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Abstract

Petroleum oils are some of the oldest and safest pesticides in use. In spite of the numerous improvements achieved in oil technol-
ogy, the mode of entry and the insecticide action mechanism of these products have been the subject of considerable debate and
conjecture over many years. The literature reviewed suggests that insecticide oils can penetrate the insect body through the in-
tegument as well as through the tracheal system. Suffocation by spiracle blockage was held as the most accepted theory on its
mode of action. However, an in depth analysis of the interaction between oils and insects body surface from a physical perspective
suggests that suffocation occurs only when insects are over-sprayed or dipped in oil. Based on this analysis, it is more likely that
when petroleum oils contact the insect surface, capillary forces and complex physical interactions take place in the cuticular layer,
which lead to differences in the melting point and permeability of cuticle waxes. This in turn, alters the waterproofing properties
of the cuticle and also leads to penetration of spray oils that can be carried to different lipophilic tissues. The changes in the cuti-
cle caused by oils, which range from changes in melting point of the cuticular wax layer to cuticle dewaxing, strongly suggest cu-

ticular penetration as the foremost mode of entry of insecticide oils.
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Introduction

Petroleum oils are some of the oldest and safest pesti-
cides in use and their history involves a remarkably
broad list of developments in the framework of petro-
leum chemistry. Crude petroleum oils are mixtures of a
large number of compounds that can be categorized as
paraffin chains, unsaturated hydrocarbons, naphthene
rings, aromatic rings, and asphaltic material (Chapman
et al., 1952). Petroleum oils are commonly used in crop
protection as diluents for formulated products in low-
volume applications (Downer et al., 1993), as adjuvants
for pesticides (Treacy et al., 1991) or as insecticides and
ovicides themselves (Childers, 2002; Smith and Pearce,
1948), feeding deterrents and as oviposition repellents
(Webb et al., 1994; Agnello, 2002).

Oils can improve insecticide’s efficacy by enhancing
plant coverage and penetration of active ingredients into
the insect’s body (de Licastro et al., 1983). Their syner-
gistic effects on synthetic pesticides are related mainly
to their carrier activity, which favors diffusion and tran-
sport of certain insecticide molecules into the insect
body (de Licastro et al., 1983; Fontan and Zerba, 1987;
Mulrooney et al., 1993).

Current specifications for synthesis, chemical purifica-
tion and refining reflect more modern uses where ad-
vanced oil products are manufactured for specific treat-
ments which are environmentally suitable, toxicologi-
cally safe and fit neatly into the integrated pest man-
agement concept. Pesticide efficacy of these highly re-
fined “narrow-range oils” or petroleum-derived spray
oils (PDSOs) increases with increasing distillation tem-
perature (a parameter related to structure and molecular
weight) of the oil until reaching an optimum point
(Riehl, 1969). Median equivalent n-paraffin carbon
number (nCy), based on ASTM D-2887 (ASTM, 1997),

is currently used to characterize the different oils. The
physical and chemical characteristics of the PDSOs are
defined by nCy, where “n” denotes a normal paraffin
(alkane) molecule and “y”” denotes the number of carbon
atoms (Kuhlmann and Jacques, 2001). The customary
carbon number values of spray oils are nC21, nC23,
nC24 and nC25, range in which spray oils combine low
phytotoxicity with insecticidal effectiveness.

In spite of the numerous improvements achieved in oil
technology, the mode of entry and the insecticide action
mechanism of PDSOs have been the subject of consid-
erable debate and conjecture over many years. In turn,
the impracticality of grouping them together with syn-
thetic pesticides on the basis of their route of entry (fu-
migants, contact insecticides and by ingestion) and of
their mode of action (mainly binding to specific recep-
tors) constitutes the main hindrance for understanding
how PDSOs perform as insecticides.

Suffocation by spiracle blockage has been mentioned
as a key factor of oil toxicity (Davidson ef al., 1991; de
Ong et al., 1927) and is held as the most accepted the-
ory on its mode of action (Najar-Rodriguez et al., 2008).
However, blocked spiracles can only develop into a
main mortality cause when a series of factors such as
dose, insect taxa and developmental stage, and type of
oil converge. In contrast to chlorinated pesticides, OP’s,
carbamates and pyrethroids, oils have multiple targets
and their biocidal activity depends on physical factors as
surface phenomena, solubility, biochemical or meta-
bolic traits and on the taxa and stage of the target organ-
ism (Stadler ef al., 1996). Oils do not depend upon one
property or means alone for their effectiveness, as syn-
thetic pesticides do. The variety of toxicity signs
observed in different insect species when treated with
insecticide oils, range from negative effects on the feed-
ing and oviposition behavior (Mensah et al., 1995;
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Beattie et al., 1995) to abdomen contractions, and dehy-
drated and darkened cuticle in dead insects (Najar-
Rodriguez et al., 2008). This has led to an array of as-
sumptions from different authors on their mechanism of
action.

In any case and independently from the type of insec-
ticide used, the substance has to move from the external
environment to its site of action in the target organism
to be effective. Some authors have suggested that low
polarity substances penetrate the insect cuticle through
intersegmental membranes (Matsumura, 1975) or via
wax and pore canals (Noble-Nesbitt, 1970). According
to Gerolt (1983), the entry of insecticides by lateral dif-
fusion through the integument and through the spiracle-
tracheal system seem likely, fast and effective path-
ways. While a great deal of information about spray oil
efficacy as well as their routes of entry and action
mechanisms in insects has been provided by individuals
working on each of these two pathways, gaps remain in
our understanding of the functional role played by insect
physiology and oil physics. Therefore, the primary pur-
pose of this work is to review the main factors that gov-
ern the routes and modes of entry of oils in the insect
body.

Lateral diffusion of spray-oils through the insect in-
tegument

Insect cuticle is a non living multilayered external ma-
trix of carbohydrates, proteins and hydrocarbons that
wraps all insect parts and forms the interface between
the insect and its environment. It serves as the primary
barrier to penetration of pathogens as well as of chemi-
cals deposited on the insect’s body surface (Gorb,
2001). The major components of epicuticular coating
are often hydrocarbons, mainly methyl-branched al-
kanes, and several fatty acids, alcohols, aldehydes, ke-
tones, wax esters, and esters of primary and secondary
alcohols (Boroczky et al., 2008). Apart from being a
physical barrier, these compounds have a major role in
cuticular waterproofing (Gibbs, 1995; 1998; 2002) and
can act as semiochemicals in some taxa (Howard,
1993). Both functions may be affected by changes in the
physical properties of epicuticular lipids and thus com-
promise water conservation as well as insect communi-
cation (Montooth and Gibbs, 2003).

Cuticular hydrocarbons are relevant to insect physiol-
ogy from the qualitative and quantitative point of view.
Insect cuticle constitutive lipids are highly diverse and
can involve over 100 different compounds on a single
individual, which may be present in very complex mix-
tures of different waxes and their isomers (Wig-
glesworth, 1945; de Renobales ef al., 1991; Dekker et
al., 2000). From a quantitative viewpoint, the increase
in the amount of cuticular lipids confers enhanced des-
iccation resistance in insects. For example, in the gold-
enrod gall fly, Eurosta solidaginis (Fitch) (Diptera
Tephritidae) the amount of cuticular hydrocarbons in-
creases more than 40-fold in the overwintering larvae,
which increases its desiccation resistance more than six-
fold (Nelson and Lee, 2004). Moreover, parasitic insect
species as the European beewolf, Philanthus triangulum
F. (Hymenoptera Crabronidae) make deliberate use of
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this trait by applying large amounts of hydrocarbons on
the body surface of its host (honeybee worker of 4. mel-
lifera) to lower water loss of the larval provisions (Her-
zner and Strohm, 2008).

The prompt penetration of oils through the insect in-
tegument has been shown through conclusive experi-
ments by different authors. Using mixtures of parathion
with paraffinic oils of different relative viscosity and
identical polarity, de Licastro et al. (1983) and Fontan
and Zerba (1987) found a linear correlation between the
relative viscosity of the vehicles used and the percent-
age of cuticle penetration of the pesticide in the cone-
nose bug, Triatoma infestans Klug (Heteroptera Redu-
vidae). Once in the insect’s haemolymph, hydrocarbons
are actively transported by lipophorins (Schal et al.,
2001). These specific lipoproteic complexes are capable
of sequestering hydrophobic core lipids from the hydro-
philic environment of the haemolymph (Blacklock and
Ryan, 1993) and of transporting lipids and hydrocarbons
within the insect body (Schal et al., 2001), which finally
accumulate in lipid-containing tissues (Taverner et al.,
2001).

Waterproof effectiveness of the insect cuticular hy-
drocarbon layer depends on its quali- and quantitative
composition as surface lipids provide a better water-
proofing barrier when they are in a solid than fluid state
(Gibbs, 1998; Rourke and Gibbs, 1999; Rourke, 2000).
Thus, straight- and long-chain saturated hydrocarbons
provide the best protection against desiccation because
these have higher melting points (Gibbs and Pomonis,
1995). However, cuticular waxes can be selectively af-
fected by different organic solvents, ranging from a
slight disturbance of the structural integrity of the wax
layer (Wigglesworth, 1957) to complete dewaxing (Lo-
ckey, 1988). Likewise, apolar substances of low dielec-
tric constant as PDSOs may interact with the overall li-
pid mixture on the insect cuticle depressing its melting
point and increasing its permeability (Hurst, 1940;
Rourke and Gibbs, 1999). This leads to an observed
melting point range that is lower and broader than the
melting point of either component or a sharp melting
point at the eutectic temperature (Hagg, 1969). This be-
haviour can be explained in terms of interaction energy.
The interaction energy of a pair of molecules is large
when both are of similar polarity and it depends
strongly on their mutual orientation. At low tempera-
tures a sufficiently high proportion of neighboring
molecules are able to adopt the orientations of low en-
ergy for the liquids to be miscible. As the temperature
augments, considerations of energy become less impor-
tant, and those of entropy become more important.
Thus, the miscibility of PDSOs and cuticle waxes (e.g.)
will most likely increase with temperature (Rowlinson
and Freeman, 1961).

It is convenient at this point to briefly mention that the
melting point depression is the physical driving force
behind the liquid-like behavior of a mixture of solid
compounds, which is primarily an entropic effect and
can be estimated for each compound (Marcolli et al.,
2004). However, low melting point values of cuticular
hydrocarbon mixtures do not always lead to higher wa-
ter loss through the insect cuticle because the complex



interactions between saturated and unsaturated hydro-
carbons in hydrocarbon mixtures are an added relevant
factor involved in insect cuticular waterproofing (Gibbs,
2002; Gibbs et al., 2003; Montooth and Gibbs, 2003;
Herzner and Strohm, 2008). Hence, when applied on the
insect’s body surface, PDSOs come into a competing
equilibrium with some of the components of the cuticle
wax layer, breaking down its integrity by changing its
melting point, which in turn increases cuticle permeabil-
ity (Wigglesworth, 1945).

Dehydration is one of the main consequences of chan-
ges in cuticle permeability. Removal of cuticular waxes
cause a “pin-hole effect” phenomenon, described for
insects (Hurst, 1940; Wigglesworth, 1941; 1942) and
millipedes (Cloudsley-Thompson, 1950), after submer-
sion in organic solvents (ether, chloroform, etc.). Small
water drops were shown to appear throughout the in-
sect’s body surface until the insect was completely coa-
ted with fine droplets, which evidenced dehydration.
Moreover, the changes in the continuity of the insect
cuticular wax layer may allow penetration of apolar
compounds such as PDSOs, synthetic insecticides and
non-electrolytes in general (Penniston et al., 1969; de
Licastro et al.,1983), and at the same time provide an
escape for body water (Gibbs, 1998).

Inflow and diffusion of spray-oils through the spira-
cle-tracheal system

The general structure of the respiratory system in in-
sects comprises spiracles, major respiratory openings in
the exoskeleton, which lead into a cluster array of tra-
cheae that branch into smaller tracheae and tracheoles.

Spiracles can be simple openings or complex associated
structures that prevent the entry of particles and liquids
into the tracheal system, thereby permitting respiratory
gas exchange while minimizing water loss (Edney,
1977; Chapman, 1998).

The tracheal inflow as a mode of entry of non gaseous
insecticides remained overlooked for decades. However,
oil flowing into the air passages of insects was noted for
the first time by Moore and Graham (1918), and ad-
dressed further by several authors (Roy et al., 1943;
Stadler et al., 1996; Taverner et al., 2001) with contra-
dictory results (Najar-Rodriguez et al., 2008). Recently
Sugiura et al. (2008) provided conclusive evidence on
this issue, showing that the flow of insecticide into the
spiracles plays an important role in efficacy.

Bioassays on Anticarsia gemmatalis Hiibner (Lepi-
doptera Noctuidae) larvae developed by Stadler et al.
(1996), revealed that the inflow of oil into insect tra-
cheae (figure 1) depends exclusively on capillary forces
which act equally on living and dead insects, proving
that tracheal blockage by PDSOs, when it happens, is a
pure physical phenomenon. Oil “coats” the inner surface
of the tracheae rather than blocking it and such “coat-
ing” is not continuous as small oil droplets appear
aligned inside larger tracheae due to interfacial tension
(figure la, 1b) (Stadler et al., 1996). Oil can move deep
into the tracheal system and reach tracheoles, tending to
flow into larger tracheoles (® < 6 > 2p; 6 < 90°) (figure
1¢). In smaller tracheoles (@ < 2.0u) the capillary force
pushes the liquid out of the tube (8 > 90°) (figure 1d)
(Stadler ef al., 1996). A. gemmatalis larvae possess one
of the simplest spiracular closing mechanisms and are

Figure 1. The inflow of PDSOs to the tracheae of lepidopteran larvae A. gemmatalis was confirmed experimentally
by adding a liposoluble staining agent to the oil and observing it by means of a phase contrast microscope. a, b)
Air-liquid interface inside the tracheal tubes, 6 = contact angle = 82.5°; ¢, d) Capillary flow inside tracheoles

(Stadler et al., 1996).
(In colour at www.bulletinofinsectology.org)
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Figure 2. Scanning electronic micrography of the A. gemmatalis spiracle; a) 750x; b) 3500x.

therefore a good model for studying tracheal penetration
by oils. The spiracles of A. gemmatalis larvae consist of
an external valve system fixed directly at the peritreme,
which can be pulled together over the spiracular open-
ing (figure 2a). The spiracular valves of this species
show intricate associated structures (trichomes) which
form a filter apparatus (figure 1b). An atrium is present
between the valve apparatus and the main tracheal
trunk.

Similar results to those obtained on 4. gemmatalis by
Stadler et al. (1996) were obtained by Taverner et al.
(2001) in dipping bioassays developed on Epiphyas po-
stvittana (Walker) (Lepidoptera Tortricidae) larvae.
These authors also found that oil flowed deep into the
tracheal system reaching very small tracheoles (1-2
um). A recent study by Sugiura et al. (2008) indicated
that insecticide entry from the spiracles plays an impor-
tant role in mediating a rapid knockdown effect in the
German cockroach, Blattella germanica (L.) (Blattodea
Blattellidae). In contrast, in bioassays on Spodoptera
litura (F.) (Lepidoptera Noctuidae), Najar-Rodriguez et
al. (2008) observed that PDSOs did not accumulate in-
side the main tracheal branches nor in small tracheoles
at any rate or volume applied.

The tracheal inflow of insecticide oils depends on two
main variables: the insect species and the oil type. The
interaction between these two variables is what causes
the discrepancies observed among different authors
(Stadler et al., 1996; Taverner et al., 2001; Taverner,
2002; Sugiura et al., 2008; Najar-Rodriguez et al.,
2008). Therefore, it is necessary to explore the tracheal
inflow of hydrocarbons from a physics perspective to
achieve a better understanding of the results obtained by
different studies using different types of spray oils as
well as different insect species.

The analysis of the tracheal inflow phenomena using
fluid dynamics shows that oil’s inflow into the insect’s
tracheal system depends on oil’s viscosity. The differ-
ence in diameter from tracheae to tracheole generates an
overhead pressure on the fluid establishing a difference
in infusion lengths by capillary forces and results in an
enhanced inflowing speed. The time needed to achieve a
given spatial difference between the liquid-filled tra-
cheae is a function of pressure that will determine capil-
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Equation 1. The Washburn’s equation describes capil-
lary flow in porous systems (Adamson and Gast, 1997);
where “t” is the time (min) for a liquid of dynamic vis-
cosity “n”” (Nes/m”) and surface tension “y” (N-m™), 0 is
the contact angle, and “L” the distance the fluid pene-
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trates into a tube whose average radius is “r”.
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lary flow, ruled exclusively by surface phenomena.
Capillary flow in fine pores is a spontaneous process,
driven by an interfacial pressure gradient, ubiquitous in
nature. Capillary rise is what brings water to the upper
layers of soils (Smith, 2003) and allows wetting of natu-
ral fibers (Stadler et al., 2005), among other phenom-
ena. The Washburn equation (equation 1) describes the
flow by capillary effects and is widely used to model
capillary flow (Adamson and Gast, 1997). This equation
is the most common expression for capillary rise and
assumes that the capillary pressure in a cylindrical tube
in contact with an infinite liquid reservoir is compen-
sated by viscous drag or wetting and gravity (Krotov
and Rusanov, 1999).

Wetting can be defined as the tendency for one fluid
to spread on or adhere to a solid surface (Bear, 1972).
When two phases meet they try to minimize their inter-
facial area. The tension acting in the direction of the
film surface is called the surface tension “y” (N'm™).
The liquid of a droplet assumes an equilibrium shape
that is dictated by surface free energy considerations at
the liquid-gas interface (yy), the solid- gas interface
(vsg)> and the solid-liquid interface (yy). The boundary
between wetting and non-wetting conditions is generally
taken at a contact angle “0”, which is defined under e-
quilibrium conditions when three phases meet (solid,
liquid, and gas) and described as the angle between so-
lid sample’s surface and the tangent of the droplet’s o-
vate shape at the edge of the liquid droplet in contact
with solids varies between 6 = 0° (complete wetting, cos
0 =1) and 6 = 180° (solid not wetted at all, cos 8 =—1).
A high contact angle is referred to as a low degree of
wetting and indicates a low solid surface energy or low



air

<4— solid —p

Figure 3. Schematic representation of a cross section of tracheoles with liquid inside. Contact angle (0) of two dif-
ferent liquids in contact with a solid surface. 0 at the solid/liquid interface is determined by the values of the work
of adhesion of the liquid to the solid, and the work of cohesion of the liquid. a) When the adhesive force between
liquid and solid is greater than the cohesive force within the liquid, the surface of the liquid will curve upward. The
effect is of wetting and the capillary force (Fc) pulls the liquid into the tube. b) When the cohesive force within the
liquid is greater than the adhesive force between the liquid and solid, the surface of the liquid will curve downward.
The effect is of non-wetting and the Fc pushes the liquid out of the tube. The narrower the tube, the greater the rise
of the liquid is. Increased ratio of adhesion to cohesion and greater surface tension also result in greater rise. The
height the liquid rises will also decrease as a function of the density of the liquid.

chemical affinity between liquid and solid. A low con-
tact angle is referred to as a high or sometimes complete
degree of wetting and indicates a high chemical affinity.

The combined effects of wettability and interfacial
tension cause the fluid to be imbibed into a capillary
tube. Thus, on immersion of a capillary tube into a liq-
uid, the liquid will contact the inside wall of the tube
and penetrate forming a meniscus inside the capillary.
The angle between the rim of the liquid and the capil-
lary tube wall is named the wetting or contact angle “6”
(figure 3). Thus, wetting determines that the capillary
force (F¢) (equation 2) will pull the liquid into the tube
if 0 is below 90° (figure 3a; figure 1c), and out of the
tube if 0 is larger than 90° (figure 3b; figure 1d).

On this basis, the fundamentals of tracheal blockage
by PDSOs and whether they do so partially or totally
can be understood. The oil inflow is driven by the sum
of four forces acting on the liquid column (PDSOs) in-
side the insect tracheae. First, the capillary force; sec-

Fe=2r r o cos@

Equation 2. Capillary force (Fc) is the result of cohesion
between like molecules of a particular liquid and adhe-
sion between two unlike materials such as a liquid and a
solid when an attractive force exists. Fc is calculated for
circular capillary tubes here, “r” is the radius of the
tube, “y” is the surface tension (N'm™) and @ is the con-
tact angle between the liquid and the wall of the tube
(White, 1991).

ond, the friction force, which is a force that relates to
the viscosity of the liquid; the third force arises from
overhead pressure produced by breathing activity (in
living insects) (Westneat et al., 2003); the fourth force,
the gravitational force can be neglected because of the
small dimensions of the capillary tubes in diameter and
in length.

Contact angle phenomena are further complicated
when the surface of the solid is irregular (as may be the
taenidia and the intima inside tracheae) and by contact
angle dynamics and hysteresis (Walstra, 2003). There is
a correlation between inflow resistance and surface
roughness inside capillary tubes (Wasserthal, 1996)
which is certainly a significant loss mechanism in
PDSOs tracheal inflow (Tenan et al., 1982). Further-
more, because of the small dimensions of tracheae, oils
will flow inside the tubes according to Reynold's num-
ber (equation 3), which determines whether the flow in
a pipe is laminar or turbulent (White, 1991). By this
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Equation 3. The Reynolds number (Re) is dimen-
sionless and gives a measure of the ratio of viscous
forces to inertial forces and quantifies the relative im-
portance of them for given flow conditions (White,
1991). “3” is the density of the fluid (kg/m’); “V” is
the mean fluid velocity in (m/s); “D” is the diameter
of the cylinder (m) and “p” is the dynamic viscosity of
the fluid (N-s/m?).

Re
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Insect body outside

Figure 4. a) Sagital section of the A. gemmatalis spiracle. b) Schematic of a sagital section of the 4. gemmatalis
spiracle showing the oil drop forming the “pendular ring” (od) constrained to the slit-like spiracular valve lumen
(so0), bonded to the margins of the spiracular valve apparatus (sv) [heavy dotted area]; (pr) peritreme; (in) integu-
ment; (at) atrium [light dotted area]; (tr) tracheae; 8 = contact angle of oil droplet and frontal border of the spiracu-

lar valves; (r) radius of curvature.

equation, the flow speed profile inside the tracheae will
have a parabolic shape called “Poiseuille flow” and the
velocity of the liquid will be highest in the centre of the
tube, and will be zero at the wall of the tube (White,
1991).

Understanding capillary forces and looking at the
anatomy of tracheal systems in lepidopteran larvae, it’s
easy to envisage how oil behaves under different scenar-
ios when it enters in contact with the insect’s body sur-
face. In over-sprayed or PDSOs-dipped insects, oil will
pour through the spiracular valves into the atrium and
flow into the trachea following the principles of the Wa-
shburn equation (equation 1), as long as spiracles are
open and an unlimited oil reservoir is present (Krotov
and Rusanov, 1999). In contrast, when the mass of oil
that reaches the insect body is limited (e.g. being dosed
on the insect’s body surface or when the caterpillar
picks up a drop from the substrate), the fraction reach-
ing the spiracular valve will not flow into the trachea
because of the low surface energy between oil and inner
tracheal surface. That means that in absence of any ex-
ternal pressure oil can reach the spiracular valve lumen
(figures 4a; 4b, s0), but the atrium (figure 4, af) will not
fill spontaneously when it comes into contact with oil,
because capillary forces at the valve lumen (lower ra-
dius) will resist the filling of the atrium (larger radius).

Then, the oil between valves will form a “pendular
ring” (Finn, 1999) as a result of the contact of two
rounded tinny surfaces as the tips of spiracular valves
(figure 4b, od). There, the capillary pressure in general,
can be expressed by the Laplace equation (equation 4).
This is a more general expression of the pressure differ-
ence across a curved interface in a fluid, with the pres-
sure on the concave side greater than that on the convex
side, which can be expressed in equation 4.

As the wetting fluid saturation in the “pendular ring”
is increased, the radii of curvature will be increased, and
the capillary pressure will decrease. Vice versa, as the
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Pe=y(1/r+1/r,)

Equation 4. The Laplace equation describes the capil-
lary pressure difference (Pc) sustained across the inter-
face between water and air, due to the phenomenon of
surface tension. Where “r1” and “r2” are the two prin-
cipal radiuses of curvatures of the interface in two per-
pendicular planes and “y” is the surface tension (N'm™)
(Finn, 1999).

wetting fluid saturation in the “pendular ring” is re-
duced, the radii of curvature will be reduced (figure 4b,
r;, r;) and the capillary pressure will increase. Of
course, when complex structures like trichomes are pre-
sent on the spiracular valves (figure 2b) the fluid inter-
face arrangements therein prevent using the above equa-
tion to calculate the capillary pressure.

Spiracle anatomy represents in some species one of
the main hindrances to tracheal inflow of the oil (e.g. 4.
gemmatalis, figures 2a; 2b; 4a; 4b) and this factor, in
conjunction with the lack of affinity between PDSOs
and tracheal wall (low wettability, figure 1b; 6 = 82.5°),
suggest that tracheal inflow of PDSOs is the less prob-
able mode of entry of oils to the insect in field condi-
tions. On the contrary, when insects are over-sprayed or
dipped, oils enter promptly in tracheae and tracheoles
due to capillary forces following the principles of fluid
dynamics. However, due to the low chemical affinity
between PDSOs and the tracheal wall, the diffusion of
the oil through the trachea into the insect haemolymph
is inefficient. To complicate matters further, gas ex-
change in inner tracheal walls is coupled with water va-
por (Kestler, 1984). So, a water layer on the substrate
(tracheae) introduces a new variable in the analysis,
which definitively affects the value of 6.



Concluding remarks

The literature available on PDOs has shown that the
mode of entry of these substances into the insect body
can be via integument as well as through the tracheal
system, although the latter was mainly observed when
insects were over-sprayed or dipped in oil.

The changes in the cuticle caused by oils, which range
from changes in melting point of the cuticular wax layer
up to cuticular dewaxing, and the appearance of a “pin
hole” effect (Hurst, 1940; Wigglesworth, 1941; 1942;
Cloudsley-Thompson, 1950), strongly suggest cuticular
penetration of PDSOs occurs. Moreover, effective pene-
tration of PDSOs was corroborated experimentally by
Najar-Rodriguez et al. (2008).

It is well established that cuticular permeability de-
pends primarily on the physical properties of cuticle sur-
face lipids and that lipid melting results in greatly in-
creased cuticular permeability in both intact insects and
model membranes (Rourke and Gibbs, 1999). Qualita-
tive and quantitative aspects of the dewaxing phenome-
non and further penetration of PDSOs will depend
mainly on the oil type, the dose administered as well as
on the insect species and developmental stage tested.
Finally, it’s possible that insect’s haemolymph lipo-
phorins (Blacklock and Ryan, 1993) are involved in the
diffusion of PDSOs in the insect’s body and aid in their
transport to lipid-containing tissues, as shown by Tav-
erner et al. (2001).

The insect tracheal system was experimentally con-
firmed as a route of entry of PDSOs by several authors
(Moore and Graham, 1918; Roy ef al., 1943; Stadler et
al., 1996; Taverner et al., 2001; Sugiura et al., 2008).
However, rather than blocking the tracheae, oil coats
the inner surface as shown in figure la, where the air-
liquid interface inside the main tracheal tubes can be
clearly identified. This tracheal “coating” by the oil is
not continuous as small droplets appear aligned inside
larger tracheae due to interfacial tension (figure 1a, 1b)
(Stadler et al., 1996). In contrast, tracheoles can be-
come blocked by oil, depending on the tracheal radius
and oil viscosity. Tracheal inflow by oils is a pure
physical event which is independent of insect physiol-
ogy and can be described by the Poiseuille equation
(Tschapeck, 1961). Depending upon the contact angle
defined by the interfacial surface energies of the solid-
liquid-gas interface, fluids will either be drawn into or
rejected from the tracheoles (figure lc, 1d). For contact
angles smaller than ninety degrees, the distance trav-
elled by the fluid in the capillary tube is a function of
the capillary dimension, and the properties of the fluid.
For contact angles greater than ninety degrees, the
force required for the fluid to move up the capillary is a
function of the capillary dimension, and the properties
of the fluid. Even in contact with larger doses of
PDSOs, the formation of a “pendular ring” at the
spiracular area (figure 4b) will prevent the inflow of the
oil and spiracular blockage.

The literature reviewed suggests that the mode of en-
try of PDSOs to the insect body is through integument
as well as through the tracheal system, although our in
depth analysis of this from a physics perspective suggest

the latter occurs only when insects are over-sprayed or
dipped in oil. Tracheal blockage is not expected to be a
phenomenon extensive to every oil class and insect spe-
cies due to the relationship between physical properties
of oils, and the dimensions of insect tracheae. The pene-
tration of PDSOs through tracheal walls seems to be
less relevant than the penetration through the integu-
ment due to its poor wettability by PDSOs. The large
contact angle (figure 1b; 6 = 82.5°) is an unambiguous
evidence for low affinity between these two media, de-
noting that oil does not diffuse easily through the tra-
cheal wall into the insect body. Thus, the trachea is not
the fastest and most efficient way of entry for PDSOs to
the insect body. When oil comes in contact with the in-
sect’s body surface, capillary forces and complex physi-
cal interactions take place. Cuticular penetration of
PDSOs, which causes physical changes in the perme-
ability and melting point of the cuticle that lead to des-
iccation and penetration of the insecticide to other tis-
sues, seems to be the most likely mode of entry of
PDSO in the insect body.
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