that the crop duct nerve bundle is attached to the crop duct by a connector (NBC), 
magnification 600×.
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of droplets regurgitated was not statistically significant (devi-
ance  =  3.29, P  =  0.3482, Fig. 12a). The minimal adequate model 
fitted to the data only included Sex (deviance = 14.26, P < 0.0001) 
as a significant predictor of regurgitation. Regardless of food type 
and age of flies, males regurgitated significantly more droplets than 
females (z = 3.7, P < 0.001; Fig. 12b). The model also included Food 
(deviance = 0.1535, P = 0.6952) and Food:Sex (deviance = 3.6994, 
P = 0.0544) as nonsignificant predictors because the model with the 
Food:Sex interaction had a smaller AIC value (466.1) than the model 
without this interaction (468.0). Males fed on the sugar solution re-
gurgitated more droplets than males fed on the protein solution or 
females fed on protein or sugar solutions (Fig. 12c). The residual 
analyses indicated no violation of model assumptions.

Discussion

General Digestive Tract Structure
The main focus of this study was to examine more closely structures 
found in the foregut (Figs. 2–5), as the mid- and hindgut in fruit 
flies have already been fairly well described (Caetano et  al. 2006, 
Lemaitre and Miguel-Aliaga 2013). The digestive tracts shown 
in Figs. 2 and 5a for male A.  ludens are very similar to those re-
ported for Anastrepha fraterculus (Wiedemann) and Ceratitis 
capitata (Wiedemann) by Caetano et al. (2006) and for P. regina by 
Stoffolano et al. (2010). However, our study on A. ludens, flushed 
out to date unknown differences on the size of the crop duct nerves 
between the sexes (Fig. 9; Table 1), and also considerable differences 
in the numbers of axons inside the male crop duct nerve, possibly re-
lated to the control of regurgitation, which we also found to be more 
intense in males (Fig. 12).

Diverticulated Crop
A general description (Caetano et  al. 2006) of the crop lobes in 
A. fraterculus and C. capitata indicated that they are very similar to 
those previously reported for P. regina (Stoffolano et al. 2010) and, 
the ones observed in this study (Fig. 5) for A. ludens. The only dif-
ference in the Caetano et al. (2006) report and, the Stoffolano et al. 
(2010) study, is in naming the intercellular cytoplasmic bridges. We 
believe that they mistakenly called them longitudinal muscle fibers 
in their ‘Figure 3b’.

The crop is an extremely important structure because it is the 
region of the gut where food is initially processed. Not only is the 
crop important as a food storage organ in the Diptera, but this struc-
ture has been shown to be the site where horizontal transmission of 
the genes involved in microbial resistance takes place (Petridis et al. 
2006). Recently, it has also been shown to be the site housing bac-
teria capable of degrading pesticides (de Almeida et al. 2017).

Crop Duct
Few studies have been specifically conducted on the crop duct of dip-
terans. Knight (1962), working with P. regina reported mainly on the 
reversal of fluids based on crop duct muscles prior to food entering the 
midgut through the cardia valve or sphincter. Thomson and Holling 
(1976), also using P. regina adults, produced a model of peristalsis that 
is based on the crop duct musculature. Thomson (1975) and, Thomson 
and Holling (1976) mapped the various sphincters (valves) and pumps 
of P. regina and attributed crop duct peristalsis or waves of movement 
during the filling and emptying of the crop lobes to volume size of the 
bolus and thickness of the duct muscles at the sites of sphincters. At 
that time, no internal structure of the crop had been reported, ren-
dering our study here, a valuable addition to this type of literature.

Here, we provide SEM evidence (Figs. 7 and 8) supporting pre-
vious unpublished reports that the crop duct nerve bundles are 
attached to the crop duct via the crop duct nerve connectors and 
explains why previous attempts to free them from the crop turned 
out difficult or unsuccessful. Caetano et  al. (2006) working with 
A. fraterculus describe (their Figure 1b) the same connecting system 
between the crop duct nerve and the crop duct, although they failed 
to mention it in their publication. Caetano et al. (2006) also show, 
as is the case in this study, that the surface of the crop duct does not 
contain a series of muscle-coverings on the hemolymph side. The 
surface of the crop duct, however, lacks any external muscles (they 
are found covering the lobes). In addition to our report, other studies 
(Lee et al. 1998, Stoffolano et al. 2010) have shown that the inner 
lining of the crop lobe lumen, as well as those of the crop duct, 
include an opaque epicuticular layer, a thicker endocuticular layer, 
both of which are produced and are surrounded by the cuticular epi-
thelium. It is known that the dipteran crop is impermeable to leaking 
substances from the lumen into the hemolymph and/or taking on 
substances into its lumen from the hemolymph. We dwell on this 
later when discussing the crop lobes.

Fig. 11.  TEM of cross-section of crop duct. (a) Area showing the lumen of the crop and its epicuticular (EPCU), endocuticular (ENCU), and epithelial layers (EL). 
The rectangle shows the Z-bands or discs of the muscle layer of the duct, which contains numerous mitochondria (MI). At the top right is the crop duct nerve 
bundle (CDN) containing secretory material (SE) and an unlabeled arrow showing the direction the droplets take to potentially interact with the muscles of the 
crop duct muscles; (b) Enlargement of a section of the crop duct nerve bundle showing one of the secretory cells and dark imaging of its basal lamina in two 
areas (two unlabeled arrows at the basal lamina). Between the two unlabeled arrows is a released secretory droplet (0.25 µm). A larger secretory droplet is seen 
below, to the right and is 0.40 µm. Both droplets may be destined for the muscles of the crop duct (CDM).
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Caetano et al. (2006) note that the crop duct was innervated by 
the stomodeal nerve and documented the latter by identifying con-
nectors between the crop duct and the crop nerve bundle. Our study, 
however, especially Fig. 6, does not support this statement, but in-
stead, we believe these structures are connectors helping to keep the 
nerve bundle attached to the crop duct throughout its length be-
tween the corpus cardiacum and lobes.

Our study reveals that the function (i.e., contraction) of the crop 
duct muscles may be influenced by the dense core droplets found in-
side the crop duct nerve bundle (Figs. 9 and 10). These secretions may 
be released at the appropriate time and could affect the adjacent por-
tions of the crop duct muscles. Also,  Cognigni et  al. (2011) show, 
through staining with antibody anti-fasciclin III, that neurites project 
through the circular muscles towards the epithelium of the crop duct. 
Thus, both this study and the one by  Cognigni et al. (2011)suggest 
that the crop duct is modulated by factors other than muscle diameter 
as proposed by Thomson (1975). Importantly, we report for the first 
time the presence of a nerve connector (Fig. 8), which connects both 
nerve bundles and suggests there may be some type of communication 
between the two parallel bundles located on each side of the crop duct.

Crop Nerve Bundle and Neurosecretion
Based on our TEM studies, we suggest that the dense core vesicles 
observed in the crop nerve bundle are neurosecretions. When 

Copenhaver (2007) wrote his seminal paper on gut innervation in 
insects, he did not know about the existence of innervation in the 
dipteran crop (PFC, personal correspondence). In his correspond-
ence, he notes that there are remarkable variations that have evolved 
in different species. Here, we document that such ‘variations’ are 
related to the innervation involved in regulating and modulating the 
dipteran crop.

Our finding related to axons in the crop nerve bundle containing 
dense core vesicles was unexpected. Even more surprising to us, was 
finding them only in males, but not females (Figs. 9 and 10). This 
is very interesting because males are the ones that have the large 
ball-like salivary gland structures associated with the crop (Fig. 5) 
and males are the only ones that produce the lekking pheromone. 
To conclusively answer this, more TEM sections need to be studied 
in the female, and/or various antibodies to some of the common in-
sect peptides need to be tested on both sexes (D.R. Nässel, personal 
communication). The general cross-sectional shape of the dense 
core droplets is circular in shape, but sometimes we observed oval 
shaped droplets as well (details in Fig. 11). Similar shaped secre-
tions, oval in section, were reported by Juberthie-Jupeau (1983) for 
Schizophyllum sabulosum (L.). The close proximity of these dense 
core vesicles to the muscles of the crop lobes (Fig. 11), and muscles 
of the crop duct, suggest that they are somehow involved in modu-
lating contractions in these muscles.

Fig. 12.  (a) Boxplots of the number of droplets regurgitated by A. ludens females and males aged 1–7 d fed on protein or sugar solutions; (b) Boxplot of the 
number of droplets regurgitated by A. ludens females and males regardless of their age and the type of food they consumed; (c) Boxplot of the number of 
droplets regurgitated as a function of the type of food consumed and the sex of flies. The boxes extend from the 25% to the 75% quartile, and the horizontal line 
in each box indicates the median. Whiskers indicate the minimum and maximum values; if there are outliers (circles beyond whiskers), the whiskers indicate 1.5 
times the size of the hinge, which is the 75% minus 25% quartiles. The cross indicates the mean. The numbers above each box in (A) indicate the number of flies 
that ate (out of 10 flies) at each age in a 3-h period.
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Salivary Glands
Nation (1974, 1981) noted that the salivary glands in Anastrepha 
suspensa (Loew), A. ludens, and other eight species of tephritids (six 
Anastrepha spp. and two Ceratitis spp.) were sexually dimorphic. 
The salivary glands in those species terminate in blind, convoluted 
diverticula that normally are held together by tracheae, but when 
the tracheae are broken, the salivary gland becomes longer, but still 
terminates in a ball-like structure. Here, we were able to confirm the 
same sex differences in salivary glands reported by Nation (1974, 
1981) (Fig. 5c).

Crop Duct/Crop/Salivary Gland Interface
Our TEM results failed to show any structural connection between 
the salivary glands and the crop duct or crop lobes. These findings 
lead us to question the reports of Lu and Teal (2001) and Walse 
et al. (2008) that there is a direct exchange of pheromone compo-
nents from the salivary glands into the crop lumen in the species 
studied. Rather, we propose that the components present in the sal-
ivary glands, and those within the crop lumen and/or its regurgitated 
droplet, are first produced in the salivary gland, then deposited onto 
a surface, and then reingested and deposited in the crop. Also, it is dif-
ficult to imagine the crop tissue being involved in pheromone produc-
tion. Instead, we believe that because the crop is intimately connected 
to the salivary glands, Lu and Teal (2001) did not totally separate the 
latter from the former, thus reaching inexact conclusions.

In another study, Walse et al. (2008) report that the oral secre-
tion from the crop of A. ludens males only produce the pheromone 
when an abiotic chemical reaction occurs outside the fly and the 
release of the volatile from this droplet is influenced by both hu-
midity and temperature. If this is so, we suggest that when placing 
droplets onto a leaf, there must be substantial amounts of water or 
another liquid from the salivary glands to support their finding as 
humidity is critical. Our findings here, help explain why fruit flies, 
especially those of the genus Anastrepha, regurgitate more compared 
to other dipterans (mean of 7.4 droplets after each food ingestion 
in our study which is similar to that observed in Musca domestica, 
Musca autumnalis, Phormia regina, and Protophormia terraenovae, 
noting the that the latter species do so more slowly (around seven 
spots/h, El-Bassiony et  al. 2016). In Anastrepha striata Schiner, a 
species that exhibist trophalaxis, the mean number of droplets was 
as high as 23.5 per regurgitation bout (Aluja et al. 1993). We be-
lieve that flies procucing and regurgitating a lot of droplets and then 
reingesting them, are not only getting rid of excess water, but are 
also concentrating food, as it is shown in Fig. 5b, where it is pos-
sible to observe solid food inside the full crop. Alternatively, they 
may be partially synthesizing the oral pheromones by exposing them 
to the external environment as proposed by Walse et al. (2008). An 
additional and plausible, nonexclusive option, is that they may be 
releasing a growth media for bacterial growth/farming or for cap-
turing/gleaning bacteria from the environment.

In Lu and Teal (2001), that same paper, the authors mistakenly 
noted that crop development changes with the development of the 
ability of males to produce the pheromone. Rather than the crop 
changing, the authors must have meant that the development of the 
salivary glands changed.

Considering that during courtship, the males of A.  ludens and 
other species of Anastrepha, expand (exhibiting apparent ‘pumping 
movements’) the proboscis as they do during regurgitation (Aluja 
et al. 2000), we also suggest that this behavior may have the purpose 
of introducing air into the salivary glands so that the latter can be 

expanded as much as possible to push out the salivary glands (Fig. 
6a) and look larger (a potential signal of male prowess). That is, this 
enlargement may be a signal females use to gauge the health and 
strength of potential partners.

Regurgitation
Caetano et al. (2006) were correct when they stated that the muscles 
of the crop lobes of A. fraterculus and C. capitata may be important 
in postfeeding bubbling and in the process of regurgitation where 
droplets from the crop are deposited on a substrate and reingested. 
The process of regurgitation in flies may serve several functions, the 
original one being the removal of excess water from the diet (Aluja 
et al. 1989, Hendrichs et al. 1992). In the case of Anastrepha adults, 
regurgitation is so widespread that the behavior must have other 
functions than just water removal. Why do members of this genus 
regurgitate so much more when compared to other flies (El-Bassiony 
et al. 2016)? The answer might be that in this group of fruit flies, and 
other fruit flies that produce a pheromone in their salivary glands, 
the regurgitating behavior might be involved in pheromone produc-
tion and deposition, enhancing or facilitating behavioral meeting 
sites or leks. Consistent with this, here we found that A. ludens males 
have much bigger salivary glands and regurgitate significantly more 
than females (Figs. 5c and 12b), probably as a strategy to evaporate 
water and concentrate pheromone components in the regurgitated 
droplets. Our study did not find a relationship between the age of 
flies and regurgitation (Fig. 12a). However, it would be important 
to examine this relationship further, to determine whether older 
and sexually mature males regurgitate more than sexually imma-
ture males. Lu and Teal (2001) stated that “Unfortunately, informa-
tion regarding the significance of regurgitation of oral secretions on 
leaves is lacking.” These drops of oral secretions, deposited with fre-
quency during sexual signaling, are similar in color to the liquid con-
tents of the crop and development of the crop of male flies is strongly 
correlated with the ability of males to attract females (Nation 1974).

Our TEM study looking for any possible physical connection 
between the crop and the salivary glands failed to show any struc-
tural evidence that materials from the salivary glands pass directly 
to the crop lumen/tissue. In fact, all TEM sections (Fig. 11a) show 
that as conventional knowledge has proven, and as briefly men-
tioned above, that the crop duct and lobes have a cuticular lining 
based on its embryonic origin, and that its impermeability has been 
known for a long time. Thus, we question that any substances can 
pass through the cuticular layer of the crop. We therefore suggest 
that during their dissections (Lu and Teal 2001), salivary gland tissue 
remained attached to the crop via tracheal connections, and thus, 
these authors mistakenly interpreted that the crop tissue produced 
these chemicals. Instead, we believe that since pheromone compo-
nents produced in the salivary glands are the same as those found in 
the liquid droplet when the males regurgitate, these components are 
released and then transported into the crop when the fly consumes 
any food components.

In sum, we suggest that the greater rate of regurgitation and de-
position of ‘trap lines’ (i.e., a series of meticulously deposited drop-
lets in a line or spiral; Fig. 1a and b), in some fruit fly species, may 
be associated with production of oral pheromones. In addition to 
getting rid of excess water from the crop droplets, and possibly toxi-
cants, reingestion is one way to concentrate the pheromone within 
the crop and also a way to introduce air to expand the crop and 
push out the salivary glands during courtship, thus making the 
male appear larger. The crop lobe system and digestive tract in A. 
ludens appears similar to other dipterans. Based on TEM and SEM, 
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the terminal ball of the salivary glands does not appear to be able 
to pass pheromonal components that directly end up in the crop 
lumen, but rather they are secreted by the salivary glands and sucked 
up into the crop. Finding dense core droplets (i.e., believed to be 
neurosecretions) within the crop nerve bundle, suggests a previously 
unidentified way in which the crop muscles might be modulated. 
However, more information on the mechanism(s) regulating crop re-
gurgitation within this important group of fruit fly pests needs to 
be accrued before definitive conclusions can be reached. If indeed 
it is proven that regurgitation may also be associated with possibly 
eliminating toxicants ingested by the insect, our findings can lead 
the way to better understanding why fruit fly chemical control is not 
always as efficient as expected.

Dedication

This paper is dedicated to Peter Teal who passed away at the age of 62 on 11 
February 2015, and whose research on natural product chemistry of fruit flies 
will be seriously missed.
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