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Introduction

Abstract

Wasp and ant venoms represent complex mixtures of compounds such as
proteins, peptides, lipids, vasoactive amines, enzymes, besides of amino acids and
compounds with low molecular weight. These venoms have as function capture
prey and assist in defense of their colonies. Parameters such as geographic
location, genetics, environment, sex, age, season of the year, and diet determine
the composition of the venom. However, studies on the compositional variability
of venom are still limited due to the difficulty in obtaining samples and the
complexity of these substances. This work describes the use of the Fourier
Transform Infrared Photoacoustic Spectroscopy (FTIR-PAS) to investigate inter-
and intraspecific variability in the venom chemical composition of the social
wasp Polybia paulista (Von lhering 1896) and the ant Ectatomma brunneum
(Smith 1858). The results reveal significant differences in venom chemical
composition between the ant and wasp, even for samples obtained from the
same environment. The genetic component, therefore, seemed to be the
predominant factor determining the compounds present. The findings also
showed that exogenous factors, such as diet, could also be responsible for
intraspecific differences, especially in wasps. The FTIR-PAS technique proved
to be a reliable way of assessing intra- and interspecific differences in social
Hymenoptera venom chemical composition.

two different regions: a glandular portion, where the venom
and other substances are produced, and a motor portion

The Hymenoptera, one of the most significant orders
of insects, is composed of wasps, bees, ants, and sawflies.
Within this order, some individuals are eusocial, which
have as essential characteristics the division of reproductive
labor, cooperative parental care, and overlapping generations
(Wilson, 1971).

An essential characteristic of Hymenoptera,
specifically the Aculeata, is the presence of a sting apparatus
that is used to inject venom into prey and enemies. This sting
apparatus, which contains a venom reservoir, is a modification
of the ovipositor device from ancestral groups. It consists of

composed of chitinous and muscle structures that act together
in the injection of venom and sting protrusion and extrusion
(Manzoli-Palma & Gobbi, 1997). Its primary function is to
capture prey, but it has become effective in the intimidation of
vertebrates. Also, it has acquired a significant defensive role,
notably in social species (Macalintal & Starr, 1996).
Venomis defined as a secretion produced by specialized
glands, which is capable of altering or disrupting the normal
biological or physiological processes of the target organism
(Casewell et al., 2013). In addition to the offensive and
defensive functions, volatile compounds present in glandular
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venom can act as an alarm pheromone (Schmidt, 1982; Orivel
etal., 2001). Mateus (2011) observed that the Parachartergus
fraternus social wasp uses its venom to mark a new site for
colony foundation. Thus, venom (or its components) also
plays an essential role as chemical communication signal in
wasp societies.

Hymenopteran venom consists of complex organic
molecules of proteins, peptides, lipids, vasoactive amines
(octopamine, dopamine, and histamine), and enzymes such as
phospholipases, hyaluronidases, and phosphatases (Edstrom,
1992; Lima & Brochetto-Braga, 2003). Besides, it is composed
predominantly of amino acids and complex mixture of
compounds with low molecular weight (Palma, 2006). The
venom can have antiseptic activities against bacteria, fungi,
protozoa, and viruses (Orivel et al., 2001; Baracchi & Tragust,
2017). The antiseptic function of venom is part of the innate
immunity of Hymenoptera and its initial evolutionary value is
associated with the need to minimize potential contamination
by prey (Orivel et al., 2001; Baracchi & Tragust, 2017).

It has been found that variation in venom chemical
composition among organisms is related to their geographic
position, genetic, environmental conditions, sex, age, diet and
also depends on seasonal factors (Daltry et al., 1996; Badhe,
2006; Abdel-Rahman et al., 2009, 2011).

Polybia paulista (Von Thering, 1896) social wasp is
widely distributed in South America (Richards, 1978). This
genus builds phragmocyttarus nests without any pedicel, so
the first comb is established directly in the substrate, with
a protective jacket built around it (Carpenter & Marques,
2001). The Ectatomma brunneum ant (Smith, 1858) is widely
distributed in the Neotropical region, occurring from Panama
to Argentina (Kempf, 1992). It is a generalist predator species,
with well- developed stingers. The nests are constructed on
the ground, with more significant abundance in open fields or
degraded areas including pastures, crops, grassland, unpaved
roads, and clearings (Gomes et al., 2009).

Although there is a significant number of studies with
the venom of P. paulista (Souza etal.,2009; Santo etal.,2011;
Pinto et al., 2012; Hoshina et al., 2013; Jacomini et al., 2013;
Gomes et al., 2014; Dias et al., 2014, 2015; Leite et al., 2015;
Vinhote et al., 2017; Perez-Riverol et al., 2018) and some with
the venom of E. brunneum (Pluzhnikov et al., 2014; Touchard
et al., 2015; Aili et al., 2016) only a few of them investigated
intraspecific differences in venom compositions, for example,
P. paulista (Mendonga et al., 2017) and E.brunneum Bernardi
et al. (2017). As the occurrence of these two species is ample,
they end up being good study models to evaluate intraspecific
differences of their venoms.

In the last few years, Fourier Transform Infrared
Photoacoustic Spectroscopy (FTIR-PAS) has proven to
be a reliable technique for using in comparative studies of
the venoms of social Hymenoptera (Bernardi et al., 2017;
Mendonga et al., 2017), as well as their cuticular hydrocarbons
(Antonialli-Junior et al., 2007, 2008; Neves et al., 2012, 2013;

Bernardi et al., 2014; Soares et al., 2014; Torres et al., 2014).
Due to the versatility of photoacoustic detection, which
enables analysis of the optical absorption of materials that are
opaque in the infrared region, it can be applied to different
systems and various sizes of the sample. The mid-infrared
absorption band is sensitive to the vibration of molecular
chemical groups, enabling the identification and distinction
of molecular radicals and the types of chemical bonds present
in a sample.

The present study aimed to evaluate inter- and
intraspecific variability in the venom chemical composition
of the P. paulista social wasp and the E. brunneum ant using
FTIR-PAS.

Materials and methods

Hymenoptera sample collection

Five colonies of P. paulista wasps (Fig 1A) were
collected in Dourados city, Brazil. Three of these colonies
were located at the Universidade Estadual de Mato Grosso
do Sul (at 22°11°50.1”’S, 54°55°48.5”W), denoted as “area
A”, and two colonies were located in the urban area of
Dourados (at 22°14°38.8”S, 54°49°36.6”W and 22°15°23.5”S,
54°47°59.1”W), denoted as “arca B”. The colonies were
collected by wrapping plastic bags around the nests and then
detaching the nests from the substrates to which they were
fixed. Analyses were performed using between 25 and 40
wasps from each colony. The wasps were killed and preserved
by freezing, and the samples were stored in Eppendorf vials
for subsequent analysis.

The E. brunneum ants (Fig 1B) were collected in the
same areas (A and B) where the wasps were sampled. Active
individuals were captured randomly at different sites to obtain
an adequate representation of the populations, considering
possible genetic variability. For each area, 100 forager ants
were collected and the contents of their glands were analyzed.
The ants were killed and preserved by freezing, in the same
methodology described for the wasps.

Extraction and Fourier Transform Infrared Photoacoustic
Spectroscopy (FTIR-PAS)

The FTIR-PAS analyses were performed using
a Thermo Nicolet Nexus 670 spectrophotometer, with
photoacoustic detection at 4000-400 cm’. During the
experiment, the spectrometer was purged with dry air to
remove water vapor. The photoacoustic cell was purged with
helium gas before each reading. For standardization, a piece
of black carbon was used to collect reference infrared spectra,
with a new background measurement being performed every
100 minutes. Spectra were obtained as the average of 128
scans at aresolution at 16 cm-1. In order to enable comparative
analysis, the area of each spectrum was determined, and one
of them was used to normalize all the spectra.
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Fig 1. Wasp Polybia paulista (A) and ant Ectatomma brunneum (B). (Mendonga, A.)

The wasps and ants were prepared for the infrared
analyses by dissection with tweezers under a stereomicroscope.
The glands and their storage reservoirs were extracted by
pulling the stinger, and they were immediately placed into a
photoacoustic cell crucible and analyzed, to avoid any risk of
protein degradation. For each spectrum, five venom reservoirs
were inserted into the photoacoustic cell, and 15 spectra were
recorded for each colony.

Statistical analysis

The inter- and intraspecific differences in venom
chemical composition of the two species were evaluated by
discriminant function analysis (DFA) (Quinn & Keough,
2002). All absorptions peaks were identified based on literature
data (Lin-Vien et al., 1991; Smith, 1999). The main absorption
intensities in the infrared spectrum were selected, with
the wavenumbers of the absorption peaks as variables
and the peak intensities as experimental values. All peaks
were integrated and normalized by the sum of the area.
The statistical procedure identified the linear combination of
variables that provided the best explanation of the differences
among the analyzed groups.

The Wilks’ lambda statistic parameter was used as
a measure of the differences among the groups: values close
to zero indicate there is no overlap among the groups, and
values close to 1 indicate considerable overlap (Manly, 2008).
The squared Mahalanobis distance was used to detect the
differences between the species and the collection areas.

Results

The average photoacoustic infrared spectra obtained
for the venoms of P. paulista wasps and of E. brunneum ants
sampled in different areas are shown in Fig 2. By the spectra, it
is possible to identify three regions (highlighted in the figure)
that can be used as biomarkers of wasps and ants venoms. The
highlighted regions represent the most important differences
observed for intra- and interspecific interpretation, which
were more precisely confirmed by data from Fig 3.

The first range of the Fig 2, indicated as (1) around
970-1190 cm, corresponds to the absorption of the functional
group C-H with vibrational mode bending in the plane. It is
possible to observe that in this region, the wasp venom has
absorption intensity higher than the ant venom. This effect
is an indication that the venom chemical composition of P.
paulista wasp has in its composition aromatic rings in higher
concentration than the venom of E. brunneum ant.
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Fig 2. Average infrared absorption spectra of venom glands and
reservoirs from Polybia paulista wasps and Ectatomma brunneum
ants. The highlighted regions represent the most important differences
observed for intra- and interspecific interpretation, which were more
precisely confirmed by data from figure 3.

Following, observing (2) in 1360-1490 cm™ range,
which corresponds to the absorption of the C-N functional
group from amide I and SCNH from amide II (approximately
at 1396 and 1457 cm’!, respectively with vibrational modes
defined as stretching and stretch-bend in cis configuration), it
is possible to note that the ratio among the intensities of 6C-N
and SCNH (8C-N/6CNH ratio) in the wasps venom spectra is
different, if they are compared with the same ratio observed
in the ant spectra. Although the amide I and II concentrations
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are different among the studied species, it is impossible to
note any difference among the studied area comparing within
the species.

Finally, the indication (3) in 2800- 3000 cm™' range
shows that CH composition is strongly different among ants
and wasps. By the E. brunneum ant venom spectra is noted
that the absorption peak at 2877 cm™', due to v CH, (symmetric
stretching), is less intense if compared to the absorption peaks
at 2931 and 2962 cm’', which correspond to asymmetric
stretching of v CH, and v, CH,, respectively. In opposite,
the venom of P. paulista wasp exhibits the peak at 2931 cm’!
with higher absorption intensity than the E. brunneum ant
venom. It is interesting to note that there is difference in the
relationship between the intensities I, and I, of the peaks 2931
and 2962 cm, respectively: for P. paulista species, the I /
I, relationship is > 1 and for area A is higher than area B. In
opposite way, for E. brunneum the relation I /1, is < 1 (Fig
2). This was observed for both A and B areas, and suggests
that these vibration modes can be used as a reference for
distinguishing venom for wasp and ants.

To interpret the infrared data statistically, the
mentioned absorption intensities together with other peaks of
amide, like 1542 cm™! due to stretch-bend (trans) of 3CNH,
1650 cm corresponding to stretching of C=N, and 3293
cm’ due to stretching of v N-H, were used as experimental
data, using the wavenumbers as the variables, it was possible
to construct a matrix to discriminate the four investigated
groups. Fig 3 shows the obtained scatter plot by the statistical
analysis. It reveals that the differences among venom chemical
composition of ants and wasps are significant (Wilks’ lambda
=0.005; F =14.347; p <0.001).

The first canonical root explains 98.8% of the
differences, being the most important root to discriminate
among the venom of wasps and ants. Among the investigated
infrared absorption peaks, those at 1041, 1079 and 1157 cm’!
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Fig 3. Scatter plot showing the differences in venom chemical
composition among Polybia paulista wasps and Ectatomma
brunneum ants collected in two different areas (A and B) of
Dourados-MS.

were significant to separate the groups. These peaks are located
in the highlighted region (1) in Fig 2. The second canonical
root differentiates the area A from B for P. paulista wasps,
while the venom chemical composition of E. brunneum ants
is similar among the areas A and B. The squared Mahalanobis
distances obtained with the infrared experimental data are
listed in Table 1, confirming that the P. paulista wasps and E.
brunneum ants venom chemical composition are significantly
different (p < 0.001).

Table 1. Squared Mahalanobis distances between groups of Polybia
paulista wasps and Ectatomma brunneum ants, comparing the
venom chemical composition among samples from two different
areas of Dourados-MS.

P. paulista  P. paulista  E. brunneum  E. brunneum
area A area B area A area B
P. list
PARISHL 0,000 18 164 135
area A
P. 4
paulista ¢ 0.000 170 142
area B
E. b
rIIEt 64 170 0.000 5
area A
E. b
rumnentt 35 142 5 0.000
area B
Discussion

The results indicate that the chemical composition
of venom of wasps and ants are significantly different,
independent if they were sampled in areas A or B. This can
be seen as well the absorption spectra in the medium infrared
(Fig. 2) as by the statistical interpretation of the data (Fig. 3).
Comparing the spectra of P. paulista wasps collected in areas
A and B it is possible to notice a high degree of similarity. This
can be confirmed by Fig. 3, where the ellipses of wasps and
ants are practically aligned with respect to the first canonical
root, which accounts for 98.8% of the data.

This observation can be explained by genetic factors
since the insects belong to different families. This result has
been observed previously in works concerning the influence
of the environmental component on venom chemical
composition (Tsai et al., 2004; Badhe et al., 2006; Abdel-
Rahman et al., 2011; Cologna et al., 2013). Studies with
social Hymenoptera have also shown that genetic factors and
age can be responsible for the venom chemical composition
and some compounds are characteristic of particular species
(Ferreira-Junior et al., 2010; Cologna et al., 2013).

Similar variation in venom chemical composition
among species has also been reported for snakes (Daltry et
al., 1996). In this case, it was observed that snakes born in
captivity had venom chemical composition similar to those of
wild snakes collected in the same region of origin of those kept
in captivity. The authors suggest that the association between
the venom chemical composition and the prey is an inherited
characteristic and is not induced by the environment.
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However, venomisacomplex mixture of substances and
the variation in its chemical composition cannot be attributed
to any single factor. Studies have found that in addition to
genetic factors, environmental variables, such as geographic
location and climate, can also affect the distribution of food
and therefore influence the diets of the organisms (Tsai et al.,
2004; Badhe et al., 2006; Abdel-Rahman et al., 2009, 2011;
Cologna et al., 2013). Hence, environmental factors also exert
an influence on venom chemical composition.

The studies of Mendonga et al. (2017) analyzing
the venom of P. paulista and Bernardi et al. (2017) with E.
brunneum, both by FTIR-PAS, highlight the environmental
effect on the chemical profiles of venom. In addition,
Mendonga et al. (2017) discuss that both environmental and
genetic factors can affect the composition of P. paulista
venom, since venom of wasps from nesting colonies in
closer areas are more similar than those of more distant ones,
because the former have the closest kinship level and share
the same type of environments. Variations in venom chemical
composition according to the location was also observed in
Maurus palmatus scorpions (Abdel-Rahman et al., 2009).

Studies analyzing only the protein portion of the
P. paulista venom also show variation in the chemical
composition between different colonies (Dias et al., 2014),
as well as studies with ants that found variation in the venom
composition of colonies of the same population (Aili et al.,
2017), in which the authors suggested genetic polymorphism
or small environmental variations between areas.

The results presented here corroborate the findings of
Badhe et al. (2006), who evaluated the role of genetic factors in
different populations of red scorpions (Mesobuthus tamulus)
and suggested the existence of genetic variation among the
populations. Nonetheless, it concludes that environmental
conditions also significantly affected the lethality of the
venom.

It can be seen from Fig 3 that there is no overlap among
the ellipses for the venom chemical composition of wasp from
different colonies (areas A and B), opposing to the observed
for the ants venom chemical composition. This effect can
be explained by the difference in food resources utilized by
each species. Wasps often prey on the larvae of Lepidoptera
(Giannotti et al., 1995; Prezoto et al., 2006; Bichara-Filho
et al., 2009; Fernandes et al., 2010), which should result in
differences between the two sampled areas regarding venom
chemical composition. On the other hand, E. brunneum ant
as well as other ants of this genus, prey on a greater diversity
of organisms (Overal, 1986; Giannotti & Machado, 1992;
Marques et al., 1995), leading to a potential dilution of the
differences between the two sampled areas. An additional and
essential point to be considered is that wasps fly further from
the nest to forage.

Therefore, the diversity of plants visited by wasps is
likely to be greater, which might influence the venom chemical
composition. The influence of diet on the composition of E.

brunneum venom was also reported by Bernarid et al. (2017).
In a study with Dinoponera quadriceps ants sampled from
four different regions, Cologna et al. (2013) noted that the
venoms of individuals collected in the closest areas showed
greater similarity when compared to the venom of specimens
collected in far regions. Among the 335 compounds detected
in the venom, only 48 were shared by all four colonies,
indicating that the environment highly influenced the venom
chemical composition.

In fact, studies have shown that some animals can
synthesize the venom from precursors or sequester the
chemical elements of the environment through diet to compose
their venom (Savitzky et al., 2012). Therefore, environmental
as well as genetic factors significantly influence the venom
composition of different species of animals.

Thus, it is clear that the two species synthesize
significantly different elements to compose their venoms. These
differences have a genetic basis, however, as reported in the
literature, exogenous factors may also be determinant to compose
the differences between the venom of different populations of a
species, especially in this case that of social wasps.

Conclusions

We can conclude that there is a significant difference
between the venom chemical composition of ants and wasps
and the genetic component seems to be predominant in
determining the compounds of venom. This proves that the
venom chemical composition varies among families in the
Hymenoptera. On the other hand, exogenous factors such
as the diet in different environments can be responsible for
intraspecific differences, particularly in social wasps. Finally,
statistical analysis applied to the infrared absorption data
obtained by FTIR-PAS proved to be a reliable and efficient
methodology for evaluating differences in the venom
chemical composition of social Hymenoptera. Therefore, the
methodology can be used as an auxiliary taxonomic tool.
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