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UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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Abstract
The seeds of Annona macroprophyllata Donn. Sm. contain idioblasts with toxic acetogenins, including laherradurin and 
rolliniastatin-2, in relatively high proportions. Both metabolites are cataloged as potent insecticides for several species, 
even so, the wasp Bephratelloides cubensis Ashmead fulfills almost its entire life cycle inside the seeds of this and other 
annonaceous species, to such a degree, that they constitute a strong selection pressure. In order to document the chemical 
relationship between the two species, it is reported for the first time in this paper the presence of idioblasts and acetogenins 
during the ontogenic development of the seeds of A. macroprophyllata, and contrasted with the development of B. cuben-
sis. The results indicate that idioblasts with laherradurin and rolliniastatin-2 acetogenins are formed in the middle stages 
of the endospermic development, also that both acetogenins are biosynthesized simultaneously, and that their proportion is 
dependent on the degree of development. The acetogenins are present in high amounts that suppose a sufficient toxic barrier 
and, in this case, laherradurin is the most abundant (> 1000 μg g dry  weight−1). The wasp B. cubensis only emerges from 
the seeds to copulate and returns for oviposition; its larval phase coincides with the appearance of acetogenins, so it feeds 
on the acetogenic endosperm. The absence of acetogenins in the tissues and excreta of the insect supposes a metabolization 
of the molecules, which would explain the tolerance to its toxicity.

Keywords Seed borer wasp · Endosperm · Idioblasts · Laherradurin · Rolliniastatin-2

Introduction

The seeds constitute a form of propagation and survival of 
the species, thus, their number, time of formation within 
the fruit, and their defense system, are associated with the 
ecological conditions that allow its survival. In species of 
Annona L., fruits contain many seeds (34–65) (González-
Esquinca et al. 2015), which develop over a period of about 
4 months (González-Esquinca et al. 2016). During its forma-
tion, the mother plant provides resources for the differentia-
tion of external teguments, endosperm and embryo, as well 
as the biosynthesis of a series of secondary metabolites of 
attraction or defense, a capacity that has evolved as a facet 
of the survival strategy of the plants, or as their interaction 
against the herbivores that coexist in time and space (Stamp 
2003).

Annonaceae seeds are characterized by high amounts of 
lipids and toxic metabolites, such as acetogenins. The ace-
togenins from Anonaceae at very low doses are cytotoxic, 
insecticidal and antifeedant molecules, as well as potent 
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inhibitors of the mitochondrial complex I of the respira-
tory chain (Degli-Esposti et al. 1994; González et al. 1997; 
Schlie-Guzmán et al. 2009; Tormo et al. 1999, 2001). Its 
activity is associated with the molecular arrangements of the 
polyketide structure and the formation of the chelating com-
plex with  Ca2+ and  Mg2+ that interrupts the intracellular and 
mitochondrial calcium homeostasis (Liaw et al. 2011), and 
its biosynthesis seems to be associated with the metabolism 
of long-chain fatty acids (Alali et al. 1999). They are consti-
tuted by 35–37 C, and include an alkyl chain with a terminal 
methyl-substituted-lactone ring, α, β unsaturated, saturated 
or rearranged as ketolactone; they can have tetrahydrofuran 
rings (THF) or tetrahydropyronic rings (THP), as well as 
double or triple bonds and oxygenated substituents, mainly 
hydroxyl and epoxides (Cavé et al. 1997).

The importance or role of acetogenins for the plant 
remains unknown, although its antifeedant activity and 
toxicity against arthropods or insect cells suggest that they 
constitute forms of chemical defense that depend on the con-
centration, exposure time to them, and the sensitivity of the 
organism.

Our working team isolated from mature seeds of Annona 
macroprophyllata Donn. Sm. the acetogenins laherradurin 
(De la Cruz 2001; Schlie-Guzmán et al. 2009), rolliniasta-
tin-2 (bullatacin) (Luna-Cazáres and González-Esquinca 
2010), and cherimolin-2 (De la Cruz 2001; Schlie-Guzmán 
et al. 2009), three acetogenins with high insecticidal activity 
and significant structural differences as chain long, type of 
lactone ring and THF rings position (Álvarez Colom et al. 
2007, 2008, 2010; Cortés et al. 2014; Liaw et al. 2016). 
This activity has been demonstrated with seed extracts of 
this species in insects such as the mosquito Culex pipiens 
quinquefaciatus Say (Alamilla et al. 2000), the leafcutter ant 
Atta mexicana Smith (Acuña-Castro et al. 2011), the Mexi-
can bean weevil Zabrotes subfasciatus Boheman (Ascencio-
Alvarado 2012), the Mexican fruit fly Anastrepha ludens 
Loew (González-Li et al. 2012) and with Aedes aegypti L. 
larvae (Reyes-Trejo et al. 2014), vector mosquito of den-
gue, zika and chikungunya. Additionally, the activity of 
laherradurin acetogenins has been evaluated with the brine 
shrimp Artemia salina L. (De la Cruz 2001) and with the fall 
armyworm Spodoptera frugiperda Smith and Abbot (Ruiz 
Hidalgo et al. 2018); also, rolliniastatin-2 acetogenins have 
been tested with S. frugiperda (Ahammadsahib et al. 1993; 
Tolosa et al. 2012), the tobacco hornworm Manduca sexta 
L. (Ahammadsahib et al. 1993), and the Colorado potato 
beetle Leptinotarsa decemlineata Say (González-Coloma 
et al. 2002).

Despite the high toxicity of these acetogenins, the wasp 
Bephratelloides cubensis Ashmead, also known as the 
“Annona seed borer”, spends most of its life cycle within 
the seeds of A. macroprophyllata (Hernández-Fuentes et al. 
2010; Peña et al. 1984); these are characterized, during 

maturity, for its high content of laherradurin and rollini-
astatin-2 (De la Cruz 2001), such that the development of 
B. cubensis is synchronized with the growth and differen-
tiation of the seed (Nadel and Peña 1991). The larvae of 
this wasp feed on the endosperm of the growing seeds, and 
they even grow and transform into pupae and adults inside it 
(Castañeda-Vildózola et al. 2010; Hernández-Fuentes et al. 
2010; Nadel and Peña 1991; Peña et al. 1984). Until now, 
there is no scientific literature that explains the chemical 
relationship established between A. macroprophyllata and 
B. cubensis during the ontogeny of both; for that reason, in 
this work, is evidenced the presence of idioblasts and ace-
togenins during the ontogenetic development of the seeds of 
A. macroprophyllata and is contrasted with the development 
of B. cubensis.

Materials and method

Collection of Annona macroprophyllata fruits 
and classification of the seeds

Fruits of A. macroprophyllata were collected from May 
to September for two consecutive years (2013 and 2014), 
in General Emiliano Zapata Dos, Chiapa de Corzo, Chia-
pas, Mexico (60°40�03.1� N, 92°57�02.6� W). The collec-
tion of the seeds in different stages of development was 
corroborated directly, not only considering the degree of 
development of the fruits. To establish a possible correla-
tion between the degree of development of the seeds, and 
that of the fruits, the length and width of 70 fruits as well 
as the length of the 1935 seeds found were measured with 
a digital vernier. Then, 251 fruits of 10 trees were gath-
ered, with different degrees of development (from 19 to 
100 mm width and 20 to 133 mm length); 2500 seeds were 
extracted and classified according to their length in eight 
stages: stage I (0.01–3 mm), stage II (3.1–6 mm), stage III 
(6.1–9 mm), stage IV (9.1–12 mm), stage V (12.1–15 mm), 
stage VI (15.1–18 mm), stage VII (18.1–21 mm) and stage 
VIII (21.1–24 mm).

During the procedure, in order to avoid contamination of 
the plant material, seeds were stored in brown paper bags, 
in a refrigerator at 2 °C.

Presence of acetogenins and idioblasts 
during the development of the seeds

Acetogenins

Acetogenins extracts were obtained following the method 
reported by De la Cruz (2001). For each stage of develop-
ment (8 stages × 10 trees), 3 g of fresh non infected seeds 
were separated, except for the first two stages, in which due 
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to the size of the seeds the weight was lower (6.5 mg–2.4 g). 
Seeds without external teguments were macerated and 
extracted in a water bath for 8 h, three times; first with 
n-hexane (n-Hex) J.T.Baker® (to obtain less polar acetogen-
ins) and then with methanol (MeOH) J.T.Baker® (for polar 
acetogenins), using 10 mL of solvent per gram of seeds. 
The solvents were removed in a  Caframo® WB 2000 rotary 
evaporator (Canada), at 150 rpm and a temperature of 65 °C 
for hexanic extracts, and 70 °C for methanolic extracts. The 
identification of acetogenins was performed by HPLC, as 
described in section c.

Idioblasts

The evaluation of the presence of idioblasts was carried 
out on four seeds of each stage of development. They were 
obtained from freshly collected fruits, which were cut lon-
gitudinally (0.5 cm3) and fixed in 2.5% glutaraldehyde with 
Sorensen’s phosphate buffer at pH 7.2 for 12 h (Ruzin 1999). 
They were dehydrated in ethanol solutions (30, 40, 50, 60, 
70, 80, 90 and 100%) for 40 min on each change. Afterward, 
they were dried to critical point with a  Tousimis® Samdri-
780A (Maryland, USA) equipment, and placed, with double-
sided adhesive carbon tape, in platinum sample holders to 
be coated with gold/palladium in a metal ionizer Ion Sput-
ter JFC-1100, Jeol, Fine Coat (USA) for 15 min. The sec-
tions were photographed in a  JEOL® JSM-6390 Scanning 
Electron Microscope to 10 keV, using the SEM control user 
interface version 8.23, of the Unidad de Microscopía Elec-
trónica, at Colegio de Postgraduados (COLPOS), Montecillo 
Campus, Texcoco, Estado de México, México.

Isolation, identification and quantification 
of reference acetogenins

The acetogenins laherradurin and rolliniastatin-2 used as the 
reference in the HPLC were isolated from 1 kg of mature 
seeds, dry and without external teguments. They were 
extracted at continuous reflux, first with 2 L of n-hexane 
(8 h/3 times), and then with 2 L of methanol (8 h/3 times); in 
each cycle, clean solvent was set. From this procedure, 322 g 
of hexanic extract and 107 g of methanolic extract were 
obtained, the latter was used for the isolation of acetogenins.

The methanolic extract was induced to precipitation, by 
cooling at 2 °C for three days, obtaining a white precipi-
tate (3.8 g), which was fractionated in a chromatographic 
column, using silica gel  Merck® as adsorbent, and  Baker® 
organic solvents as eluents, in a gradient of increasing polar-
ity n-Hex:AcOEt (7:3, 5:5, 3:7); AcOEt; AcOEt: MeOH (5:5) 
and MeOH. Two hundred and fifty fractions of 150 mL were 
obtained. From the combination of fractions 36–75 laherra-
durin was obtained in the form of a white powder (1258.7 mg), 
with a melting point of 66–67 °C. The fractions 101–165 

collected were separated by TLC, using a n-Hex:AcOEt (2:8), 
from which rolliniastatin-2 was obtained as white needle-
shaped crystals (13.6 mg), with a melting point of 63–64 °C. 
Laherradurin and rolliniastatin-2 were identified in seeds of 
this species by Dr. Diego Cortés, from the Department of 
Pharmacology, at the Universidad de Valencia, Spain.

The quantification of the acetogenins in the hexanic and 
methanolic extracts was performed on a Perkin  Elmer® Series 
200 HPLC chromatograph (Norwalk, CT, USA); 20 μL of 
extract was injected at 1 mg  mL−1. Separation was performed 
with a Spheri-5 RP-18 column (100 × 4.6 mm, 5 μm), at 30 °C. 
The mobile phase consisted of methanol/acetonitrile/water 
J.T.Baker® (10:80:10, isocratic), at a flow of 1 mL  min−1 for 
10 min. The detection was recorded at 220 nm, and compared 
with retention times of the reference acetogenins (3.3 and 
4.2 min for rolliniastatin-2 and laherradurin, respectively).

For the quantification, calibration curves were made for 
each acetogenin with concentrations of: 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7, 0.8, 0.9 and 1 mg  mL−1. The curves were linear with 
an r2 of 0.93 for laherradurin and an r2 of 0.99 for rollini-
astatin-2. The analytical conditions were determined using the 
Perkin  Elmer® Turbochrom program.

Identification or characterization of the larval 
stages of Bephratelloides cubensis

In order to know the life cycle of B. cubensis in seeds of A. 
macroprophyllata, seeds of the 450 collected fruits were sepa-
rated and grouped in the corresponding stage of development 
(I–VIII). Each seed was opened in half to search for larvae, 
pupae, adults and excreta. The data was handled as a combi-
nation composed of the individuals obtained throughout the 
collection.

Larvae, pupae, adults and excreta (1.5 mg of each) were 
extracted with n-Hex and then with MeOH, following the same 
method of extraction and analysis by HPLC of acetogenins in 
seeds (section c).

Statistical analysis

The variation in the concentration of acetogenins in the dif-
ferent stages of the development of the seeds was determined 
by a simple non-parametric variance test of Kruskal–Wallis, 
and a separation of Mann–Whitney groups with a probability 
of 0.05, using the statistical package Past, version 3.13 (Ham-
mer et al. 2001).

81



 Journal of Plant Research

1 3

Results

Characterization of the seeds

It was determined that there is a positive correlation between 
the length and width of the fruits and the length of the seeds 
(r = 0.85–0.88). Due to the variability of the size of the 
seeds, its degree of development cannot be clearly predicted 
from the fruit size (Fig. 1). According to the length of the 
seeds, these were classified in eight stages of development 
(Fig. 2). The seeds of the first four stages are characterized 
for having a white, very thin, soft and fragile seminal cover 
(Fig. 2a–d), which on contact with the air oxidizes rapidly; 
also, its endosperm is aqueous. In stages V and VI (Fig. 2e, 
f), the seed coat shows changes in coloration, from white to 
lightly yellow, and is slightly hard; the endosperm ceases to 
be liquid and has a soft consistency. In stage VII seeds, the 
external tegument and the tegmen are of a faint yellow color 
(Fig. 2g), more intense than the two previous stages, and 
have a higher hardness, so it is difficult to cut; in this stage, 
the endosperm is entirely solid. In stage VIII, the external 
tegument is dark brown (Fig. 2h), characteristic of mature 
seeds because of the lignification of the teguments (Corner 

1949), so the seed coat is woody and very resistant to any 
mechanical damage; the endosperm is solid.

Presence of acetogenins and idioblasts 
during the development of the seeds

The acetogenins laherradurin and rolliniastatin-2 (Fig. 3) 
were detected from stage V (12.1–15 mm), which corre-
sponds to half the development of the seeds (Fig. 6). Seeds 
contain a higher proportion of laherradurin than of rollini-
astatin-2 (5 times more in stage V), and up to 15 times in 
the mature stage (VIII). Both acetogenins increase propor-
tionally during its development, laherradurin more than 
300 times (from 125.67 to 45716.33 μg g  seed−1), and rol-
liniastatin-2 almost 100 times (from 25.47 μg g  seed−1 to 
2661.61 μg g  seed−1), remaining without significant differ-
ences until the last stage (VIII). Molecules are present in 
a higher proportion in methanolic extracts than in hexanic 
ones (Table 1).

During the first three stages of development of the 
seeds, it was not possible to differentiate the idioblasts 
from the rest of the cells (Fig. 4a–c); some were visible 
from stage IV (Fig. 4d–g), and very evident in seeds that 

Fig. 1  Correlation between 
the size of fruits and seeds of 
Annona macroprophyllata. a 
Fruits length and seeds length, 
b Fruits width and seeds length
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have reached maturity (stage VII and VIII) (Fig.  4h). 
The idioblasts were only detected in the periphery of the 
ruminations.

Larval stages of Bephratelloides cubensis 
and presence of acetogenins during seed 
development

Larvae of B. cubensis were found in seeds of stages V–VII, 
pupae in stages VII and VIII, while adults only in mature 
seeds (Fig. 5). There is a coincidence in time and space 
between the larval phase of the wasp and the presence 
of acetogenins (Fig. 6). During feeding, the larvae ingest 
these toxic molecules, but when analyzing the extracts of 
the excreta and the stages of development of B. cubensis, 
acetogenins were not detected.

Fig. 2  Stages of the develop-
ment of Annona macroprophyl-
lata seeds

Fig. 3  Structure of the acetogenins. a Laherradurin, b Rolliniastatin-2. Modified, from Cavé et al. (1997)

Table 1  Laherradurin and rolliniastatin-2 during the development of 
Annona macroprophyllata seeds and the wasp Bephratelloides cuben-
sis 

Kruskal–Wallis’s Test: laherradurin P = 7.449 × 10−13, x2 = 61.84, 
rolliniastatin-2 P = 7.455 × 10−12, x2 = 55.11. It is shown the sum of 
the acetogenins contained in the two extracts. ND = no detected. The 
letters indicate significant differences among the stages in each ace-
togenin

Stage Laherradurin (μg g 
 seed−1)

Rolliniastatin-2 
(μg g  seed−1)

Bephratelloides 
cubensis (μg g 
 insect−1)

I ND ND

II ND ND

III ND ND

IV ND ND

V 125.67 ± 48.31b 25.47 ± 8.14b Larvae ND

VI 36383.16 ± 13937a 2553.16 ± 1412a Larvae/Pupae ND

VII 45716.33 ± 8793a 2281.43 ± 833a Larvae/Pupae ND

VIII 41382.74 ± 8979a 2661.61 ± 1617a Adults ND
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Discussion

Annona macroprophyllata is a tree of edible fruits, which 
grows in the Tropical Deciduous Forest and produces 
dormant seeds that are dispersed during the dry season 
(González-Esquinca et al. 2016). It has been reported that 
mature seeds contain Annonaceae acetogenins, such as 
laherradurin (1000 μg g  seed−1), rolliniastatin-2 (30 μg g 
 seed−1), and cherimolin-2 (20 μg g  seed−1) (De la Cruz 
2001; Schlie-Guzmán et al. 2009). In this study, laherra-
durin (1258.7 μg g  seed−1) was 90 times more abundant 
than rolliniastatin-2 (13.6 μg g  seed−1), indicating it as the 
major acetogenin throughout the development of A. macro-
prophyllata seeds.

The ontogeny of the seed involves the development of 
the embryo, the production of reserve tissues and the for-
mation of the seminal covers. Only in very few cases has 
the presence of secondary metabolites been documented, 
as is the case of alkaloids in seeds of Ipomoea violacea L. 
(Genest 1966), and flavonoids in Brassica napus L. (Auger 
et al. 2010). This is the first report for acetogenins during 
the development of Annonaceae seeds.

The biosynthesis of both acetogenins is expressed simul-
taneously, and is associated with specific stages of the ontog-
eny of the seeds of A. macroprophyllata (Fig. 6), since both 
compounds are detected in the middle of the development 
(stage V, 12.1–15 mm), although in unequal proportions 
(Table 1; Fig. 6). The final result is that the mature seed is 
endowed, from the middle of its formation, with a package 
of acetogenins that can be mobilized during germination 
to the forming organs (Brechú-Franco et al. 2016). Some-
thing similar was demonstrated with the cis-uvarimicin IV 
acetogenin in freshly emerged radicles of A. muricata L. 
(Riley-Saldaña et al. 2017), so that the fructifying mother 
plant forms toxic acetogenins during embryogenesis, which 
ensures, ultimately, the defense of the seeds against different 
predators and the survival of the species.

We recently reported that the acetogenins of Annonaceae 
are stored in idioblasts, specialized cells in the compart-
mentalization of molecules. These idioblasts were located 
in the endosperm of mature seeds, as well as in the radicle 
and hypocotyl of seedlings of A. macroprophyllata (Brechú-
Franco et al. 2016; Laguna et al. 2015). In this work, it is 
demonstrated that the differentiation of idioblasts occurs 
long before the seed is fully formed (from stage IV) (Fig. 4), 
coinciding, in stage V, with the detection of laherradurin and 
rolliniastatin-2.

The seed borer B. cubensis can fulfill, with the exception 
of copulation, its entire life cycle within the seeds, in such 

a way that its development is synchronized with the growth 
and differentiation of these (Nadel and Peña 1991). This 
can be clearly observed when finding larvae in intermedi-
ate stages and approaching maturity (stages V-VII), while 
adults are only seen in mature seeds (stage VIII), and never 
in earlier stages (Fig. 6).

The larvae are the only stage of the wasps that feed on 
the endosperm (Castañeda-Vildózola et al. 2010; Hernán-
dez-Fuentes et al. 2010), and as part of the physiology of 
this species, as well as the rest of the species of hymenop-
tera endoparasites, the larvae defecate before pupating, to 
avoid contaminating their food (Ornosa and Ortiz-Sánchez 
2004; Sharkey and Fernández 2006). In this way, the feed-
ing coincides with the biosynthesis, and the increase in the 
concentration of the acetogenins laherradurin and rollini-
astatin-2 (V–VII) (Fig. 6), so the larvae ingest, in addition 
to the reserve tissues, the acetogenins. However, the wasps 
have a high tolerance to the consumption of acetogenins. 
The toxicity values of laherradurin and rolliniastatin-2 are 
of 0.0005–160.77 nmol  mL−1 (Ahammadsahib et al. 1993; 
De la Cruz 2001; González-Coloma et al. 2002; Li et al. 
1990; Ruiz Hidalgo et al. 2018; Tolosa et al. 2012). During 
the feeding of larvae, acetogenins are found in concentra-
tions higher than the inhibitory or lethal means for other 
organisms (in a range of 26 to 108 times more); the high-
est concentration of laherradurin and rolliniastatin-2 dur-
ing the feeding stage is of 73263.34 nmol  g−1 (45716.33 μg 
g  seed−1) and 4104.75 nmol  g−1 (2553.16 μg g  seed−1) 
(Table 1), respectively, concentrations that although high 
are not harmful to B. cubensis.

The presence and toxicity of the acetogenins during the 
ontogeny of the seeds of A. macroprophyllata suggests their 
participation in the defense mechanisms of both the seeds 
and the wasps that develop within them, since, for exam-
ple, the crude extracts of these seeds are toxic for Zabrotes 
subfasciatus (300 μg  mL−1) (Ascencio-Alvarado 2012), Atta 
mexicana (1 × 105 mg  mL−1) (Acuña-Castro et al. 2011), 
Anastrepha ludens (1 × 105 mg  mL−1) (González-Esquinca 
et al. 2012), Culex pipiens quinquefasciatus (0.01, 100 and 
1000 μg  mL−1) (Alamilla 2000; Reyes-Trejo et al. 1997) 
and Aedes aegypti (3.1 × 103 to 63.1 × 104 mg  mL−1) (Reyes-
Trejo et al. 2014). However, insects resistant to chemical 
defense are known, since some secondary metabolites can be 
food deterrents to avoid herbivory (Anaya-Lang 2003); oth-
ers when ingested and stored or sequestered during the feed-
ing of plant tissues constitute a strategy of defense against 
predators, as in the case of the monarch butterfly Danaus 
plexippus L. (Brower 1969), and the beetles of the genera 
Chrysochus Gebler (Labeyrie and Dobler 2004), Platyphora 
Verral, and Oreina Heer (Hartmann et al. 2001); some others 
can be used for growth and development by being trans-
formed or detoxified during digestion (Konno et al. 2006; 
Zhang et al. 2012).

Fig. 4  Seed cuts in different degrees of development: testa (t), 
endosperm (e), idioblasts (i); rumination (rm). The increases are indi-
cated in each photograph

◂
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In Annonaceae there is only one documented case on 
the role of defense of the metabolites, namely, the seques-
tration of acetogenins by the zebra swallowtail butterfly 
Protographium marcellus Cramer (sin. Eurytides marcel-
lus Cramer), whose larvae store asimicin, bullatalicin, 
trilobacin and bullatacin (rolliniastatin-2), from its feed-
ing with the leaves of Asimina triloba (L.) Dunal; these 
acetogenins are consumed in the larval stage and stored 

in the wings and body of the butterflies, constituting a 
cluster of toxic acetogenins, which confer a possible resist-
ance to predation by birds (Martin et al. 1999). Our data 
demonstrate that both biosynthesis and compartmentali-
zation in idioblasts of laherradurin and rolliniastatin-2 in 
the seeds of A. macroprophyllata, occur simultaneously 
with the larval stage of B. cubensis, and that the lipid-rich 
endosperm is consumed completely by the wasps (Figs. 5, 

Fig. 5  Bephratelloides cubensis 
in seeds of Annona macropro-
phyllata. a Mature seed, without 
damage by the wasp, b Larvae, 
c Pupae, d Adult coming out of 
the seed. b, c Note the lack of 
endosperm

Fig. 6  Relation between the 
presence of acetogenins during 
seed development of A. macro-
prophyllata and larval stages of 
B. cubensis 
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6), even though it contains acetogenins in large quantities, 
which are very toxic to several species. Thus, unlike P. 
marcellus, these lipid molecules seem to be transformed, 
or used early in the development of the wasp, since they 
are not detected in the tissues of the larvae, pupae or the 
adult insect, nor are they detectable in larval excreta. So it 
is possible that the hydrocarbon chains of the acetogenins, 
as well as the fatty acids they contain (Marroquin-Andrade 
et al. 2011; Pérez Amador et al. 1997), could be used in the 
fatty body of insects to provide them with reserves, energy 
and carbon atoms for the biosynthesis of other molecules, 
such as the Caryedes brasiliensis Thunberg beetle, which 
consumes seeds of Dioclea megacarpa Rolfe (Legumi-
nosae), which stores high levels of the non-protein amino 
acid L-canavanine (capable of blocking the protein syn-
thesis), and incorporates nitrogen into the biosynthesis of 
protein amino acids (Rosenthal 1983).

The diet of B. cubensis consists of seeds of several 
Annonaceae and thus, of the acetogenins reported here, 
but also the presence of the wasp has been documented in 
other Annonaceae (Castañeda-Vildózola et al. 2010; Gris-
sell and Schauff 1990; Nadel and Peña 1991), which also 
biosynthesize many other acetogenins (Cavé et al. 1997). 
Therefore, B. cubensis has probably adapted during evolu-
tion to the toxicity of acetogenins. The acetogenins, fatty 
acids and other molecules present in the seeds, would 
sustain several physiological processes of the life cycle, 
including the transformation to adulthood, copulation, and 
oviposition. It is unknown what happens with acetogenins 
during their incorporation into insect metabolism.

Conclusion

This article documents the presence of the acetogenins 
laherradurin and rolliniastatin-2 during the ontogeny of 
the seeds of A. macroprophyllata. The results also show 
that wasp B. cubensis challenges the toxicity of acetogen-
ins. Further research is necessary for the understanding of 
this plant–insect interaction as organisms adapt their living 
environment in various ways, but we hypothesize that the 
molecules can be incorporated and transformated into the 
metabolism of the wasps, and in a timely manner protect 
itself by passing the most vulnerable stages of its cycle life 
inside these toxic seeds.
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